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Abstract

Sickle cell disease (SCD) is a genetic recessive disorder, characterized by painful episodes of vaso-
occlusion, chronic hemolytic anemia, and progressive organ failure. It is one of the most common and
severe monogenic diseases worldwide. SCD is caused by a point mutation in the B-globin gene, leading
to the expression of an abnormal hemoglobin (HbS) that polymerizes under hypoxic conditions, driving
red blood cells (RBC) sickling. Peripheral RBCs are extensively studied in SCD, as hemolysis is the major
contributor to anemia, but little is known about erythroid differentiation in this pathology. We recently
demonstrated the occurrence of ineffective erythropoiesis in the bone marrow (BM) of SCD patients,
characterized by the death of a significant proportion of erythroblasts between the polychromatic and
the orthochromatic stages.

The objectives of this project are to 1) Characterize the molecular mechanism underlying ineffective
erythropoiesis in SCD, 2) evaluate and determine the ex vivo protocol best suited to investigate terminal
differentiation and 3) Study the impact of erythroblast apoptosis on the erythroid niche in SCD.

In the first part of this thesis, we showed that ineffective erythropoiesis is tightly linked to the partial
hypoxic environment of the bone marrow which leads to HbS polymerization and the cytoplasmic
sequestration of heat shock protein 70 (HSP70). This sequestration prevents the translocation of HSP70
to the nucleus, which in turn hinders its protective effect on GATA-1 and ultimately results in the death
of terminally differentiating erythroblasts. Furthermore, we used flow cytometry to study the
erythropoiesis of patients with high levels of circulating nucleated erythroblasts, which has been
described as an indicator of bone marrow stress. Through our analysis, we discovered a significant
variability in the stages of differentiation exhibited by circulating nucleated erythroblasts among these
patients. Moreover, these patients’ cells differentiated ex vivo exhibited an accelerated erythroid
differentiation compared to other patients. This variability highlights the complexity of erythroid
differentiation in the context of SCD and emphasizes the need for further exploration to better
comprehend the different underlying mechanisms of ineffective erythropoiesis in SCD. In the second
part of this thesis, we compared two of the most used protocols of erythropoiesis, a 2-phase (2P-LC),
and a 4-phase liquid culture system (4P-LC). We observed that both protocols could recapitulate the
different steps of erythropoiesis. However, the 4-Phase culture system had a higher rate of reticulocytes
and erythrocyte differentiation, making it better suited for the study of terminal differentiation. In the
last part of the thesis, we showed that the increased apoptosis of terminally differentiating
erythroblasts could negatively impact the central macrophages of the erythroblastic islands, as
increased phagocytosis of hemoglobin-rich apoptotic erythroblasts can induce ferroptosis in resident
macrophages. Furthermore, the surviving macrophages exhibited a shift of polarization from an anti-
inflammatory to a pro-inflammatory profile, potentially contributing to the oxidative environment of
the bone marrow in SCD.

In conclusion this work highlights a mechanism contributing to ineffective erythropoiesis in SCD, while
showing that there is a high variability between patients suggesting other mechanisms may come into
play as well. Importantly, our work also highlights the fact that Ineffective erythropoiesis could also
impact the erythroid niche by leading to the death of central macrophages and their shift to pro-
inflammatory cells which could further impede erythropoiesis.

Keywords: Sickle Cell Disease, Red Blood Cells, Fetal Hemoglobin, Ineffective Erythropoiesis,
Ferroptosis, Erythroblastic Island, Iron, Bone Marrow



RESUME

Etude de la dysérythropoiese dans |a
drépanocytose et de son impact sur la niche
erythroide



Résumé

La drépanocytose est une maladie génétique récessive caractérisée par des crises douloureuses de
vaso-occlusion, une anémie hémolytique chronique, et une défaillance progressive des organes. Cette
pathologie est causée par une mutation dans le géne de la B-globine aboutissant a la production
d'hémoglobine anormale (HbS), qui polymérise en condition d’hypoxie, entrainant la falciformation des
globules rouges (GR). Le GR est tres étudié dans la drépanocytose, puisque sa destruction est un
contributeur majeur a 'anémie. Cependant on en sait peu sur la différenciation érythroide dans cette
pathologie. Nous avons récemment démontré |'existence d'une dysérythropoiese chez les patients
drépanocytaires, caractérisée par la mort d’'une proportion importante d'érythroblastes lors de la
différenciation terminale.

Les objectifs de ce projet sont : 1) Explorer le mécanisme moléculaire sous-jacent a cette érythropoiese
inefficace. 2) Sélectionner le protocole de culture ex vivo le plus adapté pour étudier la différenciation
érythroide terminale. 3) Etudier I'impact de I'apoptose des érythroblastes sur la niche érythroide.

Dans la premiére partie, nous avons démontré que |'érythropoiese inefficace était étroitement liée a
I'environnement partiellement hypoxique de la moelle osseuse, qui conduit a la polymérisation de
I'HbS et la séquestration cytoplasmique de la protéine chaperonne HSP70. Cette séquestration
empéche la translocation de HSP70 dans le noyau, réduisant son effet protecteur sur GATA-1, et
conduisant a la mort des érythroblastes lors de la différenciation terminale. De plus, par cytométrie en
flux, nous avons étudié ['érythropoiese chez des patients présentant des niveaux élevés
d'érythroblastes circulants, considérés comme des indicateurs de stress médullaire. Nos observations
ont révélé que ces érythroblastes se trouvaient a différents stades de différenciation, avec beaucoup
de variations entre les patients. De plus, les cellules de ces patients différenciées ex vivo présentaient
une maturation accélérée comparée aux cellules des autres patients drépanocytaires. Cette variabilité
met en évidence la complexité de la différenciation érythroide dans la drépanocytose. Dans la
deuxieme partie, nous avons comparé deux protocoles d’érythropoiese ex vivo couramment utilisés :
un systeme de culture liquide a 2 phases (2P-LC) et un systeme de culture liquide a 4 phases (4P-LC).
Nous avons constaté que les deux protocoles pouvaient reproduire les différentes étapes de
I'érythropoiese. Cependant le systeme 4P-LC permettait une meilleure différentiation érythroide avec
un taux plus élevé de réticulocytes, le rendant plus adapté pour I'étude de la différenciation terminale.
Dans la derniere partie, nous avons démontré que I'augmentation de I'apoptose des érythroblastes en
différenciation terminale avait un impact négatif sur les macrophages centraux des flots
érythroblastiques. En effet, nous avons démontré que la phagocytose accrue d’un tres grand nombre
d’érythroblastes riches en hémoglobine pouvait entrainer la mort de ces macrophages par ferroptose.
De plus, les macrophages survivants présentaient un changement de polarisation, passant d’un profil
anti-inflammatoire, a un profil pro-inflammatoire, ce qui pourrait contribuer a I'environnement oxydatif
de la moelle osseuse dans la drépanocytose.

En conclusion, cette étude met en évidence un mécanisme contribuant a I'érythropoiese inefficace
dans la drépanocytose, tout en soulignant la grande variabilité existante entre les patients, suggérant
I'implication d'autres facteurs. De plus, notre recherche met en évidence les répercussions que pourrait
avoir I'érythropoiese inefficace sur la niche érythroide. Notamment, elle pourrait entrainer la mort des
macrophages des ilots érythroblastiques et les pousser a adopter un profil pro-inflammatoire, ce qui
pourrait davantage entraver |'érythropoiese et contribuer a I'anémie dans cette pathologie.

Mots-clés : Drépanocytose, Globules Rouges, Hémoglobine Foetale, Erythropoiese Inefficace,
Ferroptose, Tlot Erythroblastique, Fer, Moelle Osseuse
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INTRODUCTION

l. Sickle Cell Disease

Sickle cell disease (SCD) is an autosomal recessive hereditary disorder characterized by painful episodes
of vaso-occlusion, chronic hemolytic anemia, and progressive organ failure. It is one of the most
common and severe monogenic diseases worldwide (Weatherall, 2010). In SCD, a single point mutation
in the B-globin gene leads to the production of an abnormal hemoglobin that polymerizes under
hypoxic conditions driving red blood cell (RBC) sickling. James Herrick was the first to describe these
characteristic sickle-shaped erythrocytes after the examination of a patient’s blood sample,
commenting as follows: “The shape of the reds was very irregular, but what especially attracted
attention was the large number of thin, elongated, sickle-shaped and crescent-shaped forms” (Herrick,
2001). Later, using protein electrophoresis, Linus Pauling and his group showed that the hemoglobin in
patients with SCD differed from that of healthy individuals. This led them to classify SCD as a “molecular
disease”, making it the first disorder in which an abnormal protein was at the origin of the pathology

(Pauling et al., 1949).
A. Epidemiology

SCD affects millions worldwide, with over 500 000 newborns diagnosed with this pathology each year
(Piel et al., 2013; Thomson et al., 2023) (Figure 1). Most of these births occur in tropical regions, with
Nigeria, the Republic of the Congo, and India being the most impacted countries due to the protection
the sickle cell trait (heterozygous individuals) provides against severe malaria (Piel et al., 2017).
Estimates suggest that around 75% of the global burden of SCD occurs in Sub-Saharan Africa, where,
due to the lack of early diagnosis and efficient treatment, most of the children affected by the disease
die undiagnosed before reaching the age of five (Grosse et al., 2011). Although a few pilot studies were
carried out to establish newborn screening programs in these regions, the lack of resources combined
with the high number of cases has presented a significant challenge in implementing this practice
effectively (Piel et al., 2023). In the European Union, an estimated 30 000 to 50 000 individuals are
affected by SCD, with France having the highest prevalence among the member states (Leleu et al.,
2021; Mafiu Pereira et al., 2023). As global population movements and increasing life expectancy
continue, the number of SCD cases is expected to rise further. New data from the Global Burden of
Disease 2021 study indicates that 7.74 million people were living with SCD in 2021, a number that is

projected to increase and to exceed 14 million by 2050 (Piel et al., 2013; Thomson et al., 2023).
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Figure 1: Global burden of SCD. A map showing the number of newborns with SCD in 2021 (Thomson et al., 2023).

B. Physiopathology
SCD is an umbrella term for all the different genotypes resulting in the same set of clinical syndromes
(Rees et al., 2010). Sickle cell anemia (SCA) is the most common form of SCD, accounting for 70% of
cases in patients of African ethnicity. SCA is caused by homozygous inheritance of the single point
mutation B, which leads to the substitution of a hydrophilic glutamic acid by a hydrophobic valine at
the sixth position of the B globin chain (Glu6Val) (Odiévre et al., 2011). This change results in the
production of mutated hemoglobin tetramers (HbS) that can bind to each other through their
hydrophobic motifs and polymerize under hypoxic conditions (Figure 2). Other forms of SCD can result
from the co-inheritance of B* with other mutations altering the stability or production of the B-globin
chain, such as the B¢ or a B-thalassemia mutation (Bender & Carlberg, 1993; Rees et al., 2010).
1. Hemoglobin Polymerization

The polymerization of HbS under hypoxic conditions is the primary event in the molecular pathogenesis
of SCD. This process occurs during the deoxygenation following the passage of RBCs in the
microcirculation. In these low oxygen conditions, B*>-globin on different HbS tetramers can bind to each
other through their hydrophobic motif and initiate the formation of HbS polymers. These polymers can
then grow rapidly and form long fibers that increase cell rigidity and distort the membrane leading to
erythrocyte sickling, cellular stress, dehydration, impaired rheology, and premature hemolysis (Bunn,
1997; Rees et al., 2010). The rate and extent of polymerization are dependent on the degree of

deoxygenation of the cell, its intracellular concentration of HbS, and the presence of fetal hemoglobin
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(HbF), which can effectively reduce the concentration of HbS and interfere with its polymerization

(Brittenham et al., 1985; Rees et al., 2010).

Normal cell

v
U

a-chain B-chain

SCD Cell

= HbS
Deoxy-HbS
]

Irreversibly
sickled RBC

HbS polymers

Figure 2: Polymerization of deoxy-HbS. A point mutation at the sixth position of the B-globin gene induces the substitution
of a glutamic acid by a valine leading to the production of HbS. At low oxygen pressure, deoxy-HbS polymerizes and forms stiff
polymer fibers that deform the RBC, leading to irreversibly sickled cell (ISCs). Figure created with biorender.com and adapted
from Odiévre et al. 2011.

Furthermore, co-inheritance of genetic factors that modulate the intracellular HbS or HbF
concentration can also modify SCD severity. For example, co-inheritance of a-thalassemia with SCD has
been shown to diminish the severity of the disease. By decreasing HbS levels, a-thalassemia was shown
to reduce the number of sickled RBCs and improve hemolysis, resulting in a reduction in the risk of
stroke, pain frequency, leg ulcers, priapism, and gall stones (Piel et al., 2017; Rees et al., 2010).
Additionally, hereditary persistence of fetal hemoglobin (HPFH) is a known positive modulator of

disease severity in patients with SCD (Galanello et al., 2009).

2. Vaso-occlusive Crisis
The most common clinical manifestation of SCD is the occurrence of vaso-occlusive crises (VOCs), which
often requires the intervention of emergency medical care. At their core, VOCs occur when the blood
flow in the microcirculation is blocked by sickled RBCs and leukocytes to the point that tissues become
deprived of oxygen (Figure 3A). However, these events occur due to the interplay between several

pathological features of SCD.

a. Abnormal Membrane Properties of Sickled RBCs
Sickled RBCs are poorly deformable because of HbS polymerization and cellular dehydration.
Consequently, these cells can become more easily sequestered in the microcirculation, promoting
transient vaso-occlusive events (Barabino et al., 2010). Furthermore, in sickled RBCs, HbS molecules

can undergo accelerated auto-oxidation, contributing to the increased intracellular production of
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reactive oxygen species (ROS) (Browne et al., 1998; Hebbel & Vercellotti, 1997). This process generates
iron-dependent free radicals that damage the membrane, altering the distribution and exposure of
adhesion molecules and binding motifs such as basal cell adhesion molecule-1/Lutheran (BCAM-1/Lu),
phosphatidyl serine (PS), integrin-associated protein (IAP), and intercellular-adhesion-molecule-4
(ICAM-4) (Barabino et al., 2010; Bunn, 1997; Kaul et al., 2009) (Figure 3B). The presence of these
molecules at the surface of sickled RBCs promotes abnormal adhesion to the vascular wall, decreasing
the lumen size of microvessels, slowing down the blood flow, and initiating vascular occlusion.
Additionally, the increased oxidative stress in sickled RBCs leads to the production of microparticles,
which contain pro-inflammatory hemoglobin products that contribute to cellular activation and the

initiation of VOCs (Hebbel & Key, 2016).
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Figure 3: The molecular basis of vaso-occlusive crises (VOCs). (A) VOCs occur when the blood flow in the circulation is blocked
by sickled RBCs and leukocytes. (B) HbS auto-oxidation leads to increased ROS at the membrane of RBCs and induces the
abnormal expression or activation of adhesion molecules. (C) Repeated sickling episodes lead to intravascular hemolysis and
to the release of free heme and arginase that induce the depletion of nitric oxide. (D) Chronic anemia in SCD induces stress
erythropoiesis where immature reticulocytes leave the bone marrow prematurely. These reticulocytes express adhesion
molecules that facilitate their interaction with other blood components. (E) Sickled RBCs and free heme act as damage-
associated molecular patterns and activate various inflammatory pathways (NETosis, toll-like receptor signaling and immune
response). ROS lead to chronic inflammation. Endothelial cells are activated and express adhesion and procoagulant
molecules on their surface. Figure created with biorender.com and adapted from Shet et al., 2020. TLR = toll-like receptor,
NET = neutrophil extracellular traps, DAMPs = damage-associated molecular pattern, ROS = reactive oxygen species, NO =
nitric oxide.

b. Chronic Hemolysis and Endothelial Dysfunction
Sickled RBCs are subject to intravascular and extravascular hemolysis, causing chronic anemia in

individuals with SCD. The free plasma hemoglobin released from the ruptured cells is a potent nitric
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oxide (NO) scavenger that leads to NO depletion and to the production of superoxide and peroxide
radicals. Arginase, an enzyme released from hemolyzed RBCs, also contributes to NO deficit in the
circulation by depleting plasma arginine, the precursor of NO synthesis in the L-arginine pathway
(Morris et al., 2005). NO is produced by the endothelium and is required for vasodilation as well as the
regulation of platelet activation, inflammation, and oxidative stress. Its reduced bioavailability in SCD
patients leads to impaired NO-dependent vasodilation and endothelial function, thus facilitating the

occurrence of VOCs (Odievre et al., 2011) (Figure 3C).

The chronic anemia in SCD triggers increased activity in the bone marrow (BM) as it attempts to
compensate for the loss of RBCs. This compensatory response is characterized by the release of high
numbers of immature erythrocytes, termed “stress reticulocytes”, into the circulation (Rees et al.,
2010). Stress reticulocytes express adhesion proteins such as CD36 and a4p1 integrin (VLA-4), which,
under physiological conditions, allows nascent reticulocytes to remain in the BM and complete the
medullar steps of their maturation process (Kaul et al., 2009). The presence of stress reticulocytes in
the circulation, with their abnormal pattern of adhesion molecules, is at the origin of abnormal
interactions with the other cell types of the vascular bed, including leukocytes and endothelial cells,

contributing to the initiation of VOCs (Figure 3D).

c. Chronic Hemolysis and Inflammation
NO deficiency also participates in creating a prothrombotic state in SCD patients, where activated
platelets readily adhere to the vascular wall participating in the creation of cellular aggregates and
contributing to the release of pro-inflammatory cytokines that drive the vaso-occlusive process
(Bennewitz et al., 2017; Garrido et al., 2012; Wun et al., 1998). Additionally, intravascular hemolysis,
accounting for up to 30% of red cell lysis, is a major source of inflammatory molecules taking part in
initiating and propagating VOCs. Indeed, the free heme and its products can be recognized as
erythrocytic damage-associated molecular patterns (DAMPs) and activate multiple inflammatory
pathways, such as toll-like receptor (TLR) signaling, neutrophil extracellular traps (NET) and
inflammasome formation, thus promoting and propagating sterile inflammation and oxidative stress
(Mendonga et al., 2016). Heme release also plays a role in activating the endothelium. As a result,
endothelial cells upregulate P- and E-selectins, vascular cell adhesion molecule-1 (VCAM-1), and ICAM-
1. Additionally, these cells secrete the leukocyte chemoattractant interleukin (IL)-8, and the pro-
inflammatory cytokines tumor necrosis factor a (TNF-a), and IL-1p (Hebbel & Vercellotti, 1997; Solovey
et al., 1997). The endothelium activation and the overall inflammatory environment created by chronic
hemolysis in SCD further promote the activation of platelets, monocytes, and neutrophils, leading to

their increased adhesion to each other and to endothelial cells (Figure 3E).
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Finally, a major inducer of VOCs is vaso-occlusion itself. Indeed, by inducing localized hypoxia, VOCs
promote further HbS polymerization and RBC sickling, fueling a new cycle of adhesion, inflammation,
hemolysis, and endothelial dysfunction. Over time, repeated episodes of vaso-occlusion can lead to
ischemia-reperfusion injury, oxidative damage, increased inflammatory responses, activation of

adaptive and innate immune responses, and cell death (Kaul & Hebbel, 2000).

3. Clinical manifestations of SCD
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Figure 4: Common clinical manifestations of sickle cell disease. Acute complications are shown in boldface type. Figure
created with biorender.com based on Piel et al., 2017.

SCD is a multisystem disease, with pain being its most prominent aspect. The major clinical
manifestations are related to hemolytic anemia and vaso-occlusion, which can lead to acute and
chronic pain and tissue ischemia or infarction (Piel et al., 2017). In SCD children, the first months of life
are a time of low incidence of complications due to the sustained levels of protective HbF still being
expressed. Clinical features do not begin until the second semester of post-natal life when HbF is being

replaced by HbS (Couque et al., 2016). Dactylitis (hand-foot syndrome), caused by sickled cells getting
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stuck in the blood vessels of the hands and feet, is usually the first symptom of SCD. However, other
complications, such as harmful infections and splenomegaly, can occur early in life. Over their life,
individuals with SCD may develop chronic complications such as strokes, priapism, leg ulcers,
retinopathy, acute kidney injury, and liver (Figure 4)(Inusa et al., 2019). It is important to note that the
severity of these complications varies from patient to patient, and in some cases, can lead to life-
threatening consequences. Therefore, treating SCD requires a multi-disciplinary approach that
addresses not only the immediate medical needs but also focuses on the long-term management of

the disease and improving the patient’s quality of life.

C. Treatments
Over the years, therapeutic strategies such as newborn screening, immunizations, antibiotics, and RBC
transfusions with iron chelation have greatly improved the lifespan of children with SCD in high-income
countries (Gardner et al., 2016). However, while life expectancy for patients continues to improve, it
still falls behind that of the general population, with most patients dying prematurely in their mid-40s.
Until recently, treatment options for patients with SCD were limited, with hydroxyurea (HU) being the
only FDA-approved drug. The introduction of new treatment options, such as L-glutamine,
crizanlizumab, and voxelotor, along with the development of gene therapy, offers hope for further

improvements in the management and outcomes of SCD in the future.

1. Disease Modifying Therapies

a. Hydroxyurea
Hydroxyurea, also known as hydroxycarbamide, was the first disease-modifying drug used to reduce
complications in SCD. Its use in adult patients was first approved by the Food and Drug Administration
(FDA) in 1998 and later by the European Medicine Agency (EMA) in 2007 (Ware & Aygun, 2009). For
decades, it remained the only drug treatment for SCD and is still considered the most effective
treatment available today. Recently, the FDA extended its approval of HU to include children over 2
years old to decrease the frequency of their pain crises and reduce their need for blood transfusions.
HU is a ribonucleotide reductase inhibitor initially used as a myelosuppressive agent (Elford, 1968). Its
beneficial impact in SCD is attributed to its ability to increase HbF production to alleviate SCD
symptoms. However, its mechanism of action remains a subject of ongoing investigation (Charache et

al., 1996).

Through its inhibitor activity, HU can prevent the synthesis of daughter strands of DNA during the S-
phase of the cell cycle, causing cell arrest and checkpoint activation during hematopoiesis. It is widely
accepted that this process induces a “stress erythropoiesis” response, resulting in the selection of

erythroid progenitors containing high HbF (Galanello et al., 1985; Stamatoyannopoulos et al., 1985).
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When these cells mature, the high levels of HbF reduce the tendency of HbS to polymerize, preventing
RBC from sickling and causing VOCs. Furthermore, HU also reacts with heme-containing proteins to
release NO, which activates soluble guanosine monophosphate (sGC) and contributes to the induction
of HbF (Cokic et al., 2003; Huang et al., 2002; Lou et al., 2009). Another mechanism of HU involving
microRNAs was also shown to increase HbF through the downregulation of its repressor, BCL11A, KLF1,
and MYB (Pule et al., 2016; Walker et al., 2011). Besides HbF induction, HU also provides other salutary
therapeutic effects. It reduces the production of leukocytes, platelets, and reticulocytes, thereby
reducing important players of vaso-occlusion (Bartolucci et al., 2010; Chaar et al., 2014). Finally, HU
modulates vascular adhesion, inflammation, endothelial damage, hemolysis, and oxidative stress, and

improves RBC hydration and rheology (Figure 5) (Gambero et al., 2007).
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Figure 5: Multiple effects of hydroxyurea administration in sickle cell disease patients. Figure created with biorender.com
and adapted from Verma et al., 2018.

After over more than 20 years of use, HU remains the best available therapeutic agent for SCD patients,
with proven clinical efficacy in reducing the occurrence of various complications in both adults and
children, including VOCs and acute chest syndrome events (Ware & Aygun, 2009). However, despite all
the reported benefits of HU in SCD, there are challenges and limitations to its use, such as compliance
with taking the medication daily, fears about potential carcinogenicity and other side effects, as well as

barriers to receiving refills or accessing the medication (Bradford et al., 2022; Haywood et al., 2011).
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b. L-glutamine
In 2017, L-glutamine was approved in the United States for patients aged 5 years and older, becoming
the first drug to be approved for SCD treatment in almost 20 years since HU (Niihara et al., 2018). L-
glutamine is an essential amino acid required in the synthesis of glutathione (GSH) and nicotinamide
adenine dinucleotide (NAD), both being critical players in the maintenance of the redox balance in
erythrocytes (Figure 6) (Al-Ali, 2002; Zerez et al., 1988). While the exact mechanism of action of L-
glutamine is not fully characterized, its use in SCD is primarily based on its antioxidant activity. Early
studies showed that oral glutamine supplementation could increase NAD synthesis and promote redox
reactions resulting in improved energy levels and decreased chronic pain in SCD patients (Niihara et al.,
1998). In another study, L-glutamine has been shown to decrease RBC adherence to the endothelium,
suggesting a potential benefit in reducing VOCs in SCD (Niihara et al.,, 2005). Since then, oral
administration of L-glutamine to SCD patients has been shown to reduce the frequency of acute VOCs,
hospitalizations, and acute chest syndrome (Elenga et al., 2023; Niihara et al., 2018). However, while L-
glutamine is well tolerated, adherence to the medication may prove challenging, as it requires to be
taken twice a day. Furthermore, L-glutamine therapy comes at a significant cost, as it is 20 times more

expensive than HU.

Erythrocyte (HbS)

Hemolysis

o~

Erythrocyte (HbS)
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Figure 6: Proposed mechanisms of action of L-Glutamine. Intense oxidative stress occurs within erythrocytes carrying HbS
due to a combination of auto-oxidation of HbS, increased production of free radicals and reactive oxygen species with
subsequent consumption of NADH and glutathione, resulting in hemolysis of the sickle erythrocytes. L-glutamine
therapy/supplement reduces the oxidative stress to ameliorate hemolysis (Jafri et al., 2022).
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c¢. Crizanlizumab
Crizanlizumab is a new humanized monoclonal antibody that binds to P-selectin and blocks its
interaction with its ligand, P-selectin glycoprotein ligand 1 (PSGL-1). By interacting with this molecule,
crizanlizumab can block adhesive interactions among endothelial cells, platelets, leukocytes, and
sickled RBCs, leading to improved microvascular blood flow (Figure 7) (Ataga et al., 2017). A clinical trial
by Ataga et al. using this treatment showed that while crizanlizumab did not affect hematological
parameters, it could decrease the annual rate of acute vaso-occlusive events in SCD patients regardless
of SCD genotype or concomitant HU treatment (Ataga et al., 2017). Based on this successful clinical
trial, FDA approved the use of crizanlizumab for SCD patients over 16 in 2019 as an add-on therapy to
HU or as a monotherapy in patients for whom HU therapy proved inadequate. The EMA authorized its
use in the European Union (EU) a year later. However, the medication is now being taken off the market
in the EU after being rejected by the EMA following a worldwide phase 3 clinical trial (STAND) that did

not confirm its clinical efficiency.
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Figure 7: Mechanisms of action of crizanlizumab. Crizanlizumab is a humanized monoclonal antibody against P-selectin,
blocking its interaction with its ligand, PSGL1. This prevents the adhesion of activated and aged neutrophils to the endothelium
and reduces the formation of neutrophil extracellular traps (NETosis). As a result, vaso-occlusive crises are prevented. Figure
created with biorender.com and adapted from Jafri et al, 2022. VOC = vaso-occlusive crises, NET = neutrophil extracellular
traps.

d. Voxelotor
GBT-440, also known as voxelotor or oxbryta, is a small molecule recently developed by Global Blood
Therapeutics (GBT) as an HbS polymerization inhibitor to treat SCD (Metcalf et al., 2017). Voxelotor acts
by forming a reversible bond with hemoglobin to increase HbS oxygen affinity and maintain it in its
oxygenated state (R-state) (Metcalf et al., 2017). This mechanism was developed to decrease

polymerization and RBC sickling, the primary drivers of SCD pathophysiology (Figure 8A and 8B)

(Howard et al., 2019). Clinically, voxelotor was shown to improve RBC deformability and blood viscosity,
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increase hemoglobin levels and lower the percentages of sickled RBCs (Estepp et al., 2022; Howard et
al., 2021; Howard et al., 2019). Importantly, the treatment had these beneficial effects regardless of
HU co-treatment. However, despite improving biomarkers of hemolysis, whether voxelotor can
decrease the incidence rate of VOCs is still unclear and requires further investigation (Neumayr et al.,
2019). Voxelotor has been approved by the FDA in 2019, for adults and children 4 years or older, and
by the EMA in 2021. So far, voxelotor has been well tolerated, but gastrointestinal side effects and the
need to take pills daily may impair compliance. Additional data from ongoing clinical trials HOPE-KIDS
1 (NCT02850406) and 2 (NCT04218084) will help evaluate its use in children and assess long-term
safety.
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Figure 8: Mechanisms of action of voxelotor. Voxelotor binds covalently to the a-globin chain to stabilize the oxygenated HbS
which prevents deoxygenation and polymerization of hemoglobin. As a result, the erythrocytes are prevented from sickling.
This decreases the subsequent hemolysis and vaso-occlusive crises (Leibovitch et al., 2022).

2. Curative Therapies

a. Hematopoietic Stem Cell Transplantation
Hematopoietic stem cell transplantation (HSCT) from a healthy donor is currently the only curative
option for SCD patients. Studies have shown that patients who received HSCs from HLA-matched sibling
donors had a disease-free survival rate of 90-95% (Bernaudin et al., 2007; Vermylen et al., 1998; Walters
et al., 2000). This treatment restored normal hematopoiesis and, if done early enough, could even
restore spleen function (Vermylen et al., 1998). However, only a small fraction of patients can access
this kind of treatment, as only 10-20% have HLA-matched siblings (Krishnamurti et al., 2019; Walters
et al., 1996). While allogeneic-HSCT can be used as an alternative, it is associated with higher risks of

complications such as graft-versus-donor disease, graft rejection, and transplantation-related
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infections (Bolafios-Meade et al., 2012; Fitzhugh et al., 2017; Foell et al., 2017). Furthermore, HSCT
requires the use of myelotoxic agents to clear the BM niche and make space for the engraftment of
donor cells. These conditioning regimens can lead to bleeding, organ dysfunction, and the
development of leukemia (Ciurea & Andersson, 2009). Finally, due to the lack of complete long-term
follow-up data post-HSCT, the extent and duration of the benefits of HSCT are still unclear. For all these
reasons, it can be challenging for clinicians to ascertain a risk/benefit ratio of HSCT in treating SCD
patients (de Montalembert et al.,, 2017). Therefore, HSCT is often only considered when severe

complications have occurred.

b. Gene Therapy
Gene therapy has been considered a promising alternative to HSCT since the 1990s and holds great
potential as a cure for SCD. This procedure requires isolating patient HSCs, modifying them ex vivo, and
reintroducing them into the patient’s BM. Like HSCT, this process requires BM conditioning to ensure
the engraftment of these therapeutic cells. However, since these cells are derived from the patient, the
risk of complications such as graft-versus-host disease and transplant rejection is significantly reduced,
removing the need for immunosuppression as part of the conditioning regimen. Initial approaches for
HSC modification in SCD relied on the transduction of a lentiviral vector carrying either a B-globin-like
gene with anti-sickling properties or a y-globin gene to dilute HbS and prevent its polymerization in
patient RBCs (Figure 9A and 9B) (Cavazzana-Calvo et al., 2010; Magrin et al., 2019). Over the past
decade, this approach has been refined through iterative clinical trials and numerous technical
advances, allowing better HSC collection and transduction methods (Drakopoulou et al., 2019; Masiuk
et al., 2019; Uchida et al., 2019). Notably, in the largest clinical trial of gene therapy for SCD to date,
this approach yielded promising results, with some patients having reduced hemolysis and complete
resolution of severe VOCs (Kanter et al., 2022). Furthermore, combining lentiviral vectors with RNA
interference (RNAI) technology to silence the y-globin repressor BCL11A has also demonstrated similar

encouraging results (Esrick et al., 2021).

While methods using lentiviral vectors have shown favorable results in treating SCD, other approaches
involving gene editing have also shown great promise. Currently, several strategies are used to treat
SCD with gene editing, using CRISPR-Cas9, TALEN, or zinc-finger nucleases (Figure 9C). For example,
early clinical studies have demonstrated that suppressing BCL11A by Cas9 nuclease-mediated
disruption of its erythroid enhancer can induce HbF and reduce morbidities in both SCD and B-
thalassemia (Frangoul et al., 2021). Another therapeutic approach being explored to restore HbF
expression is to prevent the binding of y-globin repressors to the promoter region, mimicking HPFH.
This approach was shown to modify human HSCs efficiently and is now entering clinical trials (Lux et

al., 2019; Martyn et al., 2018; Traxler et al., 2016). Efforts are also being developed to directly correct
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the pathogenic sickle mutation in the B-globin gene via Cas9-mediated homology-directed repair (HDR)
to remove the expression of the pathologic HbS from the cells. While this approach represents a
technical challenge, preclinical studies demonstrated its feasibility, and clinical trials are now underway.
Newer gene editing approaches being refined currently, such as base editing and prime editing, could
help optimize this approach. Indeed, prime editing was recently used to correct the SCD codon in

heterologous cell lines (Anzalone et al., 2019).
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Figure 9: Gene therapy strategies for SCD. (A) Anti-sickling globin expression as a gene-therapy strategy to
prevent RBC sickling. (B) Gene-addition strategy to deliver anti-sickling genes. (C) Gene-editing approaches to induce HbF by
gene disruption and gene repair. Figure created with biorender.com and adapted from Abraham & Tisdale 2021.

While gene therapy offers many promising avenues for SCD treatment, it is important to keep in mind
that a healthy BM environment is essential to its success. Patients with hemoglobinopathy often
experience chronic inflammation and oxidative stress, which may lead to a decrease in the numbers of
long-term-HSC (LT-HSC) and hinder the potential of proliferation and transduction of BM stem cells
(Leonard et al., 2019). Furthermore, the aberrant vascular niche in SCD patients may reduce
hematopoietic stem and progenitor cells (HSPC) homing and engraftment efficiency during HSC
transplantation of SCD patients, particularly older SCD patients, where BM defects are expected to be

more severe than in younger patients.

Gene therapy shows promise as a potential cure for SCD. However, it is still in its early stages of
development and implementation, meaning that widespread availability will likely take a long time. In
the meantime, precision medicine offers valuable possibilities to provide effective and personalized
care for SCD patients (El Hoss et al., 2022).
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D. Mouse Model of SCD
Over the past decades, mouse model studies have been crucial in understanding the various molecular
mechanisms contributing to SCD pathophysiology. For example, mouse studies have provided insights
into the events leading to VOCs (Bennewitz et al., 2017), the identification of various SCD pain receptors
(Tran et al., 2019), the involvement of coagulatory components in SCD (Arumugam et al., 2015), and
hemolysis driven organ injury (Ofori-Acquah et al., 2020). More recently, these models have also been
valuable tools for investigating the effects of various therapeutic approaches, such as drug treatment
(Oksenberg et al., 2016; Shrestha et al., 2021), lentiviral vector gene transduction (Urbinati et al., 2018)

and genome-editing approaches (Newby et al., 2021).

SCD mice were developed using genome editing techniques over decades of work and multiple
iterations of mice with diverse genotype/phenotype relationships (Table 1). Early models of SCD such
as S Antilles (Popp et al., 1997; Rubin et al., 1991), S+S Antilles (Fabry et al., 1995), and SAD mice (Trudel
et al., 1991) still expressed mouse globin chains and had varying levels of HbS expression. While these
models provided important information about SCD, they only managed to mimic the sickle cell trait
exhibited in human B° heterozygous carriers. Additionally, they did not present the severe hemolytic
anemia observed in homozygous SCD patients. The mild SCD phenotypes observed in these mice were
eventually attributed to the presence of endogenous murine globin that could inhibit HbS sickling and
attenuate its impact (Rhoda et al., 1988). As research progressed, two humanized mouse models, the
Berkeley, and Townes mice, were developed and have since become the most used models for

preclinical studies of SCD.

Transgenic models expressing murine and human Transgenic models expressing exclusively
globin chains human globin chain
Name Bs + BS-Antilles SAD-1 NY1DD Berkeley Townes NY1 full KO
Year 1995 1991 1992 1997 2006 2001
Human globin genes 8, @S Antilles o 8540, o 65, 85 a, y 65 a,y 65 a,y
expressed
Mouse globin genes 8, a 6, a 6, a None None None
expressed
Expression of sickle 85 2%
or sickle related ’ ° 6$AD, 26% 65, 26% 65, >99 % 6$,>99 65, 60% - 80%
BSAnt'iIIes, 38%
genes
Hemolytic anemia Compensated Compensated No Yes Yes Yes
Micro-occlusive Moderate Moderate Moderate Severe Severe Severe
disease
(Fabry et al., (Trudel et al., (Fabry et al., (Paszty et (Wu et al.,, (Fabry et al.,
Reference
1995) 1991) 1992) al., 1997) 2006) 2001)

Table 1: Mouse models of sickle cell disease. Adapted from Nagel, 1998.
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The Berkeley strain was developed by creating transgenic mice via pronuclear projection. These mice
harbor disruptions of their endogenous globin genes and instead express human adult hemoglobin
(HbA), HbS, and HbF (Paszty et al., 1997). In this model, HbF is expressed in very low amounts (4% -
26%) at birth, which is thought to lead to high mortality before adulthood (Paszty et al., 1997). The
Townes strain was created using homologous recombination. In this model, the murine a-globin and
B-globin genes were replaced with a gene cassette containing human a-, B- (B%), and y-globin genes
along with a significant amount of upstream and downstream sequences necessary to retain temporal
expression of these genes (Ryan et al., 1997; Wu et al., 2006). Importantly, Townes mice mimic the
temporal switch of hemoglobin that occurs in humans after their birth. Indeed, mice of this strain are
born healthy with high expression of HbF (30%-50%) but experience a dramatic HbF to HbS transition
soon after birth and subsequently begin to develop characteristics of SCD at approximately 3 weeks of

age.

While both mouse models present limitations in modeling some aspects of SCD pathophysiology, they
do exhibit the major features of SCD, including irreversibly sickled cells (ISCs), anemia, multiorgan
pathology, inflammation, oxidative stress, and endothelial activation, making them particularly useful
to study this pathology (Kamimura et al., 2023; Manci et al., 2006). It is, however, important to note
that due to the large size of the B-globin locus, transgenic studies have only included a subset of genes
from this locus with a minimal region of the locus control region (LCR). Therefore, the transgene
construction in these strains does not reflect the complex chromosomal context and extensive
epigenetic regulation of the human genome. Consequently, these models cannot fully predict the
biological outcomes of perturbations at the native B-globin locus (Woodard et al., 2022). While ongoing
efforts aim to develop more sophisticated animal models, their implementation will still take some time
and could prove too challenging in a laboratory setting (Franks et al., 2020; Kuczynski et al., 2022).
Therefore, while having some limitations, SCD mice are still the best tools at our disposal to study this

pathology in vivo.

1. Erythropoiesis

A. Human Erythropoiesis at Steady State
RBCs are generated from hematopoietic stem cells residing in the BM through a dynamic multi-step
differentiation process known as erythropoiesis (Orkin, 2000). In the BM, erythroid cells differentiate
within a hypoxic microenvironment, with an oxygen level between 1-7% (Mohyeldin et al., 2010; Yeo
et al.,, 2018). The classical model for erythropoiesis posits a hierarchical process that progresses
through four phases: (1) erythroid progenitor (EP) development, (2) early erythropoiesis, (3) terminal

erythroid differentiation, and (4) erythrocyte maturation.
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Early in hematopoiesis, HSCs form multipotent progenitors (MPPs), which can give rise to common
lymphoid progenitors (CLPs) or common myeloid progenitors (CMPs). CLPs are committed to the
lymphoid lineages, while CMPs are committed to myelo-erythroid lineages. CMPs give rise to two
bipotent progenitors: granulocyte-monocyte progenitors (GMPs) and megakaryocyte-erythroid
progenitors (MEPs), which have the potential to form erythroid or megakaryocytic progenitors (Figure

10).

This classical model of hematopoiesis, widely utilized as a reference, has significantly contributed to
our understanding of HSC differentiation. However, it is likely an oversimplification of the complexity
of hematopoiesis. Indeed, studies have indicated that some committed progenitors may branch off
earlier in the hierarchy (Mercier & Scadden, 2015; Notta et al., 2016). Moreover, new types of HSPCs
have been identified and extensively studied due to their lineage biases (Benz et al., 2012; Dykstra et
al., 2007; Muller-Sieburg et al., 2004; Miiller-Sieburg et al., 2002). Recent research using single-cell
technology and genetic mouse models now suggests that rather than occurring through distinct steps,
hematopoiesis may occur through a continuous process of differentiation. This new perspective
challenges the notion of hierarchical, stepwise progression, proposing instead that individual HSCs
gradually acquire lineage biases along multiple directions without the necessity of passing through

hierarchically organized progenitor populations (Velten et al., 2017).
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Figure 10: The classical model of human hematopoiesis. HSCs give rise to MPPs that bifurcate into CMPs and CLPs. CMPs
further differentiate into GMPs and MEPs, both of which differentiate into their respective lineages; GMPs give rise to
granulocytes and monocytes, whereas MEPs give rise to megakaryocytes and erythrocytes. Lymphoid lineages are derived
from CLPs. Figure created with biorender.com and adapted from Schippel & Sharma, 2023. HSC = Hematopoietic stem cell;
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MPP = multipotent progenitor; CLP = common lymphoid progenitor; CMP = common myeloid progenitor; GMP = granulocyte-
monocyte progenitor; MEP = megakaryocyte-erythroid progenitor

During early erythropoiesis, unipotent progenitor cells arise from MEPs, named Burst Forming Units-
Erythroid (BFU-E), which further differentiate into Colony Forming Units-Erythroid (CFU-E) (Schippel &
Sharma, 2023). Following this step, terminal differentiation occurs with the differentiation of CFU-Es
into proerythroblasts (ProEs) which then sequentially differentiate into early basophilic (EBaso), late
basophilic (LBaso), polychromatic (PolyE), and orthochromatic erythroblasts (OrthoE) (Zivot et al.,
2018). During this phase, hemoglobin accumulates in the cells while their size decreases, and their
nucleus gets increasingly condensed before being expelled at the enucleation step (Granick & Levere,

1964).

Terminal differentiation takes place in the erythroid niche within specialized structures known as
erythroblasticislands, where a central macrophage surrounded by up to 30 cells at different maturation
stages drives erythroid proliferation and differentiation and phagocytes the extruded nuclei (Chasis &
Mohandas, 2008). After enucleation, reticulocytes are released in the circulation, where they mature
into erythrocytes and acquire their characteristic biconcave shape through membrane remodeling
processes (Chasis & Schrier, 1989; Griffiths, Kupzig, Cogan, Mankelow, Betin, Trakarnsanga, Massey,
Parsons, et al., 2012) (Figure 11). Red blood cells can then stay in the circulation for up to 120 days,
during which they are constantly surveyed by macrophages within the reticuloendothelial system of

the spleen (de Back et al., 2014).

It is important to note that while the classical model of erythropoiesis has been extensively used as a
reference in many studies, it is very likely that this model represents a simplified version of adult human
erythropoiesis and that there may be significant heterogeneity in cells at the stem, progenitor, and

erythroblasts stages (Doulatov et al., 2012; Schippel & Sharma, 2023).

Erythroblastic island Bloodstream
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Hemoglobin synthesis

Figure 11: Human erythropoiesis. Overview of erythropoiesis, from the hematopoietic stem cell (HSC) to the red blood cell
(RBC) (Zivot et al., 2018).
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B. Monitoring of Erythropoiesis
The study of ex vivo erythroid differentiation has played an instrumental role in unraveling the
mechanistic and molecular changes that occur during erythropoiesis. As cells differentiate, the
expression of many membrane surface antigens changes over time, allowing differentiation to be

tracked and quantified using fluorescence-activated cell sorting (FACS)-based methods (Figure 12A).

1. Hematopoietic Stem Cells
Extensive research has been conducted on the hematopoietic stem and progenitor cells (HSPC)
populations preceding EPs (MPPs, CMPs, and MEPs). However, the establishment of a standardized set
of markers to identify and isolate these different populations has yet to be put in place. The strategy
proposed by the Weissman group, using the markers CD34, CD38, CD45RA, CD123, and CD90, has been
adopted in many studies (Majeti et al., 2007). Nevertheless, other published strategies using different
sets of markers are also in use (Doulatov et al., 2010). Thus, further RNA-seq, flow cytometry, and
proteomic studies are needed to compare populations isolated through the alternative
immunophenotyping strategies to propose a standard set of surface markers or genomic signatures for

each HSPC population (Schippel & Sharma, 2023).

2. Erythroid Progenitors
Until recently, BFU-Es and CFU-Es had been characterized as CD45*GPA'CD123°CD34*CD36°CD71"°" and
as CD45*GPA'CD123°CD34*CD36°CD71"e" cells, respectively, in cultured and BM cells (Li et al., 2014; Yan
et al., 2018). However, in a recent study, Yan et al. showed that by integrating CD105 into this panel,
human EP populations could be further subdivided into four subpopulations, with EP1 representing
predominantly BFU-E and EP2, EP3 and EP4 representing increasingly mature CFU-E populations. All 4
populations could be differentiated based on their CD34 and CD105 expression profiles and had a
reduced proliferative responsiveness to stem cell factor (SCF), indicating the presence of heterogeneity

in committed progenitors (Yan et al., 2021) (Figure 12B).

26



Introduction — Erythropoiesis

Erythroid Progenitor Early Terminal Erythroid :
A Development Erythropoiesis Differentiation Maturation
— /—\ ) ‘ - ’ \ PN 2
00@- 00 o A®
) [ e
HSC ~ MPP P MEP

CM BFU-E CFU-E ProE  BasoE PolyE OrthoE  Retic RBC

CD105

Figure 12: Flow cytometry analysis for the isolation of human erythroblasts. (A) Erythropoiesis occurs through four stages:
erythroid progenitor development, early erythropoiesis, terminal erythroid differentiation, and maturation. Expression
patterns for markers that are expressed only in HSPCs (pink), arise in HSPCs and extend at least into terminal differentiation
(green), are transient in early erythropoiesis and terminal differentiation (blue), and are present in mature erythroid cells
(orange) are depicted below. (B) Dot plot overlay of gated erythroid progenitor and erythroblast populations showing their
expression of CD105 and GPA. The color of each population sources from the gating plot (C) May-Griinwald Giemsa staining
of sorted erythroblasts at distinct stages from primary bone marrow. Created with biorender.com and adapted from Schippel
Schara, 2021. HSC = hematopoietic stem cells, MPP = multipotent progenitor, CMP = common myeloid progenitor, MEP =
megakaryocyte-erythroid progenitor, BFU-E = burst forming units-erythroid, CFU-E = colony forming units-erythroid, ProE =
proerythroblasts, BasoE = Basophilic erythroblasts; EBaso = early basophilic erythroblasts, LBaso = Late basophilic
erythroblasts, PolyE = polychromatic erythroblasts, OrthoE = orthochromatic erythroblasts, Retic = reticulocytes, RBC = red
blood cell.

3. Terminal Differentiation

Hu et al. developed a strategy combining the expression of glycophorin A (GPA), Band 3, and CD49d
(ad-integrin) to distinguish the erythroblast stages during terminal differentiation. They found that,
within the GPA* cell population, the expression of CD49d was the highest in ProEs and gradually
decreased over time. In contrast, the expression of Band 3 initially started at low levels at the basophilic
stage and progressively increased throughout terminal differentiation (Hu et al., 2013). Using these
markers, all 5 erythroblast stages could be purified, both in vivo and in vitro, and were found to exhibit
expected morphological characteristics, as well as distinct proteome and transcriptome compositions

(Gautier et al., 2016; Hu et al., 2013). Interestingly, Yan et al. showed that the expression kinetics of
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CD105 could also be used to identify all different erythroblast stages. Indeed, their paper showed that
all erythroblasts were CD71*GPA*Syto16*, and the stages could be distinguished based on CD105 and
GPA profiles (Yan et al., 2021) (Figure 12B).

In addition to FACS analyses, serial transplantation assays, in vitro colony-forming cells assays, and
morphological analyses using May Griinwald Giemsa (MGG) staining (Figure 12C) are typically utilized
for characterization and functional validation of HSPCs, committed EPs and erythroblasts, respectively

(Hu et al., 2013; Kondo et al., 1997; Notta et al., 2011; Stephenson et al., 1971).

C. Regulation of Erythropoiesis
On average, the human body generates two million erythrocytes per second (Palis, 2014). Production
at this scale requires an intricate regulation involving a complex interplay between growth factors,

transcription factors, metabolic pathways, and microenvironmental signaling.

1. Cytokines

a. The HIF-EPO Pathway
A key regulator of erythropoiesis is erythropoietin (EPO), a glycoprotein synthesized in response to low
tissue oxygenation whose expression is necessary to maintain the daily renewal of RBCs (Kuhrt &
Wojchowski, 2015). Indeed, a negative feedback system, in which tissue oxygenation controls EPO

production and EPO controls RBC production, provides homeostasis in oxygen delivery to body tissues.

Within the kidney, specialized peritubular fibroblasts are the major production sites of EPO. These cells
employ the hypoxia inducible factors (HIF) pathway to regulate EPO production in response to oxygen
levels (Jelkmann, 2004; Rogers et al., 2008). In normoxic conditions, the a subunit of the HIFs is
hydroxylated by prolyl hydroxylase domain 2 (PHD2), an oxygen sensor enzyme. Subsequently, it binds
to the von Hippel-Lindau ubiquitin ligase complex, which triggers its proteasomal degradation. Under
hypoxia, this process is attenuated, and HIF-a can translocate to the nucleus, bind to its
heterodimerization partner HIF- and other co-factors, and mediates the expression of the EPO gene
by binding to its 5’ hypoxia response element (HRE) (Majmundar et al., 2010; Storti et al., 2014) (Figure
13). After being synthesized, EPO is secreted in the bloodstream and acts primarily on erythroid
progenitors and early precursors by binding to the EPO receptor (EPOR) on their surface (Broxmeyer,
2013). Upon EPO binding, the EPOR signaling through Janus kinase 2 (JAK2) triggers the activation of
multiple intracellular signal transduction pathways, including signal transducer and activator of
transcription 5 (Stat5), phosphoinositide-3 kinase/Akt (PI3K/AKT), and p42/44 mitogen-activated
protein kinase (MAPK) pathways. The activation of these pathways reduces apoptosis and promotes

progenitor survival, proliferation, and differentiation (Broxmeyer, 2013).
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Figure 13: Stages of erythroid differentiation and oxygen-dependent feedback loop regulated by EPO. Hypoxia leads to the
expression EPO by kidney cells. EPO binds to EPOR which is expressed on CFU-E, proerythroblasts and early basophilic
erythroblasts, preventing these progenitor cells from apoptosis. Subsequently, increased erythrocytes in circulation lead to
improvement of tissue oxygenation and therefore decreased EPO production. Figure created with biorender.com. EPO =
erythropoietin, MEP = megakaryocyte-erythroid progenitor, BFU-E = burst forming unit erythroid, CFU-E = colony forming unit
erythroid, ProE = proerythroblast, BasoE = basophilic erythroblast, PolyE = polychromatic erythroblast, OrthoE =
orthochromatic erythroblast, RBC = red blood cell, HIF = hypoxia-inducible factor, HRE = hypoxia responsive element VHL =
von Hippel lindau.

b. SCFand c-kit
Additional factors work synergistically with EPO to regulate erythropoiesis, such as SCF, thrombopoietin
(TPO), Transforming Growth Factor-a (TGF-a), insulin-like growth factor 1 (IGF-1), and interleukins 1, 3,
6 and 10. Among these, only SCF was shown to be essential for in vivo erythropoiesis, as its deletion in
mice resulted in severe anemia with varying erythroid progenitor defects (Broudy, 1997). SCF exerts its
function by binding to and activating the receptor tyrosine kinase c-kit (CD117) (Lemmon &
Schlessinger, 2010). Activation of c-kit leads to its autophosphorylation and the initiation of signal
transduction that allows the survival and proliferation of BFU-Es and CFU-Es, as well as ProEs (Nocka et
al.,, 1989; Sui et al., 2000). It also promotes HSC maintenance and stimulates cell cycle entry by

activating the PI3K/AKT/FOXO pathway (Miyamoto et al., 2007). Furthermore, by binding to c-kit, SCF
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can indirectly phosphorylate EPOR, activate EPO/EPOR signaling pathway, and thus also promote the
survival, proliferation, and differentiation of early erythroid progenitors through this action (Jacobs-

Helber et al., 1997).

2. Transcriptional Requlation of Erythropoiesis
The complex transcriptional programs that define erythropoiesis are coordinated by a set of potent
transcription factors, the expression of which is capable of transdifferentiating non-erythroid cells into

erythroid cells (Capellera-Garcia et al., 2016).

The GATA family of transcription factors, which comprises six members (GATA1 through GATA®6),
recognizes and binds to a specific DNA motif, (A/T) GATA (A/G), through two characteristic zinc-finger
regions conserved among the six family members (Ko & Engel, 1993; Orkin, 1992). Of these, only GATA1
and GATA2 play crucial roles regulating erythropoiesis. Gene ablation studies in mice revealed that
GATA1 is essential for the survival and differentiation of erythroid progenitors, while GATA2 regulates
the maintenance and proliferation of HSPCs (Gutiérrez et al., 2008; Menendez-Gonzalez et al., 2019).
Initially, GATA2 is abundantly expressed in HSPCs. However, its expression declines after the erythroid
commitment of progenitors, where the increased expression of GATA1 displaces it at the multiple GATA-
binding sites of the GATA2 gene and suppresses its expression. This transcriptional change, known as
GATA factor switching, is essential for survival and terminal differentiation (Kaneko et al., 2010) (Figure
14). GATA-1 is considered the master regulator of erythropoiesis as it regulates all aspects of erythroid
maturation and function. Indeed, genome-wide occupancy studies (ChlP-seq) have shown that all
erythroid genes are regulated by GATAL, including genes involved in heme and globin synthesis,
glycophorins, anti-apoptotic genes, genes involved in cell cycle regulation, and the EPOR gene (Cheng

et al., 2009).
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Figure 14: Reciprocal expression profiles of GATA1 and GATA2 during erythropoiesis. GATAL expression is initiated at the
CMP stage and reaches a peak at the ProE stage. From the late erythroblast stages onward, GATA1 expression levels decrease
toward the maturation of RBC. GATA2 is preferentially expressed in HSC and progenitor cells, including CMP, MEP, and BFU-E.
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GATA2 expression is suppressed by the increase of GATA1 activity from CFU-E stage onward. Figure created with biorender.com
and adapted from Moriguchi & Yamato, 2014. HSC = hematopoietic stem cells, CMP = CMP = common myeloid progenitor,
MEP = megakaryocyte-erythroid progenitor, BFU-E = burst forming unit erythroid, CFU-E = colony forming unit erythroid, ProE
= proerythroblast, BasoE = basophilic erythroblast, PolyE = polychromatic erythroblast, OrthoE = orthochromatic erythroblast,
RBC = red blood cell.

KLF1, also known as EKLF (erythroid Kriippel-like factor), is another critical regulator of erythropoiesis
initially identified by its ability to bind the B-globin promoter (Miller & Bieker, 1993). KLF1 can suppress
the megakaryocyte program and promote erythroid fate in the early stages of differentiation (Frontelo
et al., 2007). It also helps orchestrate the enucleation process by triggering cell-cycle exit and chromatin
condensation during terminal erythroid maturation, which is essential to this process (Borg et al., 2010;
Gnanapragasam et al., 2016). Many more transcription factors form complex networks of coactivators
or corepressors to modulate target gene expression. These include a major player, TAL1, which along
with LMO2 and LDB1, form a coactivator complex that binds GATA1 to activate the expression of

erythroid-associated genes (Hattangadi et al., 2011; Porcher et al., 2017).

3. Metabolic Regulation of Erythropoiesis
Erythropoiesis relies on a complex interplay between iron, glucose, fatty acid, and amino acid
metabolism to generate the necessary output of RBCs required to sustain oxygen transport. While the
intricacies of these metabolic processes are still not fully characterized, significant advances on the
subject have been made over the last decade. Notably, energy metabolism was identified as a crucial
regulator that shapes the balance between self-renewal potential and lineage specification. In the
hypoxic niche, quiescent HSCs maintain low metabolic activity and rely upon anaerobic glycolysis for
their metabolic needs (Takubo et al., 2013; Yu et al, 2013). The suppression of oxidative
phosphorylation (OXPHOS) in this environment was shown to be critical for the survival of quiescent
HSCs, as lower ROS levels were associated with higher stem cell potential (Chen et al., 2008; Mantel
et al., 2010; Suda et al., 2011; Yu et al., 2013). Additionally, lipid metabolism, primarily fatty acid
oxidation (FAO), has emerged as a critical regulator of HSC self-renewal, as inhibition of this process
was shown to induce symmetric commitment of HSC daughter cells and loss of HSC quiescence (Ito et

al., 2012; Yusuf & Scadden, 2012).

Furthermore, the maintenance of amino acid homeostasis was shown to play a critical role during
erythropoiesis. Oburoglu et al. demonstrated that glutamine and its transporter, ACST2, are essential
for the erythroid lineage commitment of CD34* HSCs (Oburoglu et al., 2016; Oburoglu et al., 2014).
More specifically, they showed that HSC commitment to the erythroid lineage depends on glutamine-
dependent de novo nucleotide biosynthesis. In the same study, they showed that nucleotides provided
through the shunting of glycolytic metabolites into the pentose phosphate pathway (PPP) could

enhance the magnitude and kinetics of HSC erythroid commitment, further highlighting the
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importance of nucleotide in this process (Oburoglu et al., 2016; Oburoglu et al., 2014). More recently,
the metabolism of arginine has also been identified as a crucial factor for erythroid differentiation
(Gonzalez-Menendez et al., 2023). Indeed, spermidine, one of the catabolic products of arginine, is
required for the hypusination of eukaryotic translation initiation factor 5A (elF5A), a posttranslational
modification specific to this protein. They found that hypusination of elF5A promotes translation
elongation and termination, allowing optimal protein synthesis during erythropoiesis. Importantly,
under conditions where hypusination was prevented, HSPCs were not capable of undergoing erythroid

differentiation and instead maintained their myeloid lineage fate (Gonzalez-Menendez et al., 2023).

As HSCs become mobilized and differentiate, their metabolism switches and relies on oxidative
phosphorylation to meet the nutrient and energy demands of the cell (Ansé et al., 2017; Liu et al.,
2017; Luo et al.,, 2017; Oburoglu et al., 2014). Gonzalez-Menendez et al. demonstrated that
glutaminolysis participates in this process by generating a-ketoglutarate (aKG), which contributes to
the tricarboxylic acid cycle (TCA) and directly increases oxidative phosphorylation in human erythroid
precursors (Gonzalez-Menendez et al., 2021). Further studies have highlighted the importance of
glutamine and its products in the regulation of erythropoiesis. For example, glutamine-derived
production of succinyl-coenzyme A (succinyl-CoA) was shown to be essential to the production of heme
(Burch et al., 2018). Additionally, glutamine, as well as leucine and arginine, were found to activate the
mammalian target of rapamycin (mTOR) pathway, a signaling cascade regulating multiple cellular
processes such as mitochondrial biogenesis, ROS production, and globin production (Chung et al.,
2015; Jewell et al., 2013). Finally, Huang et al. found that phosphocholine metabolism is essential for
erythroid differentiation, as it helps provide the cell with glycine and serine, two additional amino acids

essential for protein synthesis (Huang et al., 2018).

During terminal differentiation, erythroid cells go through extensive alterations resulting in hemoglobin
accumulation, nucleus expulsion, and the loss of all organelles, including mitochondria (Moras et al.,
2017). In response to these changes, late-stage differentiated cells shift their energy metabolism from
OXPHOS to anaerobic glycolysis. To adapt to these metabolic requirements, cells progressively decrease
their glutamine uptake and rely on IDH1 to decrease aKG-driven OXPHOS (Gonzalez-Menendez et al.,
2021). Simultaneously, glucose uptake increases during erythroblast maturation, leading to the
upregulation of Glutl, the glucose transporter, at this stage (Montel-Hagen et al., 2008). Of note,
human erythrocytes express a higher level of Glutl than any other cells in the body, with over 300,000
copies of Glutl per cell (Mueckler, 1994). Despite this metabolic switch, mitochondria activity is
sustained by pyruvate until the enucleation stage, where low levels of OXPHOS are required for

enucleation to occur (Liang et al., 2021).
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Looking ahead, the recent emergence of novel technologies, such as the SCENITH and met-flow
approaches, may help offer new insights about the heterogeneity and plasticity of metabolism during

erythropoiesis at the single cell level (Ahl et al., 2020; Arglello et al., 2020).

4. HSP70 and Caspase 3
Healthy mature erythroblasts exhibit some features of apoptosis, such as mitochondrial depolarization
and the transient activation of caspases. This activation is crucial for the proper progression of
erythropoiesis. Indeed, the inhibition or depletion of caspase 3 in erythroid cells has been shown to

induce maturation arrest (De Maria et al., 1999; Koury & Bondurant, 1988).

Caspase 3 also plays a significant role in the GATA1 signaling pathway (Boehm et al., 2013). It has been
shown that GATAL1 is protected from caspase-mediated proteolysis by interacting with the chaperon
heat shock protein 70 (HSP70). For this interaction to occur, HSP70 must be translocated from the
cytoplasmic to the nuclear compartment. This translocation can only occur in the presence of EPO, as
EPO starvation leads to HSP70 being exported from the nucleus. HSP70 export, in turn, leaves GATA1
exposed to caspase-3 activity and results in differentiation arrest and apoptosis (Ribeil et al., 2007).

This EPO-dependent mechanism ensures that no excessive erythrocyte production occurs (Figure 15).
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Figure 15: GATA-1 protection by HSP70 during terminal erythroid differentiation. Figure created with Biorender.com based
on Ribeil et al 2007.

D. Exvivo culture Systems of Erythropoiesis
Studies of human erythropoiesis have relied, for the most part, on the in vitro differentiation of HSPCs.
Furthermore, the production of cultured RBCs holds the potential of an unlimited source of RBCs for
transfusion purposes. Considering this, significant efforts have been dedicated to developing culture
systems that can closely replicate the stages of human erythropoiesis and yield a substantial number

of enucleated RBCs.
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Fibach et al. were the first group to reportedly generate RBCs from CD34* HSPCs (Fibach et al., 1989).
Since then, researchers have refined methods of primary human cell culture to obtain larger numbers
of erythroid cells from relatively few HSPCs obtained either from BM (Neildez-Nguyen et al., 2002),
peripheral blood (Migliaccio et al., 2002; Tirelli et al., 2011; van den Akker et al., 2010), umbilical cord
blood (Baek et al., 2008; Leberbauer et al., 2005; Miharada et al., 2006), induced pluripotent stem cells
(iPSCs) (Netsrithong et al., 2020), and embryonic stem cells (ESCs) (Olivier et al., 2016). These two-
dimensional culture systems vary based on the number of stages involved in the culture, the presence
or absence of feeder layers, as well as the various cytokines, growth factors, and steroids that may be
added to the culture medium to potentiate the expansion or differentiation of cells in culture (Table 2)
(Severn & Toye, 2018). Overall, all protocols follow the same steps of (1) isolating stem progenitor cells,
(2) expanding the stem progenitor cells and differentiating them into the erythroid lineage, and (3)
enucleating erythroid cells to give rise to mature RBCs. Although all these culture systems can produce
varying amounts of enucleated erythrocytes, they all have their own challenges and limitations.
Predominantly, issues such as low enucleation rates, insufficient proliferation, and persistence of fetal

hemoglobin levels are the most frequently observed constraints.

Source and culture General _ Enucleat _
Expansion Key point References

period protocol ion rate

Three stage, (Neildez-Nguyen et al.,

CB CD34* 21 days 2 x 10°-fold 4% Low enucleation rate
serum free 2002)
Peripheral blood 3 S
MINC 13 days HEMA culture 1 x 103-fold - - (Migliaccio et al., 2002)
Mobilized . .
) Three stages First co-culture with .
leukapheresis . 1.22 x 10°-fold 98% ) (Giarratana et al., 2005)
CD34* 21 days with co-culture murine stromal cells
Two stage, Prolonged expansion
CB MINC, 60 days & 1x 10° ~100% § . P (Leberbauer et al., 2005)
serum free period
CB CD34* 20 days Four stages 7 x 106-fold 77% - (Miharada et al., 2006)
Three stage, Higher expansion rates
CB MNC 21 days serum free 8.2 x 103-fold 47% when CB feeder cells used (Baek et al., 2008)
with co-culture not BM feeder cells
Peripheral blood First demonstration of . .
Three phases 2.3 x 108 >90% . (Timmins et al., 2011)
MNC bioreactor use
Peripheral blood CFU and flow cytometry -
HEMA culture 2.7 x10° - ] (Tirelli et al., 2011)
MNC 14 days analysis
2,5 ml packed
Peripheral blood reticulocytes and .
Three stages 6.15 x 104-fold 68% ) o (Giarratana et al., 2011)
CD34+ transfusion of in vitro

cultured reticulocytes
(Griffiths, Kupzig, Cogan,

Peripheral blood . Mankelow, Betin,
Three stages >10* fold 55-95% 5 ml packed reticulocytes
CD34* Trakarnsanga, Massey,
Lane, et al., 2012)
. 10 ml packed

Peripheral blood . 0 . .

— Three stages >10° fold 63% reticulocytes under GMP (Kupzig et al., 2017)

conditions
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Table 2: Examples of published erythroid culture systems in which expansion rates and enucleation rates were provided
from Severn & Toye, 2018.

These traditional two-dimensional culture systems cannot effectively translate marrow physiology ex
vivo as they lack the microenvironmental niches, the spatial oxygen gradients, and the dense cellularity
found in the human BM (Allenby et al., 2019). New advances in the bioengineering field are now
allowing researchers to move from two-dimensional cultures to more intricate three-dimensional
models of the BM, with different levels of complexity. Approaches introducing active agitation in the
culture, with the use of rotary culture systems or bioreactors, were shown to increase nutrient
homogeneity and oxygen transfer and were able to produce high quantities of enucleated cells (S. Y.
Han et al., 2021; Heshusius et al., 2019; Ratcliffe et al., 2012). Tools like hydrogels (Raic et al., 2014),
solid scaffolds (Severn et al., 2019), and three-dimensional environments made of fibers can be used
to mimic the intricacies of the BM micro-environment (Allenby et al., 2019; Housler et al., 2012). These
more complex models have been shown to provide a better expansion of HSCs in long-term cultures
and allow the generation of erythroblastic islands and enucleated erythrocytes. They could thus prove

to be valuable tools for studying erythropoiesis in the future.

E. Ineffective Erythropoiesis in Hemoglobinopathies
1. Thalassemia disorders
B-thalassemia refers to a group of inherited hemolytic disorders characterized by reduced production
(B-thalassemia intermedia) or complete absence (B-thalassemia major) of B-globin chains. Ineffective
erythropoiesis is the core driver of B-thalassemia and the main cause of its clinical manifestations.
Notably, patients with B-thalassemia major have 5- to 6-fold more erythroid precursors than healthy
individuals, with a 4-fold increase in cell death (Centis et al., 2000). In this pathology, the imbalance
between a and B chains triggers a cascade of events leading to the premature cell death of erythroid
precursors (Figure 16). A study by Arlet et al. conducted in B-thalassemia major showed that the excess
a-globin chains within the cytoplasm form molecular aggregates that interact with HSP70 and prevent
its translocation to the nucleus. In this context, GATA1 is no longer protected from caspase-3 cleavage,
leading to end-stage maturation arrest and apoptosis of differentiating precursors (Arlet et al., 2014).
The resulting anemia causes hypoxia and increases EPO production, which, in turn, enhances erythroid
differentiation and accumulation of immature precursors resulting in medullary expansion (Arlet et al.,

2016).
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Figure 16: Difference between normal and B-thalassemia ineffective erythropoiesis (Ribeil et al., 2013).

In a-thalassemia, which arises from the underproduction or absence of a-globin synthesis, excess B-
globin chains have also been described as damaging to maturing erythroid precursors. Indeed, the
unpaired B-globin chains can form insoluble homotetramers leading to intracellular precipitation, acute
hemolytic anemia, and ineffective erythropoiesis (Shinar et al., 1989; Yuan et al., 1995). However, the
characterization of this ineffective erythropoiesis has not been as comprehensive as for p-thalassemia.
Furthermore, in some patients, the free B-globin chains have been found to aggregate preferentially in
older RBCs in the peripheral blood, with minimal impact on erythropoiesis, suggesting that a-
thalassemia is a predominantly a hemolytic disease with minimal ineffective erythropoiesis (Amid et

al., 2016)

2. Sickle Cell Disease
Although SCD is not primarily defined as a pathology with ineffective erythropoiesis, several studies
showed abnormalities during terminal erythropoiesis in SCD, suggesting that anemia could also be
impacted by defects of central origin in this pathology. For example, erythroid precursors were found
to undergo sickling under deoxygenating conditions in both in vitro experiments and within the BM of
SCD patients, with extensive marrow erythrophagocytosis (Grasso et al., 1975; Hasegawa et al., 1998).
Such sickling was also reported in the SAD SCD mouse model, where late-stage erythroid precursors
displayed morphologic alterations. In this context, morphological studies found high levels of
hemoglobin polymers, which were associated with increased cell fragmentation occurring during the
migration of reticulocytes across the endothelial layer in the BM (Blouin et al., 1999). The study of Wu
and collaborators showed evidence of ineffective erythropoiesis occurring in the BM of transplanted
SCD patients, where donors’ healthy cells were found to have a survival advantage over SCD erythroid
cells (Wu et al., 2005). Furthermore, SCD has been shown to have potentially long-term adverse effects

on the BM in mice. This includes BM ischemia resulting from vaso-occlusion, pathologic angiogenesis
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within the BM microenvironment, and BM hyperplasia triggered by anemia and tissue hypoxia (Park et
al., 2020). These processes could contribute to the activation of osteoclasts and subsequent bone loss
and could impair erythropoiesis over time. Our recent and current work has shown apoptosis between

the PolyEs and OrthoEs stages, with HbF being a critical protective factor against it (El Hoss et al., 2021).

lIl.  Macrophages

A. Tissue Macrophages and their Origins

Macrophages are highly plastic effector cells involved in both inflammation and tissue homeostasis.
Based on these two properties, Mill et al. proposed a classification dividing macrophages into either
classically activated (M1) or alternatively activated (M2) macrophages (Mills et al., 2000). In this model,
M1 macrophages are pro-inflammatory mediators with pathogen-killing abilities, producing high levels
of ROS, NO, and pro-inflammatory cytokines such as IL-1, 2, 6, 12, TNF-a, and IFN-y. In contrast, M2
macrophages promote cell proliferation and tissue repair and secrete anti-inflammatory cytokines such
as CCL-18, CCL-22, and IL-10. To refine this dual model, the M2 phenotype was later divided into M2a,
M2b, M2c, and M2d subtypes based on the inducing agent and the resulting transcriptional changes
(Mantovani et al., 2004; Roszer, 2015) (Figure 17A). While the M1/M2 nomenclature remains in use
today, as it represents a simple model to distinguish between two opposing macrophage activities, it
cannot be used to fully recapitulate the heterogeneity of tissue macrophages in vivo (Martinez &
Gordon, 2014; Nahrendorf & Swirski, 2016).

A B Yolk

sac /0 \
| ey
\

IFN/TNF/LPS
*-\\ /
’ \ Fetal
@ @ - -

M1
macrophage
Circulating Circulating
waiioa-1s, /. monocytes monocytes T,
IL-1R Ligands
r ) Resident
| macrophages

M2
macrophage

Stomach

IL-10, TNF-, IL-1B, IL-10, 10, 1 Bone marrow
TGF-B IL-6, IL-10 TGF-B VEGIf H

37



Introduction — Macrophages

Figure 17: Origin and classification of macrophages. (A) Circulating macrophages are classified into M1 and M2 types
according to their activators and functions. M2-type can be further subdivided into M2a, M2c, and M2d by different signal
activation, cell surface markers, and their functions. (B) Based on the origin, tissue-resident macrophages can be divided into
two subsets. One derives from the yolk sac and another population originates from hematopoietic progenitors and circulating
monocytes. Figure created with biorender.com based on Chen et al., 2020.

Tissue-resident macrophages are present in virtually all tissues in mammals and are a highly diverse
population due to complex and dynamic tissue-specific processes. For a long time they were believed
to solely derive from circulating monocytes (van Furth & Cohn, 1968). However, in the past decade,
parabiosis and fate-mapping experiments in mice have shown that most macrophages that reside in
healthy adult tissues are established prenatally (Hashimoto et al., 2013; Yona et al., 2013). More
specifically, primitive macrophages can arise without monocytic intermediates from yolk-sac
macrophages and seed the whole embryo when blood circulation is established (Schulz et al., 2012).
Once the fetal liver becomes the predominant embryonic site of hematopoiesis, resident macrophages
can also arise from fetal liver monocytes (Gomez Perdiguero et al., 2015) (Figure 17B). The
macrophages derived from both progenitors can self-maintain locally within their tissue of residence
throughout life. As a result, most tissues in adult mice still harbor a significant fraction of macrophages
of embryonic origin, with varying input from BM-derived monocytes. (Ginhoux & Guilliams, 2016).
Overall, resident macrophages in most tissues do not require an ongoing input from circulating
monocytes at steady state. However, during the depletion of the resident macrophage populations,
either by experimental means or by inflammation, circulating monocytes have been shown to readily

integrate into these macrophage pools and become self-renewing cells (Scott et al., 2016).

Although macrophage origins differ between organs, it does not impact their lifespan or function within
their respective tissue. Instead, it was recently suggested that the properties of macrophages are
determined not by their sources of origin but predominantly by their niche (Guilliams & Scott, 2017).
This hypothesis was drawn from a study showing that yolk sac macrophages, fetal liver, and adult
monocytes could efficiently colonize an empty alveolar niche in the mouse model Cfsr2b 7~ regardless
of their origin (van de Laar et al., 2016). Macrophage niches are thought to provide physical support as
well as the specific signals necessary for the establishment, the self-maintenance capacities, and the
tissue specification of their macrophages. Indeed, many functional studies and gene-expression
analyses have shown that the local tissue environment of macrophages can modulate their

transcriptional and epigenetic profile (Gautier et al., 2012; Lavin et al., 2014).

As a way to explain the differences in macrophage origin between tissues, Guilliams and Scott proposed
a model of “niche competition” in which the highly plastic macrophage precursors compete for a
restricted number of niches (Guilliams & Scott, 2017; Guilliams et al., 2020). In this model, the tight

regulation of the niche could ensure that monocytes patrolling the tissues do not differentiate into
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macrophages when the niche is full. However, when the niche is made available, during development
or because of inflammation, monocytes can integrate the resident macrophage pool. Besides niche
availability, another factor dictating tissue macrophage origin is thought to be niche accessibility, i.e.,
whether macrophage precursors can access the organ via the circulation (Guilliams & Scott, 2017).
Many ontology studies have been done in the past few years to identify the specific origin of resident
macrophages in various organs. However, few studies have attempted to map the bone marrow

macrophage origin.

B. Bone Marrow Macrophages
The BM is a complex organ encased within the bone structure, which can be divided into various
compartments that are dependent on the presence of different cellular populations. Among these cells,
different subsets of macrophages contribute to the regulation of erythropoiesis and hematopoietic
stem cell niches, as well as bone homeostasis and repair. Three subsets of tissue resident macrophages
are thought to reside in the bone: osteal macrophages, HSC niche macrophages, and macrophages

from erythroblastic islands (Figure 18) (Kaur et al., 2018).
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Figure 18: Different resident macrophage subsets within bone and bone marrow. EBI = erythroblastic island, HSC =
hematopoietic stem cell, MSC = mesenchymal stem cells. Created with biorender.com and adapted from Kaur et al., 2017.

1. Osteal macrophages
A key population of BM macrophages is the osteal macrophages or “osteomacs”. These cells can be
found interspersed with other bone-lining cells at the endosteum and play a key role in bone formation
and repair by driving osteoblast maturation, maintenance, and function (Chang et al., 2008; Winkler et

al., 2010). Osteomacs can interact with diverse components of the hematopoietic microenvironment,
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including osteoblasts and megakaryocytes, to regulate the function of HSPCs (Heideveld & van den
Akker, 2017; Mohamad et al., 2017). They also have the potential to differentiate into osteoclasts, a
specialized bone-resorbing multinucleated cell population. Furthermore, because of their localization,
it was suggested that they might also serve as a phagocytic barrier between the bone and the BM to
prevent disturbances between both tissues (Kaur et al., 2017). Osteomacs share similar phenotypical
markers of BM-derived macrophages: they express, at different levels CD45, F4/80, CD68, CD11b, Ly-
6G and CD169 and can be distinguished from inflammatory macrophages or osteoclasts by their lack
of Mac2 and TRAP expression (Alexander et al., 2011; Alexander et al., 2017; Batoon et al., 2019; Chow
et al., 2013a; Winkler et al., 2010). Even though most studies were conducted in mice, osteomacs were
suggested to have a counterpart in human osteal tissues, as CD68* cells were observed both adjacent

to the bone and within the bone microenvironment (Chang et al., 2008).

2. HSC niche macrophages
Besides osteomacs, other populations of resident macrophages are thought to be involved in the
maintenance of HSC niches (Winkler et al., 2010). Within these specific microenvironments, these
macrophages, also called “HSC macrophages”, are thought to be in direct contact with both HSCs and
other cells and exert their specialized functions to maintain niche homeostasis. In several studies, the
function of these macrophages was assessed in vivo by depleting the monocyte/macrophage
population from mouse BM, by using clonodrate-loaded liposomes, transgenic animals such as the
MAFIA (macrophage Fas-induced apoptosis) or the CD169-diphtheria toxin receptor mice (Chow et al.,
2011; Winkler et al., 2010). In these studies, the loss of BM macrophages led to the mobilization of
HSCs out of the BM and into the peripheral blood and extramedullary lymphoid organs. This was
associated with a decreased expression of retention factors by niche cells, such as CXCL12, suggesting
that these macrophages crosstalk with niche components to retain HSC in the BM. For example, HSC
macrophages were shown to promote the proliferation and maintenance of nestin* mesenchymal stem
cells (MSCs), which in turn express a variety of HSC retention factors (Chow et al., 2011; Ehninger &
Trumpp, 2011). Additional studies have suggested that macrophages also play a role in HSC dormancy
through direct mechanisms. Indeed, Hur et al. demonstrated that HSC macrophages could interact with
HSCs residing in the endosteal niches through CD234 to promote their quiescence (Hur et al., 2016).
Finally, more recently, HSC macrophages were found to modulate HSC engraftment after

transplantation (Kaur et al., 2018).

Although the specific identity of HSC macrophages is still ambiguous, they are currently described as
being CD11b*F4/80*Ly6G"8CD169*VCAM-1*CD234" in mice (Kaur et al., 2017). However, whether these
cells correspond to a functionally and phenotypically homogenous population or represent different

subsets of macrophages is still unclear (Heideveld & van den Akker, 2017; Kaur et al., 2018). Indeed,
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significant overlaps remain in macrophage identification and depletion methods, making it difficult to
determine the distinct contribution of each of these macrophage populations to hematopoietic
processes. Consequently, the number of discrete BM macrophage populations and their potential
plasticity remains to be investigated (McCabe & MacNamara, 2016). The final subset of BM
macrophages described in the literature is the central macrophage of the erythroblastic island, which

will be described in the next section.

C. Macrophages in Erythroblastic Islands
Erythroblastic islands (EBIs) are specialized microenvironments distributed uniformly across the BM,
constituted by one or two central macrophages surrounded by rings of developing erythroblasts at
various stages of maturation (Lee et al., 1988; Mohandas & Prenant, 1978). Since their first description
in 1958, EBIs have been demonstrated in vivo at all sites of mammalian definitive erythropoiesis,
namely the fetal liver, bone marrow, and splenic red pulp (Allen & Dexter, 1982). Morphologically,
central macrophages are often large with many cytoplasmic protrusions, facilitating their interaction

with up to 30 erythroblasts in human BM (Lee et al., 1988) (Figure 19).
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Figure 19: The erythroblastic island. May Grunwald Giemsa staining of an erythroblastic island (Author: Peter Maslak,
Copyright © 2019 American Society of Hematology) associated with an illustration of the erythroblastic island with a star
shaped central macrophage and early erythroblasts, late erythroblast, and enucleated reticulocyte (Chasis & Mohandas, 2008)

1. Diverse Contribution of Macrophages to Erythropoiesis
Within EBIs, central macrophages serve as anchors for erythroblasts providing the cellular interactions
necessary for regulating erythroid proliferation and differentiation. They also help generate functional
enucleated reticulocytes by engulfing and degrading the pyrenocytes after enucleation. Furthermore,
central macrophages can regulate the rate of erythropoiesis through a balance of positive and negative
feedback mechanisms (Figure 20). For example, macrophages have been shown to secrete IGF-1 to
stimulate proliferation during the early stages of erythropoiesis (W. Li et al., 2019; Sawada et al., 1989).
Under conditions of stress erythropoiesis, they have also been found to secrete bone morphogenetic

protein 4 (BMP4) to promote proliferation of stress erythroid progenitors (Millot et al., 2010). Other
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secreted factors were found to negatively regulate erythropoiesis, such as IL-6, TNF-a and INF-y which
downregulate erythroid differentiation, or TGF- which is known to block erythroblast proliferation and
survival (Bohmer, 2004; Dai et al., 2003; De Maria et al., 1999; Zermati et al., 2000). In addition, INF-y
induce the secretion of TNF related apoptosis inducing ligand (TRAIL) by both macrophage and
erythroblasts, which was also shown to inhibit erythroid differentiation (Zamai et al., 2000). Of note,
erythroblasts also contribute to the EBI integrity by secreting vascular endothelial growth factor A
(VEGF-A), placental growth factor (PGF) and growth-arrest specific 6 (Gas-6) that are thought to aid
macrophage proliferation (Angelillo-Scherrer et al., 2008; Tordjman et al., 2001). Recently, in a model
of EBI-like macrophages generated from iPSCs, Lopez Yrigoyen et al. identified three other cytokines
(ANGPTL7, 1L33, and SERPINB2), that might also contribute to the regulation of erythropoiesis by
macrophages. Indeed, these secreted factors were able to significantly enhance the production of
mature enucleated red blood cells in vitro, suggesting that they could potentially play a role in EBIs in
vivo (M. Lopez-Yrigoyen et al., 2019). Finally, EBI macrophages also contribute to heme synthesis by
transferring iron directly to attached erythroblasts (Bessis & Breton-Gorius, 1962; Leimberg et al.,

2008).
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Figure 20: Role of EBI macrophages in erythropoiesis. In healthy steady-state erythropoiesis, EBI macrophages support and
promote erythropoiesis via membrane—protein interactions, by secreting soluble factors and by providing iron for heme
synthesis. During terminal differentiation, EBI macrophages phagocytose nuclei extruded from differentiating erythroid cells
with DNase Il associated with its degradation. Created with biorender.com and adapted from May & Forrester, 2020.

2. Adhesive Interactions Within the Islands
Central macrophages are known to express a variety of adhesion proteins that mediate
macrophage/erythroblast interactions and are necessary for the formation of stable EBIs (Figure 21).
Historically, the first adhesion molecule described to be important for EBl integrity was the erythroblast
macrophage protein (EMP), which is expressed on both the central macrophages and the erythroblasts
(Hanspal & Hanspal, 1994). The direct association between macrophages and erythroblasts through

EMP was shown to be crucial for efficient erythropoiesis, as the absence of EMPs resulted in impaired
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proliferation and terminal differentiation as well as increased apoptosis in EBI cultures (Hanspal et al.,
1998; Soni et al., 2008). In a recent study, Wei et al demonstrated that EMP expressed by macrophages
but not by erythroblasts is important for the EBI formation, challenging the preconceived notion that

EMP drives EBI formation solely through homophilic interactions (Wei et al., 2019).

Besides EMPs, several other adhesion molecules were found to be important for the stability of EBIs.
These include VCAM-1 and aV-integrins on macrophages which bind to ICAM-4 and a4B1, respectively,
on erythroid precursors (McGrath et al., 2008; Sadahira et al., 1995). Of note, ICAM-4 also mediates
binding between erythroid cells. Furthermore Spring et al. suggested that the tetraspanins CD81 and
CD82, expressed on human erythroblasts, could interact with a4f1, and facilitate its binding to VCAM-
1 on macrophages (Spring et al., 2013). The hemoglobin/haptoglobin receptor CD163 was also found
to interact directly with erythroid precursors up to the pro-erythroblast stage (Fabriek et al., 2007).
However, its counter receptor on erythroblasts has yet to be identified. Similarly, although EBI
macrophages have been shown to promote erythroid maturation by interacting with erythroblasts via
the CD169 receptor, its counter receptor was unknown for a long time (Chow et al., 2013a). However,
a recent study revealed that CD169 may interacts with CD43 on early erythroblasts (Bai et al., 2023).
Finally, a recent ex vivo study on human BM macrophages demonstrated that the ephrin receptor B4
(EPHBA4) expressed at the surface of erythroblasts between the ProE and OrthoE stages, also contribute
to the formation of stable EBIs by interacting with EPHB2 on macrophages (Hampton-O'Neil et al.,
2020).

3. Pyrenocytes and Organelle Clearance
During terminal maturation, proteins associated with cellular adhesion, such as EMP, integrins, and
ICAM, are sorted toward the plasma membrane of pyrenocytes. This facilitates their interaction with
the central macrophage and their subsequent phagocytosis, while enucleated reticulocytes are
released into the circulation (Bell et al., 2013; Lee et al., 2004). Clearance of these pyrenocytes by the
central macrophage was shown to occur via MerTK, a member of the TAM family of receptor. This
protein can recognize and bind phosphatidylserines exposed on pyrenocytes in a protein S-dependent
manner, resulting in their internalization (Toda et al., 2014). However, although MerTK-deficiency
blocked the uptake of pyrenocytes by the central macrophages in vitro, MerTK-deficient mice did not
present any defects in pyrenocytes clearance, suggesting that a compensatory system operates in vivo
(Toda et al., 2014). Because of this, it was suggested that the other TAM-receptor family members, AXL
and TYRO3, may also play a role in the enucleation process (Heideveld et al., 2018; W. Li et al., 2019;
Toda et al., 2014). TIM4, another PS receptor, was also found to be expressed by central macrophages
and could thus contribute to the enucleation process as well (Figure 21) (W. Li et al., 2019; Miyanishi

et al., 2007). After pyrenocyte engulfment, central macrophages rely on DNAse |l to degrade the
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nuclear DNA. Indeed, in DNAse II-deficient mice, the macrophages were unable to remove the
phagocytosed nuclei which resulted in severe anemia (Kawane et al., 2001). In addition to facilitating
the enucleation process, EBI macrophages are also implicated in the process of organelle clearance.
Indeed, a recent study in mice demonstrated that early erythroblasts could transfer mitochondria to
the EBI macrophages through a network of tunneling nanotubes. When EBI macrophages were
depleted, the proper elimination of mitochondria was compromised, resulting in reduced mature RBCs

(Yang et al., 2021).

Figure 21: Adhesive Interactions within the EBI. Macrophages interact with erythroblasts through various adhesion molecules
such as VCAM1, aV-integrins (VLA5), EPHB4, EMP, CD169 and CD163. Moreover, phosphatidylserine (PS)-exposed pyrenocytes
are recognized and phagocytosed by PS-receptors such as members of the TAM family (TYRO3, AXL, MERTK) or TIM4. The
pyrenocytes are then engulfed and degraded in a DNase II-dependent manner. Created with biorender.com and adapted from
Ovchynnikova et al., 2018.

4. Phenotype and Heterogeneity of the EBI Macrophages
Quantitative light and electron microscopy on rat BM showed a difference in the composition of EBIs
based on their proximity to the sinusoids (Yokoyama et al., 2003). EBIs distant from sinusoids were
mainly in close contact with ProEs, while those adjacent to sinusoids were enriched in OrthoEs. These
observations led to the hypothesis that EBIs might be motile and potentially migrate towards the
sinusoids as their erythroblasts become more differentiated. Interestingly, the quantities of EBaso and
PolyE were found to be equivalent in both types of islands. In a more recent study, Yeo et al. were also
able to isolate 2 different classes of EBI from mouse BM, termed “flat EBI” and “domed EBIs” (Yeo et
al., 2019; Yeo et al., 2016). Besides having distinct morphologies, these islands differed in the type and
the frequency of erythroblasts attached to their central macrophage and could, therefore, correspond
to the distinct niches previously described in rat BM. These studies imply that there may exist at least
two distinct types of EBIs, wherein macrophages might serve different roles. In an “immature EBI”,

macrophages might secrete growth factors that promote the proliferation and differentiation of early-
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stage erythroblasts. Conversely, macrophages within “mature EBIs” may promote the maturation and

enucleation of late-stage erythroblasts.

Human EBI macrophages seem to express a set of M2 resident macrophages markers such as CD163,
CD169 and CD206 (Crocker et al., 1990; Fabriek et al., 2007; Takahashi et al., 1998) and have also been
described as being CD4*, CD11a*, CD11c*, CD13*, CD14*, CD16%, CD18*, CD31*, CD32*, FcRI*, HLA-DR?,
and CD35,, CD11b%™ in an early study (Lee et al., 1988). However, few in vivo studies have been
conducted to characterize EBI macrophages in humans, as their localization in the BM makes them
challenging to study. Consequently, most of the research is done in mice where central macrophages
are studied using a combination of typical myeloid macrophage markers including F4/80, CD169 and
VCAM1 (Jacobsen et al., 2014). However, these markers lack the specificity or sensitivity required to

identify only or all EBI macrophages.

Recently, multispectral imaging flow cytometry (IFC) has proven to be an effective tool for high
throughput study and characterization of the EBI structure. By utilizing established markers for central
macrophage and erythroid cells, this tool allows the analyses of the structural and morphological
details of the central macrophages and its associated cells (Figure 22) (Seu et al., 2017; Tay et al., 2020).
Using this innovative method, Seu et al. were the first to show that F4/80, CD169, and VCAM1 had a
heterogenous expression on EBI macrophages (Seu et al., 2017). Subsequent investigations showed
that only a small subset of EBI macrophages expressed CD163 and Ly6C, while Ly6G, previously
reported as an EBl macrophage marker, was not expressed on the EBI macrophages in mouse BM, fetal
liver, and spleen (W. Li et al., 2019). In addition, CD11b (Mac-1) which was previously thought to be
expressed on EBl macrophages, was found to be expressed by other non-erythroid cells associated with
the islands. These cells were identified as CD11b+ granulocytic precursors, and were found in about
75% of the EBIs at steady state in mice BM, suggesting that EBIs are common niche for terminal

erythropoiesis and granulopoiesis (Romano et al., 2023; Romano et al., 2022).
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Figure 22: Erythroblastic islands (EBIs) analyzed by imaging flow cytometry (IFC). Example characterized by a central F4/80+
macrophage surrounded by CD71+ and/or Ter119+ erythroblasts. An enucleated reticulocyte (arrow) is occasionally seen, still
in contact with the macrophage. (Seu et al., 2017)

Furthermore, A recent study by Li et al. found that more than 90% of EBI macrophages express EPOR
in murine BM, spleen, and fetal liver as well as human BM and fetal liver (W. Li et al., 2019). This
Highlights a possible marker to identify EBI macrophages from the rest of BM macrophages. The RNA-
seq analysis done on these EPOR" macrophages showed that this population expresses many of the
genes expected to be expressed in EBI macrophages. Interestingly, even within this population,
significant heterogeneity was observed with regards to the expression of other EBI macrophage
associated surface markers (W. Li et al., 2019). Additionally, EPOR* macrophages were shown to be
highly enriched for KLF1 (W. Li et al., 2019). In a separate study, the activation of KLF1 in macrophages
derived from iPSCs was shown to induce a shift towards an EBI-like phenotype (M. Lopez-Yrigoyen et
al., 2019). Building on these studies, the Bieker group explored the importance of KLF1 in EBI
development by working on F4/80* macrophages from developing mouse fetal liver. Utilizing a single-
cell analysis approach, this investigation showed that F4/80* macrophages in the fetal liver are also a
heterogeneous population of cells. Furthermore, they demonstrated that KLF1* macrophages
represent a transient population of macrophages that are required for proper establishment of EBIs in
the developing embryo (Mukherjee et al., 2021). Of note, a recent single cell analysis of human fetal
liver hematopoiesis showed that KLF1 and many of its target genes are also expressed in VCAM* EBI
macrophages in human fetal liver (Popescu et al., 2019). Overall, these studies reveal that EBI
macrophages are inherently composed of heterogenous subpopulations, each potentially having

distinct functional roles and contributing to various aspects of erythropoiesis regulation.

5. Exvivo Models of human EBIs
As previously mentioned, the study of EBIs is extremely challenging as the human EBI niche is
inaccessible and BM samples are very limited. Therefore, there has been a growing interest in the
development of a reliable in vitro model system to mimic the human erythroblastic island. This would
allow the study of functional interactions between macrophages and erythroid cells and help
understand not only the normal processes involved in erythropoiesis but also the pathological
processes involved in erythropoietic disorders in which support cells play an important but ill-defined
role. Further down the line, new models to study interactions between erythroid cells and macrophage
could help optimize current in vitro erythropoiesis protocols and help produce transfusion ready red

cells.

The first human co-culture studies showed that monocyte-derived macrophages could promote
erythroblast proliferation and survival in vitro (Leimberg et al., 2008; Ramos et al., 2013). However, the

role and phenotype of these macrophages were not fully characterized, and these cells might not
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recapitulate all the functions of a central macrophage. More recently, Heideveld et al., showed that
using glucocorticoid (GC) on CD14* cells promoted their differentiation into macrophages with an EBI-
like phenotype (Heideveld et al., 2018). Indeed, these macrophages, termed “GC-macrophages”, were
shown to support erythropoiesis by increasing HSPC survival, interacting with erythroid cells of all
stages and phagocytosing the extruded pyrenocytes. Furthermore, they also shared phenotypic
characteristics with resident macrophages from both human BM and fetal liver, such as high expression
of CD169, CD163, and CD206 as well as a variety of adhesion molecules. In an erythroid stress model,
Falchi et al. reported that CD34* cells cultured with glucocorticoid could also give rise to small
populations of macrophages that could interact with erythroid cells (Falchi et al., 2015). Interestingly,
in addition to a CD169* population that could form multiple “loose” interactions with erythroblasts and
promote their proliferation, they also identified a CD169" population of macrophages that established

“tight” interactions with erythroid cells and seemed to be able to phagocyte them.

In a recent study, Lopez-Yrigoyen et al. suggested that primary monocyte-derived macrophages might
not accurately reflect the EBI niche, as tissue-resident macrophages are thought to have an embryonic
origin. Instead, they developed an in vitro system to model the human EBI niche using macrophages
derived from iPSCs genetically programmed to an EBI-like phenotype by inducible activation of the
transcription factor KLF1 (Figure 23) (M. Lopez-Yrigoyen et al., 2019). In addition to increasing the
production of functional enucleated erythroblasts, these EBI-like macrophages were able to secrete

factors that could positively regulate erythroid maturation.
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Figure 23: Modeling erythroblastic islands in vitro. Created with biorender.com, adapted from May & Forrester, 2020.

6. Central Macrophages and Stress Erythropoiesis
Depletion of macrophages through clonodrate poisoning or CD169* deletion was shown to markedly
reduce the number of erythroblasts in the BM but only resulted in mild anemia at steady-state,
suggesting that central macrophages have a limited role in regulating erythroid homeostasis (Chow et

al.,, 2013a). This is further supported by the fact that erythroblasts can complete definitive
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erythropoiesis without macrophages when cultured in vitro. However, under conditions of erythroid
stress, such as induced anemia, the loss of macrophages resulted in a severe delayed recovery
indicating that BM macrophages play a key role in the fast recovery responses to stress-induced
erythropoiesis (Chow et al.,, 2013a; Ramos et al.,, 2013). These studies suggest that although the
contribution of central macrophages to erythropoiesis might be limited at steady state, they appear to
have a crucial role at times of severely increased erythroid output, for example during stress

erythropoiesis (Heideveld & van den Akker, 2017).

Stress erythropoiesis is best understood in mice, where it occurs extramedullary in the adult spleen
and liver. This process utilizes a specialized population of stress erythroid progenitors which are
different from the erythroid progenitors at steady state. Recently, stress erythropoiesis has been
studied in a mouse model of inflammation. Indeed, patients with chronic inflammation often have an
inflammation-induced anemia where pro-inflammatory cytokines, such as TNF-a and IFN-y, inhibit
steady-state erythropoiesis (Nemeth & Ganz, 2014). A recent study demonstrated that this inhibition
can be compensated by an increase in stress erythropoiesis. Indeed, signaling through TLRs
paradoxically stimulated the phagocytosis of erythrocytes by splenic macrophages, facilitating heme-
dependent expression of the transcription factor SPI-C, which, in turn, promoted the expression of both
GDF15 and BMP4, which act to increase the proliferation of stress erythroid progenitors (Figure 24A)
(Bennett et al., 2019).

Several additional studies, both in vivo and in vitro, have shown that the interaction between
progenitor cells and central macrophages in the stress erythropoiesis niche was crucial to this process
(Chow et al., 2013a; Chow et al., 2011; Ramos et al., 2013; Xiang et al., 2015). Since macrophages play
an important role in maintaining erythropoiesis in conditions of acute stress, it is not unexpected that
they might also play a role in erythropoietic disorders. Indeed, macrophages were found to play a
significant part in the pathophysiology of polycythemia vera and B-thalassemia, which are both
considered disorders of chronic enhanced erythropoiesis. In the murine models for both of these
pathologies, the disease outcome was improved when central macrophages were depleted, suggesting
that these macrophages could also have a function in disease progression (Figure 24B) (Chow et al.,
2013a; Ramos et al., 2013). However, very little is known about how these macrophages exert their

function in these pathologies.
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Figure 24: Macrophages during stress erythropoiesis. In models of stress erythropoiesis, anemia led to the phagocytosis of
mature RBCs by splenic red pulp macrophages, which increased expression of SPI-C, Gdf15, and Bmp4, resulting in an increase
in the proliferation of stress erythroid progenitors. Macrophage depletion led to the normalization of RBC numbers in disease
models of polycythemia vera and B-thalassemia by decreasing and increasing red blood cells, respectively. Created with
biorender.com and adapted from May & Forrester, 2020

Stress erythropoiesis occurs in the spleen and liver in mice instead of the BM. Therefore, it is very
challenging to draw conclusions on what happens in humans. More work involving human
macrophages and erythroid cells is necessary to corroborate the significance of recent findings for

human physiology and pathology.

IV.  Ferroptosis, a New Form of Cell Death

A. The Emergence of the Concept of Ferroptosis
1. Classification of Cell Death:
Cell death has been a subject of inquiry for a long time, and its understanding has evolved significantly
over the years. The earliest observation of cell death occurred in 1842 by the German scientist Carl
Vogt while studying toads’ development (Vogt, 1842). Several other scientists continued investigating
cell death throughout the 19" century and into the early 20", contributing to the development of
fundamental concepts related to this process (Cohnheim, 1889; Flemming, 1885; Goldschmidt, 1914;
Pérez, 1910). However, the concept of “programmed” cell death only began emerging in the 1960s with
the development of electron microscopy (Bellairs, 1961). Ten years later, John Kerr used the term
“apoptosis” for the first time to describe this process after observing its ultrastructural features in rat
liver hepatocytes (Kerr, 1965; Kerr et al., 1972). In this study, Kerr et al. defined apoptosis as a form of

programmed cell death with morphological changes distinct from necrosis.

Following this work, an attempt was made to classify the different types of cell death based on the
morphological and structural details of individual tissues and cells (Schweichel & Merker, 1973). The
classification included three distinct modes of cell death: apoptosis (type ), autophagic-dependent cell

death (type Il), and necrosis (type Ill). This morphological classification was used for many years and is
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still extensively employed. However, with the discovery of new cell death modalities, it became clear
that cell deaths displaying a similar morphology can have significant functional, biochemical, and
immunological differences (Galluzzi et al., 2012). For example, while necrosis was first believed to be a
completely uncontrolled form of cell death, a study in the 1980s showed that death with a necrotic
morphology could be molecularly modulated in some cases, leading to the emergence of the term
“necroptosis” (Laster et al., 1988). Furthermore, many instances were found in which cell death
displayed mixed features, with signs of both apoptosis and necrosis for example. This showed that there
are no clear-cut distinctions between different forms of cell death based only on morphological criteria

(Berry & Baehrecke, 2007; Nicotera & Melino, 2004).

To address the need for more precise classification, the editors of Cell Death and Differentiation created
the Nomenclature Committee on Cell Death (NCCD) in 2005 (Kroemer et al., 2005). It led to the
publication of several papers formulating guidelines to define cell death from morphological,
biochemical, and functional perspectives (Galluzzi et al., 2015; Galluzzi et al., 2012; Kroemer et al.,
2009). Currently, cell death can be fundamentally divided into accidental cell death, where unexpected
attacks and injuries overwhelm any possible control mechanisms, and regulated cell death, which
involves precise signaling cascades and dedicated molecular machinery and can thus be modulated. As
it stands, the notion of regulated cell death is now being subdivided based on the molecular
mechanisms involved in the cell death process. By doing so, the NCCD identified twelve major regulated
cell death routines that, while all being distinct, exhibit a considerable degree of interconnectivity
(Figure 25) (Bedoui et al., 2020; Galluzzi et al., 2018). However, the pathophysiological relevance of
some of them is still being questioned as they have only been observed in vitro as a response to specific

toxins.
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Figure 25: Major cell death subroutines. ADCD = autophagy-dependent cell death, ICD = immunogenic cell death, LDCD =
lysosome-dependent cell death, MPT = mitochondrial permeability transition, RCD = regulated cell death (Galluzzi et al.,
2018).

2. Early Observations of Ferroptosis:
One of the most recent forms of cell death identified is ferroptosis, an iron-dependent form of cell
death induced by the accumulation of lipid peroxides in the cell membrane. However, while the term
ferroptosis was coined for the first time in 2012 (Dixon et al., 2012), ferroptosis-like cell death had been
observed long before, for instance, as a type of oxidative-stress-induced cell death termed “oxytosis”

(Hirschhorn & Stockwell, 2019; Tan et al., 2001).

During the 1950s and the 1960s, the work of Harry Eagle and his team on amino acid and lipid
metabolism provided the foundation for ferroptosis. Indeed, they demonstrated the crucial role of
cellular cystine deprivation and glutathione depletion in inducing cell death (Eagle, 1955a, 1955b, 1959;
Eagle et al., 1961). In the following years, several studies confirmed these findings, linked this type of
cell death with lipid peroxidation, and revealed that iron chelators and lipophilic antioxidants could
prevent such death (Figure 26) (Bannai et al., 1977; Mitchell et al., 1973). Moreover, ROS were found
to drive this death process in many types of mammalian cells, including human embryonic fibroblasts
(De Brabander et al., 1979), hybridomas and myelomas (Mercille & Massie, 1994), cortical neurons
(Ratan et al., 1996; Schubert et al., 1992), oligodendroglia, oligodendrocytes (Rosin et al., 2004; Wang
et al., 2004), and hair cells (Sunami et al., 1998). All these characteristics are now considered to be

fundamental features of ferroptosis.
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Figure 26: The development of the concept of ferroptosis. Schematic timeline highlights key discoveries that contributed to
the emergence of the concept of ferroptosis. Created with biorender.com and adapted from Hirschhorn & Stockwell, 2019.

3. The Discovery of Ferroptosis
The discovery of ferroptosis began in 2001-2003, when the Stockwell Lab conducted a high-throughput
screen to find small molecules that could selectively kill engineered tumorigenic cells — cells expressing
oncogenic mutant HRAS as well as the T oncoprotein — while sparing their isogenic normal cell
counterparts (Dolma et al., 2003). This screen led to the discovery of RAS-selective lethal compounds
(RSL). One compound emerged from the screening as the most selectively lethal: a novel compound
with no known activity that the team called “erastin” due to its ability to Eradicate RAS and Small T
transformed cells. While most other compounds from the screen induced apoptosis, erastin-induced
cell death did not present its classical features, such as mitochondrial cytochrome c release, caspase
activation, and chromatin segmentation. Instead, this cell death depended on the accumulation of
oxidative stress and cellular iron that could be inhibited by iron chelators and lipophilic antioxidants
(Yagoda et al., 2007). RSL-3 was later identified in an additional screen as a molecule that could similarly
induce nonapoptotic iron-dependent oxidative cell death, confirming that erastin was not unique in its
ability to activate this type of cell death (Yang & Stockwell, 2008). Following these discoveries, the term
ferroptosis was coined in 2012 to describe this iron-dependent, nonapoptotic form of cell death

induced by erastin and RSL3.

Mechanistic investigations found that erastin induced ferroptosis by blocking cystine uptake through
the x. system, resulting in the depletion of cysteine and glutathione and leading to deregulated redox
homeostasis (Dixon et al., 2014). The molecular target of RSL3 was identified soon after as the
selenoproteins glutathione peroxidase 4 (GPX4), an enzyme downstream of the system x. involved in

the repair of oxidative damage to lipids (Yang et al., 2014). These studies helped determine that not all
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ROS function equally in ferroptosis and that lipid peroxidation is the primary driver of ferroptotic death

(Yang & Stockwell, 2016).

B. Core Metabolic Pathways in Ferroptosis
Cells that undergo ferroptosis are morphologically, biochemically, and genetically distinct from those
that undergo apoptosis, classic necrosis, and other forms of nonapoptotic cell death. Typical
morphological changes of ferroptosis were revealed by transmission electron microscope, which
mainly showed a reduction in the size of the mitochondria, diminished or vanished mitochondria
cristae, followed by the rupturing of the outer mitochondrial membrane (Dixon et al., 2012; Friedmann
Angeli et al., 2014; Yagoda et al., 2007). Some instances of ferroptosis also display a “ballooning”
phenotype, characterized by an enlarged empty cytoplasm resulting from cytoskeleton rearrangement
(Agmon et al., 2018; Dodson et al.,, 2019). Recent years have witnessed rapid progress in our
understanding of the mechanisms governing ferroptosis. Importantly, all these studies converge on
cellular metabolism and have revealed an intimate relationship between ferroptosis and metabolic

pathways, including iron, lipid, and glutathione metabolisms.

1. Glutathione Metabolism

As discussed previously, ferroptosis was initially characterized based on the effect of RSL3 and erastin,
two molecules tightly linked to glutathione metabolism. GSH is the most abundant low-molecular-
weight thiol in mammalian cells and is an essential antioxidant, free radical scavenger, and detoxifying
agent (Wu et al., 2004). GSH comprises three amino acids: cysteine, glutamic acid, and glycine. Among
these three, cysteine is the most limiting enzyme for GSH synthesis. It can be produced by de novo
synthesis through the transsulfuration pathway or by protein catabolism (McBean, 2012). However, the
primary source of intracellular cysteine comes from the x. system, which exchanges intracellular
glutamate for extracellular cystine. This system has two subunits: the solute carrier family 7A member
11 (SLC7A11, also known as cystine-glutamate transporter) and the SLC3A2 (Koppula et al., 2021).
Imported cystine is then reduced via cystine reductase and used by two enzymes, glutamate cysteine
ligase (GCL) and glutathione synthetase (GSS), to generate GSH. Finally, GSH can be used by GPX4 to
reduce lipid peroxides to their benign alcohol form, an essential step in preventing ferroptosis
(Brigelius-Flohé & Maiorino, 2013). This process oxidizes GSH to the form of GSH disulfide (GSSG). The
recovery of GSH from GSSG can then be mediated by the NADH-consuming enzyme glutathione-
disulfide reductase (GSR/GR) (Figure 27).
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Figure 27: Glutathione metabolism and ferroptosis. The canonical ferroptosis-suppressing pathway involves the uptake of
cystine via the cystine—glutamate antiporter (system xc~), which results in glutathione (GSH) biosynthesis. Using GSH as a
cofactor, the glutathione peroxidase 4 (GPX4) reduces phospholipid hydroperoxides to their corresponding alcohols. In blue
are examples of ferroptosis inducers targeting the glutathione metabolism. BSO = buthionine sulfoximine, Glu = glutamate,
GSR = glutathione disulfide reductase, GSSG = glutathione disulfide, PUFA = polyunsaturated fatty acid. Created with
biorender.com and adapted from Fang et al., 2023.

GPX4’s protective role against the detrimental effects of lipid peroxidation places it at the center of
ferroptosis regulation. Even before ferroptosis was discovered, studies showed that GPX4 had a unique
role in physiology. Systemic deletion of GPX4 in mice was shown to cause embryonic lethality, which
was not observed when other GPX genes were deleted (Imai et al., 2003; Yant et al., 2003). Moreover,
gpx4-related conditional knockout mice also displayed selective developmental defects, increased cell
death or disease susceptibility (Friedmann Angeli et al., 2014; Imai et al., 2009; Liang et al., 2009;
Sengupta et al., 2013). These in vivo studies helped provide a clearer picture of how ferroptosis is
relevant in living organisms. Interestingly, while GPX4 is now often associated with ferroptosis, a
ferroptosis-independent role of GPX4 was recently described during terminal erythroid differentiation,

where its role in lipid metabolism was shown to mediate enucleation (Ouled-Haddou et al., 2020)

GPX4 activity can be lowered by direct enzyme inhibition (loss of activity or enzyme protein
degradation) or by inhibiting proteins involved in GSH biosynthesis. As discussed, RSL3 can bind directly
to GPX4 to inhibit its activity (Yang & Stockwell, 2008). The small molecules caspase-independent lethal
compound 56 (CIL56) and its analog ferroptosis-inducer 56 (FIN56) identified by the Stockwell team
were also found to induce the degradation of GPX4 and contribute to the execution of ferroptosis.
Furthermore, the inhibition of system x. (using erastin and its analogs, as well as sorafenib and
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sulfasalazine) or GCL (using buthionine sulfoximine) was shown to trigger ferroptosis in various cells
(Dixon et al., 2012; Gout et al., 2001; Louandre et al., 2013; Martensson & Meister, 1991). Depleting
GSH through other mechanisms can also sensitize cells to ferroptosis. Indeed, the multidrug resistance
gene 1 (MDR1) drives increased sensitivity to ferroptosis by causing an efflux of GSH (Cao et al., 2019),
and the cys catabolic enzyme cys dioxygenase 1 (CDO1) drives sensitivity to ferroptosis by depleting

cysteine and in turn GSH (Hao et al., 2017).

Because ferroptosis was first discovered through the lens of glutathione metabolism via the direct or
indirect inhibition of GPX4, GPX4-dependent ferroptosis has been termed “canonical ferroptosis”.
However, numerous studies have revealed that the mechanisms by which ferroptosis can be induced
and suppressed are more diverse than initially supposed, extending beyond the glutathione-GPX4 axis.

This led to the emergence of the term “non-canonical” ferroptosis (Wen et al., 2022).

2. Lipid Metabolism
In ferroptosis, the specific effectors responsible for mediating the cell death cascade downstream of
lipid peroxidation remain unclear. This places lipid metabolism and the accumulation of oxidized lipids
as the key mechanisms responsible for the occurrence of ferroptosis. A current hypothesis is that during
ferroptosis, lipid peroxides accumulate and disrupt the thickness, permeability, and structure of the
membrane. This process could then drive increased accessibility to oxidants and pore formation,
eventually resulting in membrane destruction (Agmon et al., 2018). Lipid peroxide breakdown products
can also arise from this reaction, such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) which
can form adducts with proteins and DNA and damage cellular processes (Dalleau et al., 2013;

Niedernhofer et al., 2003).

Phospholipids (PLs) containing polyunsaturated fatty acid tails (PUFAs) are the primary substrates of
lipid peroxidation due to their intrinsic susceptibility to peroxidation chemistry (Porter et al., 1979;
Rouzer & Marnett, 2003). Indeed, their multiple double bonds are arranged so that hydrogen molecules
can be more readily extracted from the acyl chain than from the saturated or monounsaturated fatty
acid groups (MUFAs). (Wagner et al., 1994). Because of this, many studies have found that the
composition of plasma membrane PLs determines ferroptosis sensitivity. The presence of PL-PUFAs in
the membrane depends on the action of lipid remodeling enzymes that catalyze the insertion of fatty
acids into membrane PLs. PUFAs can be scavenged from the environment and dietary sources or can
be synthesized from acetyl-CoA through the action of Acetyl-CoA Carboxylase (ACC). These PUFAs are
then converted into acyl-CoA forms by acyl-CoA synthetases 4 (ACSL4). Finally, they are incorporated
into the membrane via lysophosphatidylcholine acyltransferase enzymes 3 (LCAT3) (Figure 28). By

virtue of their role in facilitating the incorporation of PUFAs into membrane lipids, this group of
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enzymes was among the first pro-ferroptotic proteins to be identified. For example, in an insertional
mutagenesis screen, the inactivation of ACSL4 and LPCAT3 prevented ferroptosis induced by the GPX4
inhibitors RSL3 and ML162 (Dixon et al., 2015). In contrast, ACSL3, which favors MUFAs activation rather
than PUFAs, was shown to promote ferroptosis resistance (Magtanong et al., 2019). A recent study also
showed that ACC phosphorylation following energy stress could inhibit fatty acid synthesis and thus

increase ferroptosis resistance in cells under glucose starvation (Lee et al., 2020).
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Figure 28: Lipid metabolism and ferroptosis. The activation of acetyl-CoA carboxylase (ACC), acyl-CoA synthetases 4 (ACSL4),
and lysophosphatidylcholine acyltransferase enzymes 3 (LCAT3) in the lipid metabolic pathway promotes lipid peroxidation
and ferroptosis. LOX = lipoxygenase, MUFA = monounsaturated fatty acid, POR = cytochrome P450 oxidoreductase PUFA =
polyunsaturated fatty acid. Created with biorender.com and adapted from Fang et al., 2023.

Interestingly, while ACSL4 is generally considered to be a universal ferroptosis regulator whose
expression is necessary for ferroptosis to occur (Jiang et al.,, 2021), several studies showed that
ferroptosis can be executed in its absence (Chu et al., 2019; Shui et al., 2021). In a recent study, Leslie
Magtanong et al. established that ACSL4 is more important for the execution of ferroptosis following
direct GPX4 inactivation than in cystine deprivation (Magtanong et al., 2022), highlighting the fact that

ferroptosis regulation is highly context specific.

3. Iron Metabolism
Ferroptosis, as its name suggests, relies on the existence of high levels of intracellular iron for its
execution. Initially, the importance of iron to ferroptosis was demonstrated by the fact that iron
chelators could suppress ferroptotic death both in vitro and in vivo (Dixon et al., 2012; Yang & Stockwell,
2008). Furthermore, the addition of iron into cell cultures was found to accelerate erastin-induced
ferroptosis (Dixon et al., 2012), and both heme and non-heme iron sources were also shown to induce
ferroptosis (Li et al., 2017). It is now widely accepted that iron promotes ferroptosis through two

distinct mechanisms. First, the presence of free ferrous iron within cells significantly impacts their redox
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status and induces oxidative stress. Indeed, this iron can react with cellular oxidants to generate
harmful hydroxyl radicals through the Fenton reaction, thus promoting ferroptosis (Cheng & Li, 2007).
Second, several enzymes involved in phospholipid peroxidation and the generation of ROS, including
heme and non-heme lipoxygenases (LOXs) and cytochrome P450 oxidoreductase (POR), rely on iron to
perform their function (Cheng & Li, 2007). Consequently, iron metabolism aspects such as absorption,

storage, and utilization play vital roles in ferroptosis.

In plasma, iron readily binds with transferrin (TF), forming transferrin-bound iron. This complex can
then interact with its receptor, transferrin receptor protein 1 (TFR1), on the cell surface (Frazer &
Anderson, 2014). Following this interaction, the TFR-TFR1 complex is internalized by receptor-mediated
endocytosis. Within the highly acidified endosome, iron is released from TF following its reduction by
the STEAP3. Subsequently, ferrous iron is transported to the cytoplasm solute carrier family 11 member
2 (SLC11A2/DMT1), while TFR1 and TF are recycled to the cell surface to be reused by the cell. In the
cytoplasm, the regulation of the labile iron pool (LIP) is managed by ferritin, a cytosolic storage protein
comprised of two subunits, ferritin heavy chain 1 (FTH1) and Ferritin Light Chain (FTL). These proteins
can oxidize ferrous iron to its ferric state and store this less reactive form within a 24-subunit complex.
The resulting ferritin-bound iron can be stored for later uses or degraded to be used in enzymatic
reactions. lron-saturated ferritin is degraded by nuclear receptor coactivator 4 (NCOA4)-mediated
autophagy, a process known as ferritinophagy, which allows the release of its iron content back into
the LIP. Upon mobilization, iron can be exported from the cell by ferroportin (FPN/SLC40A1), a process

regulated by circulating hepcidin levels (Figure 29).

Given that excess free reactive iron can initiate iron-dependent lipid peroxidation, proteins facilitating
anincrease in the labile iron pool have been identified as promoters of ferroptosis. Conversely, proteins
associated with the export or storage of iron act as negative regulators, helping to decrease the levels
of intracellular ferrous iron and the ensuing lipid peroxidation leading to ferroptosis (X. Chen et al.,
2020). Consequently, TF and its receptor have been identified as crucial positive regulators of
ferroptotic cell death. Notably, the absence of TF in the serum prevented amino-acid starvation-
induced ferroptosis (Gao et al., 2015). Likewise, the expression of TFR1 in cancer cells was found to be
positively correlated with the ferroptotic response induced by erastin (Song et al., 2016; Wu et al.,
2019). Therefore, TFR1 expression levels are now utilized as a biomarker for ferroptosis sensitivity, as
the more it is expressed, the more likely cells will be sensitive to iron-induced ferroptosis. Another
positive regulator of ferroptosis is NCOAA4. Its knockdown blocks ferritin degradation and suppresses
erastin-induced ferroptosis in fibroblasts and pancreatic cancer cells, whereas its overexpression
promotes ferroptosis by degrading ferritin (Hou et al., 2016). Ferritin, essential for safe iron storage

within cells, protects against ferroptosis. Their overexpression could inhibit erastin-induced ferroptosis
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(Wang et al., 2016). Moreover, ferroportin also acts as a negative regulator of ferroptosis, as it aids in

decreasing excess cellular iron (Li et al., 2018).
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Figure 29: Iron metabolism and ferroptosis. At the cellular level, ferroptosis is driven primarily by iron-dependent lipid
peroxidation. Many aspects of iron metabolism such as the absorption, storage and utilization of iron have important roles in
regulating ferroptosis. At the cellular level, non-heme iron is transported into cells by either transferrin receptor protein 1
(TFR1)-mediated, transferrin (TF)-bound iron uptake or metal transporter solute carrier family 39 member 14 (SLC39A14; also
known as metal cation symporter ZIP14)-mediated, non-TF-bound iron uptake. In addition, heme degradation and nuclear
receptor coactivator 4 (NCOA4)-mediated Ferritinophagy can increase the labile iron pool (LIP), thereby sensitizing cells to
ferroptosis via the Fenton reaction. FPN = ferroportin, HMOX1 = heme oxygenase 1, STEAP3 = metalloreductase STEAP3.
Created with biorender.com and adapted from Fang et al., 2023.

The LIP can also be enhanced through erythrophagocytosis, a process wherein iron is released from
heme and catabolized by heme-oxygenase 1 (HMOX1). HMOX1 degrades heme into three products:
carbon monoxide, biliverdin, and free iron. While HMOX1 is recognized for its cytoprotective effects
against various stress-related conditions, it has also been identified as a critical mediator in ferroptosis
induction, whose activity elevates the LIP and increases ferroptosis. Therefore, HMOX1 appears to play
a dual role in the ferroptotic process. On one hand, erastin has been demonstrated to upregulate
HMOX1 expression. Inhibition of HMOX1 prevents erastin-induced ferroptosis, while the inducer of
HMOX1, hemin, accelerates erastin-induced ferroptosis (Kwon et al., 2015). On the other hand, HMOX1
can also exert inhibitory effects on ferroptosis in some instances. For example, in renal proximal tubular
cells, the knockout of HMOX1 increases erastin or RSL3-induced cell death, suggesting that the role of
HMOX1 in ferroptosis may be dependent on the cellular context (Adedoyin et al., 2018).
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Multiple transcription factors regulate ferroptosis by modulating the expression of genes involved in
iron metabolism. One pivotal example is nuclear factor erythroid 2-like 2 (NFE2L2/NRF2), a
transcription factor central to the regulation of cytoprotective responses against ferroptotic damage.
Among its anti-ferroptotic mechanisms, it upregulates several genes involved in iron metabolism, such
as FTH1, SLC40A1, and HMOX1 (Fang et al., 2019; Shin et al., 2018; Sun et al., 2016). In addition, HIF
factors also play a complex role in ferroptosis. Both HIF1 and HIF2 regulate numerous genes essential
for iron homeostasis, such as TFRC, SLC11A2, SLC40A1, and HMOX1. Under hypoxia, HIF1a has been
shown to inhibit ferroptosis by upregulating the expression of cytoprotective proteins such as SLC7A11
and HMOX1 (Feng et al., 2021). In contrast, HIF2a increased the expression of PLIN2 and HILPDA,
elevating lipid accumulation and oxidative stress and, finally, enhancing ferroptosis (Singhal et al.,
2021). Finally, iron homeostasis is regulated at the posttranscriptional levels by iron regulatory proteins
(IRP) that can bind iron-responsive elements (IRE) on mRNAs. The binding of IRPs to 5’ IREs inhibits
mRNA translation, whereas the binding of IRPs to 3’ IREs inhibits the mRNA degradation and promotes

its translation. Therefore, the regulation of the IRP-IRE system can also modulate ferroptosis sensitivity.

C. Ferroptosis: A Flexible Death Mechanism
While iron, glutathione and lipid metabolism have been defined as the core metabolism of ferroptosis
in most studies, several groups have found other pathways that could promote ferroptosis
independently. As previously mentioned, the work of Magtanong et al. demonstrated that previously
identified ferroptosis regulators may not always be essential for mediating ferroptosis and that their
roles are highly context specific. Indeed, they showed that the disruption of ACSL4 or LPCAT3
suppresses GPX4 inhibition-induced ferroptosis but not erastin-induced ferroptosis. This observation
suggests the existence of distinct mechanisms that govern the execution of ferroptosis. Similarly,
further studies showed that canonical ferroptosis pathways were not involved when ferroptosis was
induced by the combination of p53 expression and tert-butyl hydroperoxide or by photodynamic
therapy (Chu et al., 2019; Shui et al., 2021). In a recent study, Bersurker et al. identified FSP1, a CoQ
oxidoreductase, as another ferroptosis suppressor which acts parallel to the system X./GPX4 and is
entirely independent of the intracellular expression levels of GSH, GPX4, and ACSL4 (Bersuker et al.,

2019).

Many studies regarding ferroptosis have been conducted in vitro, encompassing a wide variety of cell
types with a predominant focus on cancer cells. It is important to recognize that some of the molecular
mechanisms identified and initially thought to be universally applicable might instead depend upon the
unique characteristics of individual cell types. Consequently, although numerous ferroptosis markers
have been identified, establishing a definitive and singular mechanism has proven challenging. In fact,

the only consistent way to identify ferroptosis cell death is to observe high levels of lipid peroxide
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accumulation coupled with an increase in cell death that can be prevented by specific ferroptosis

inhibitors (Wiernicki et al., 2020).

A recent review by Dixon and Pratt suggests that there is no single universal ferroptosis pathway.
Instead, they propose that many different metabolites and proteins can individually initiate, promote,
and regulate ferroptosis, with none being necessary. According to this model, the central mechanism
revolves around lipid peroxidation, encircled by distinct biochemical defense mechanisms within cells
that can be modulated by many regulatory inputs. Therefore, the likelihood of ferroptosis depends on
the balance between the total defense capacity of the cell and its susceptibility to lipid peroxidation,

both of which can change over time or in response to external stimuli (Figure 30) (Dixon & Pratt, 2023).
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Figure 30: Visualizing the contribution of different molecules to ferroptosis. (A) The total inner defense capacity and total
lipid peroxidation susceptibility of the cell can be influenced by many metabolites and proteins, some of which are listed here.
The relative contribution of each molecule to ferroptosis sensitivity will vary between contexts. (B) Quadrant diagram
summarizing four different possible states in which a cell may exist. Cells with low total inner defense capacity and high total
lipid peroxidation susceptibility will be most sensitive to ferroptosis. The boundaries between these states are likely to be
fluid. (Dixon & Pratt, 2023)

D. Ferroptosis and Macrophages
Due to their integral role in the body’s iron recycling process, macrophages frequently accumulate high
intracellular iron levels. Additionally, they can be found within pro-oxidant environments, where they
contribute to inflammation by releasing pro-inflammatory cytokines or by generating ROS, to help
eliminate foreign entities like bacteria and microorganisms. Despite exposure to these various signals
that promote ferroptosis, macrophages exhibit heightened resistance to this process. Notably, erastin
treatment and SLC7A11 expression deletion in mice did not independently induce macrophage
ferroptosis; instead, elevated iron levels were required for its initiation (Fang et al., 2020; Wang et al.,

2017).
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However, recent studies have shown some instances where ferroptosis can occur, particularly in the
context of excessive erythrophagocytosis. Experiments have shown that augmented
erythrophagocytosis, driven by IgG-coated erythrocytes, increases lipid peroxidation and cell death in
a mouse model of transfusion. This process was countered by the ferroptosis inhibitor Ferrostatin-1
(Fer-1) (Catala et al., 2020; Youssef et al., 2018) (Figure 31). Similarly, erythrophagocytosis of mutant
JAK2V8YF or normal erythrocytes led to ferroptosis, which was abrogated by the ferroptosis inhibitor
liproxstatin-1 (Lip-1) (Liu, Ostberg, et al., 2022). Furthermore, in an atherosclerosis mouse model,

erythrophagocytosis of RBCs could also induce cell death (Puylaert et al., 2023).
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Figure 31: Increased erythrophagocytosis can lead to ferroptosis (Youssef et al., 2018).

Interestingly, in M1 macrophages, the absence of GPX4 did not impact their viability or inflammatory
properties. On the contrary, ferroptosis was induced when GPX4 was deleted in M2 macrophages,
suggesting that ferroptosis may depend on macrophage polarization (Piattini et al., 2021). This
polarization-dependent resistance can be attributed, in part, to the distinct characteristics of M1 and
M2 macrophages. M1 macrophages possess higher concentrations of inducer NO synthase (iNOS),
resulting in an elevated production of NO free radicals. These increased iNOS levels provide superior
protection against lipid peroxidation, setting them apart from M2 macrophages characterized by their

anti-inflammatory function and lower iNOS concentration (Kapralov et al., 2020).

Further studies propose that iron overload contributes to M1 polarization by increasing M1 markers,
such as IL-6, TNF-a, and IL-B, while decreasing M2 markers (Handa et al., 2019). Elevated ROS
production and p53 acetylation induced by iron overload significantly contribute to M1 polarization as
well (Zhou et al., 2018). This shift in polarization sometimes escalates the release of inflammatory

factors, intensifying inflammation and fostering an environment conducive to the potential occurrence
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of ferroptosis. Notably, pro-inflammatory markers such as IL-6 not only promote lipid peroxidation but
also disrupt iron homeostasis in bronchial epithelial cells, ultimately culminating in ferroptosis (F. Han
et al., 2021). Similarly, TNF-a, another pro-inflammatory cytokine, upregulates ACSL3, facilitating lipid
accumulation in cells, thus promoting the potential occurrence of ferroptosis (Jung et al., 2020).
Interestingly, there are instances where ferroptosis byproducts can induce an M2-like phenotype
instead. For example, chronic iron overload prompts THP-1 monocyte-derived macrophages to exhibit

M2 characteristics while downregulating M1 markers (Kao et al., 2020).

E. Ferroptosis in Sickle Cell Disease

Since 2012, ferroptosis has been detected in various biological systems and in the pathological
progression of diseases such as ischemia-reperfusion injury, stroke, inflammatory bowel disease, organ
failure, and tumor progression. More recently, it has also been linked to erythroid disorders such as
Diamond Blackfan anemia (DBA). Indeed, the delayed globin chain synthesis in DBA leads to an
abnormal accumulation of heme within erythroblasts during erythropoiesis. This excess heme has been
shown to ultimately trigger cell death through the mechanism of ferroptosis (Doty et al., 2022; Yang et
al., 2016).

Iron overload is a common complication in patients requiring frequent transfusions, such as
thalassemic patients and SCD patients, and can lead to damaging effects on organs and tissues.
Consequently, ferroptosis might also play a role in the pathogenesis of these diseases. The excess iron
can saturate the transferrin iron transport system, giving rise to non-transferrin-bound iron and labile
plasma iron. These forms of iron circulate in the plasma and can eventually accumulate within
susceptible cells (Hershko, 2010; Leecharoenkiat et al., 2016). Prolonged uptake and accumulation of
these molecules can exceed the cell’s capacity, potentially triggering ferroptosis (Cabantchik, 2014). In
a recent study using the Townes model, researchers demonstrated that this process occurs in the heart
of SCD mice. They found that excess circulating free heme can upregulate cardiac HMOX1, leading to
nonheme iron accumulation and lipid peroxidation in cardiomyocytes, ultimately causing ferroptosis
and impaired cardiac function (Menon et al., 2022). Further evidence of ferroptosis in SCD was
demonstrated in a study by Liu et al., which revealed that patrolling monocytes that phagocytose RBCs
in the circulation also exhibited increased expression of HMOX1, resulting in their death (Liu et al.,

2019).
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Objectives

Ineffective erythropoiesis is a well-described phenomenon in B-thalassemia, but it has received less
attention in SCD, where anemia is generally attributed to hemolysis. While some elements in the
literature have hinted at potential alterations during erythroid differentiation in SCD (Blouin et al.,
1999; Finch et al., 1982; Hasegawa et al., 1998; Park et al., 2020; Wu et al., 2005), questions remain
pending regarding the existence and degree of such ineffective erythropoiesis, in relation with SCD

pathophysiology.

My thesis aimed at investigating erythropoiesis and the erythroid niche in SCD. This was achieved by

addressing the following objectives:

1. To investigate ineffective erythropoiesis in SCD by:
a. Exploring the molecular and cellular mechanisms of ineffective erythropoiesis and the
protective role of HbF during this process.
b. Assessing the extent of ineffective erythropoiesis in patients with high levels of
circulating erythroblasts.
2. To set up an ex vivo protocol adapted for the study of terminal erythropoiesis in SCD.
3. To assess the impact of erythroid cell death during terminal erythropoiesis on the central

macrophage of the erythroblastic island.
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CHAPTER 1:
Ineffective Erythropoiesis in Sickle Cell Disease:
Hypoxia, HbF and Nucleated Red Blood Cells
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While the pathophysiology of circulating mature red blood cells (RBCs) has been extensively studied in
sickle cell disease (SCD), the process through which these cells are generated, known as erythropoiesis,
remains poorly documented in this pathology. Unlike thalassemia, where ineffective erythropoiesis is
a well-known contributor to anemia, its role in SCD has not yet been critically explored, despite a
limited number of reports describing cellular alterations during erythroid differentiation. For instance,
studies have shown that erythroblasts, whether differentiated in vitro or isolated from the bone
marrow (BM) of SCD patients, tend to sickle under hypoxic conditions (Hasegawa et al., 1998).
Additionally, Wu and collaborators showed evidence of ineffective erythropoiesis occurring in the BM
of transplanted SCD patients with an imbalance favoring the survival of the donor erythroid progenitor

cells (Wu et al., 2005).

In this chapter, we explored the extent of ineffective erythropoiesis in SCD patients by utilizing both in
vitro and in vivo derived human erythroblasts. Our primary focus centered on the terminal phase of
erythroid differentiation. Specifically, we examined the influence of BM hypoxia on the polymerization
of HbS and the subsequent cell death of differentiating erythroblasts, in relation with HbF expression.
This portion of my thesis represents a collaborative work with a former PhD student from our research
group who completed her thesis in 2019. Furthermore, the findings from this work were published in
2021 in Haematologica (Appendix on page 176; DOI: 10.3324/haematol.2020.265462) and discussed
in a review published in 2021 in Current Opinion in Hematology (Appendix on page 190; DOI:
10.1097/MOH.0000000000000642).

After completing our initial research on SCD patients, we decided to work on patients with high levels
of circulating erythroblasts, as the presence of these cells in the periphery may reflect BM damage or
severe erythropoiesis defects. Our aim was to further investigate the role of ineffective erythropoiesis

in this specific patient population.

A. Cell Death during the Terminal Stages of Erythroid Differentiation of SCD

Erythroblasts in vitro

The BM environment has been well documented to be hypoxic (0.1 to 6% 02) (Mantel et al., 2015;
Mohyeldin et al., 2010; Yeo et al., 2018). As hypoxia induces HbS polymerization, we hypothesized that
cell death may occur in vivo because of HbS polymer formation in the late stages of differentiation
characterized by high intracellular hemoglobin concentration. To test our hypothesis, we performed in
vitro erythroid differentiation using CD34* cells isolated from SCD patients and from healthy donors. A
2-phase erythroid differentiation protocol was used, and cultures were performed at two different
oxygen conditions, i.e., normoxia and partial hypoxia (5% 02), starting at day 3 (D3) of the second

phase, at which time hemoglobin synthesis begins to increase markedly (Figure 1).
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Figure 1: in vitro model of erythropoiesis. A scheme representing the in vitro erythropoiesis protocol. Cells were put under
normoxia or partial hypoxia (5% 02) starting from day 3 (D3) of phase Il of culture.

The choice of 5% O, was made since it falls at the high end of the reported oxygen tension range of the
hematopoietic niche (0.1-6% 0:), and because it drives HbS polymerization and cell sickling, as we
previously reported (Lizarralde Iragorri et al., 2018). Differentiation of control erythroblasts showed no
difference in the general waterfall pattern between normoxia and hypoxia (Figure 2A and 2B), although
hypoxia translated into a consistently higher but not statistically significant increase in total cell count
(Figure 2C). Under normoxia, SCD differentiation showed a mild deceleration till D9 as compared to
control (Figure 2A and 2B), with a proliferation that was negatively impacted by hypoxia (Figure 2C).
Under both oxygen conditions, cell proliferation was significantly higher in the control than in the SCD
cultures, starting from D7 (Figure 2C). In addition, higher proportions of enucleated cells were found in
control cells at D9 (Figure 2B) and D11 (Figure 2D). Enucleation was improved under hypoxia for control
erythroblasts while it was significantly diminished for SCD cells (Figure 2D), indicating a negative impact
of hypoxia at this critical maturation step in the context of SCD. 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 GPA-positive cells with annexin V. The percentage of annexin V* cells was higher in SCD than in
control cultures under both oxygen conditions at D7 and D9, with a greater variability among SCD than
in control cells (Figure 2E). 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 2E).
Altogether, these findings imply that even under a conservative choice of 5% O, to mimic BM hypoxia

there is increased cell death during the terminal differentiation stages in SCD cells only.

68



Results — Chapter 1

CN _CH . PN PH 50 4
40+
D7
@ 30+
g 8
[a] o
g < 201
104
D9
0,
0‘\ 0\2\ Q‘\ Q\z\
EBaso [ LBaso PolyE
Il OrthoE M Retics
C D E . 0
2x 1074 40~ 50 S
—=— CN Wk i y
. S‘ r 1 T 1
=~ CH — Z 40 5
1.5%107 30 F .
PN E
€ 5 T r 304
3 1%1077 PH & 20 . 3
= < [ — °
g ugJ g 07 — 0
5x 108+ 2 104 2 / .,
] 10 4
'/0 —
o] 0- 0
T T T T T T T T
()e C;z\ Qe Q‘e\ CN CH PN PH CN CH PN PH

Figure 2: Cell proliferation and apoptosis during terminal erythroid differentiation in vitro under normoxia and partial
hypoxia. (A) A contour plot representing the distribution of GPA-positive cells with respect to the expression of Band 3 (x-axis)
and CD49d (y-axis) at D7 and D9 of phase Il of culture in control erythroid precursors under normoxia (CN) or hypoxia (CH),
and in patient erythroid precursors under normoxia (PN) or hypoxia (PH). (B) graph representing the cellular distribution as
means + SEM of early basophilic (EBaso), late basophilic (LBaso), polychromatic (PolyE), orthochromatic (OrthoE) and
reticulocytes (Retics) at D9 of culture of CN, CH, PN and PH (C) Cell count of erythroid precursors at D3, 5, 7 and 9 in control
(n = 4) and patient (n = 6) under normoxia and hypoxia (means + SEM). (D) Percentage of enucleation measured at D11 for
CN, CH, PN and PH erythroblasts (means + SEM; CN and CH: n = 3; PN and PH: n = 6). (E) Percentage of apoptotic cells in
control (n = 4) and patients (n = 6) under normoxia and hypoxia at D7 and D9 of phase Il of culture. *p<0.05, **p < 0.01;
Wilcoxon paired test and Mann-Whitney test (D and E).

B. HbS-HSP70 Protein Complexes in SCD Cells Under Hypoxia Lead to HSP70

Cytoplasmic Sequestration

As cytoplasmic sequestration of the chaperone protein HSP70 by a-globin aggregates is associated with
cell death during erythropoiesis in B-thalassemia major, we investigated if apoptosis of SCD
erythroblasts might be due to cytoplasmic trapping of HSP70 by HbS polymers (Arlet et al., 2016). We
performed western-blot analyses to quantify HSP70 in the cytoplasmic and nuclear extracts of
erythroblasts at D7 of phase Il 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), indicating
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. To explore the molecular
mechanism of cytoplasmic trapping of HSP70, we performed proximity ligation assays (PLA), that show

fluorescent spots when two proteins are at a distance <40 nm (Schallmeiner et al., 2007). We detected
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SCD cells with fluorescent spots (PLA+) under both normoxic and hypoxic conditions (Figure 3B) that
were further quantified by imaging flow cytometry (Figure 3C). 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 normoxia (4.5-18.5%) with a systematic and significant increase
under hypoxia (9.5-36%) (Figure 3D), indicating proximity between HSP70 and HbS but not HSP70 and
HbA. Moreover, PLA* SCD cells showed higher mean fluorescence intensity under hypoxia than under
normoxia (Figure 3E), indicating that hypoxia induces the formation of more potent HbS-HSP70
complexes that could account for cytoplasmic retention of HSP70. To explore the potential of HbS
polymers and HSP70 interacting within the same protein complex, we performed co-
immunoprecipitation assays. SCD RBC suspensions were placed at normoxia, or hypoxia then lysed, and
HSP70 was immunoprecipitated. Using an anti-a-globin antibody we found co-immunoprecipitation of
HSP70 and a-globin under hypoxia but not under normoxia (Figure 3F) supporting the presence of HbS-
HSP70 protein complex. Of note, despite using the same amounts of RBCs 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 conditions and

the presence of a small red colored precipitate under hypoxia (data not shown).
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Figure 3: HSP70 and a-globin colocalization and co-immunoprecipitation. (A) Western-blot analysis of HSP70, GATA-1, Lamin
C and Tubulin performed on cytoplasmic and nuclear extracts of erythroid precursors at D7 of phase Il of culture from control
normoxia (CN), control hypoxia (CH), patient normoxia (PN) and patient hypoxia (PH). (B) Proximity Ligation Assay (PLA)
between HSP70 and a-globin at D7 of phase Il 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: 10um. (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 and (E) mean fluorescence intensity of PLA-specific staining in
erythroid precursors of PN and PH at D9 of phase Il of culture (n = 6). (F) Co-immunoprecipitation assay of HSP70 with a-
globin using circulating SCD red blood cells incubated under normoxia (PN) or hypoxia (PH) for 1 hour. HSP70 and a-globin
bands are detected in the lysates (left panel) and after HSP70 immunoprecipitation (right panel). *p < 0.05, Wilcoxon paired
test (D and E).
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C. F-cells Are Enriched During SCD Erythroid Differentiation and the Induction of HbF
Protects Against Cell Death.

Using flow cytometry, we measured the percentage of cells expressing HbF (F-cells) during in vitro
differentiation. The percentage of F-cells (%F-cells) in control cultures fell within the reported range of
20-40%, while it was very variable for SCD cells reaching more than 70% at D9 (Figure 4A) (Antoniani
et al., 2018; Y. Zhang et al., 2018). 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 the 6 independent primary cell samples (Figure 4A). Taken together with the apoptosis data,
these findings imply that F-cells were positively selected under hypoxia in SCD. This inference was
supported by flow cytometry data showing higher percentages 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 4B). In contrast, these percentages were similar between both cell populations in the control 9
(Figure 4B), confirming preferential apoptosis of the cells with low/no HbF expression in the SCD

context only.

To confirm the anti-apoptotic role of HbF in SCD erythroblasts we induced its expression in vitro using
pomalidomide (POM), an immunomodulatory drug previously shown to induce HbF expression during
erythropoiesis, and determined if higher HbF levels could rescue the cells from apoptosis (Dulmovits
et al., 2016; Moutouh-de Parseval et al., 2008). As we were interested in monitoring the stages during
which hemoglobin is synthesized, POM was added at D1 of phase Il of culture. As expected, POM-
treated SCD cultures showed higher percentages of F-cells than untreated cultures (Figure 4C). HbF
induction by POM was associated with significantly lower levels of apoptosis compared to untreated
cultures under both hypoxia and normoxia (Figure 4E). Importantly, there was no significant difference
in the apoptosis levels between normoxic and hypoxic conditions of POM-treated cells indicating that
the higher F-cell levels protected SCD cells from apoptosis under hypoxia. 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 hemoglobin (HPFH) by disrupting the binding site for HbF repressor LRF
in the fetal y-globin promoters (HBG1 and HBG2) (Weber et al., 2020). 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 y-globin promoter ranged between 23.2% and 73.5%, as determined
by Sanger sequencing at D6 of phase | of culture. Cells were grown and differentiated under normoxia
or hypoxia. As expected, the disruption of the LRF binding site resulted in HbF induction as shown by
higher %F-cells compared to AAVS1 control (Figure 4D). These higher levels of F-cells resulted in
decreased apoptosis, under both normoxic and hypoxic conditions (Figure 4F), clearly demonstrating

the positive and selective effect of HbF on SCD cell survival.
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Figure 4: Distribution of erythroid precursors expressing HbF in vitro. (A) Percentage of F-cells measured at D7 and D9 of
phase Il of culture in control (n = 4) and patient cells (n = 6) under normoxia (N) and hypoxia (H). (B) Percentage of dead cells
(means + SEM) measured by fixable viability stain (FVS APC-Cy7), in non-F (F-) (in blue) and F-cells (F+) (in red) for control and
patient cells under hypoxia. (C) Percentage of F-cells at D7 and D9 of phase Il 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). (D) Percentage
of apoptotic cells measured by flow cytometry in PN, PH, PN(POM) and PH(POM) at D7 and D9 of phase Il of culture of culture
(n = 4). (E) Percentage of F-cells at D7 and D9 of phase Il of culture in PN and PH treated with 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. (F) Percentage of apoptotic cells at D7 and D9 of phase Il of culture in PN and PH treated
with gRNA targeting the LRF binding site (-197) or an unrelated locus as control (AAVS1) (n = 4). Horizontal bars represent the
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mean of each group; *p < 0.05, **p < 0.01, ****p < 0.0001; Wilcoxon paired test (A) and Mann-Whitney test (A, B, C, E and
F).

D. Cell Death During the Terminal Stages of Erythroid Differentiation in the Bone
Marrow of SCD Patients

To validate direct relevance of the in vitro findings to in vivo conditions, we analyzed terminal erythroid
differentiation using unmanipulated marrow samples from SCD patients. BM aspirates were obtained
from 5 SCD patients and cells were stained for surface markers GPA, CD49d and Band 3 and analyzed
by flow cytometry. Differentiating erythroblasts were determined using the CD49d and Band 3 staining
pattern within the GPA* population (Figure 5A), as previously described (Hu et al., 2013). Imaging flow
cytometry was used to confirm gating of all nucleated cells and cell homogeneity within each of the 4
gated populations by cellular features of size, morphology and nuclear size and polarization (Figure 5B).
We quantified the cells at the early basophilic (EBaso), late basophilic (LBaso), polychromatic (PolyE)
and orthochromatic (OrthoE) stages. Considering the GPA positive population as 100%, the mean
percentages of EB, LB, polychromatic and orthochromatic cells were 5.1%, 10.2%, 20.4% and 25.2%
(Figure 5A), indicating loss of the expected cell doubling between the polychromatic and
orthochromatic stages (1.24 +/- 0.1, p < 0.01; Figure 5C), implying that cell death occurs between these
two stages in a significant proportion of erythroblasts, which is in accordance with our in vitro data.
Similar analysis was performed with BM aspirates of 5 controls that confirmed the expected doubling
of cells with successive cell divisions without cell loss between development stages during normal
erythropoiesis (Figure 5C). Next, we stained the cells with an anti-HbF antibody to measure the
percentage of F-cells at the different stages. There was a significant increase in %F-cells between the
PolyE (16.4% + 4) and OrthoE stages (32.4% + 4.79) (Figure 5D and 5E), concomitant with the cell loss
observed between these stages (Figure 5C), 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.
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Figure 5: Analysis of human terminal erythroid differentiation in vivo. (A) A contour plot representing the distribution of
GPA-positive cells with respect to Band 3 (x-axis) and CD49d (y-axis) from a bone marrow sample of a SCD patient. (B) Images
obtained using imaging flow cytometry from the gating of polychromatic (PolyE) and orthochromatic (OrthoE) erythroblasts.
Nucleus was stained with Hoechst. (C) The fold increase of cells between the early basophilic (EBaso) and late basophilic
(LBaso) (EBaso/LBaso), LBaso and PolyE (Poly/LBaso), PolyE and OrthoE (OrthoE/PolyE) stages in 5 controls and 5 SCD patients
(means + SEM). (D) Percentage of F-cells in vivo in the PolyE and OrthoE subpopulations of the patient bone marrow samples
(n=5) (means = SEM). (E) Imaging flow cytometry images of EBaso, LBaso, PolyE and OrthoE precursors. Upper images are a
merge of brightfield and nucleus, lower images are for HbF staining (red). *p < 0.05, **p < 0.01; Mann-Whitney test (C and
D).

E. Characterization of Circulating Erythroblasts in SCD Patients and their Link with

Ineffective Erythropoiesis

After demonstrating the occurrence of ineffective erythropoiesis in SCD patients, we decided to work
on patients with high levels of circulating erythroblasts, sometimes also referred to as nucleated RBCs
(nRBCs). To better understand the interplay between circulating nRBCs and ineffective erythropoiesis
in SCD, we characterized these cells in transfusion dependent SCD patients with an nRBC count >3%.
Additionally, we investigated terminal erythroid differentiation in these patients using our 2-phase

erythroid differentiation protocol.

To characterize the type of erythroblasts present in the peripheral blood of patients with high levels of
circulating erythroblasts (SCD-HCNE) (from 16- to 52-year-old, median: 30 years-old), we isolated their
peripheral blood mononuclear cells (PBMCs) and stained them for the surface markers CD71, CD105,

and GPA, as previously described (Yan et al., 2021). As expected, SCD-HCNE patients exhibited a higher
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percentage of CD71*GPA* nucleated cells (3.99% + 3.19) than patients without circulating erythroblasts
(SCD-NE) (from 15- to 51-year-old, median: 25 years-old) and control individuals (Figure 6A). The
analysis of the differentiation stages, using the combination of the 3 markers, showed that all the
terminal differentiation stages were present in the circulation of SCD-HCNE patients, although at
varying proportions. In most patients, high levels of LBaso (20.66% * 10.67), PolyE (25.99% + 7.99), and
OrthoE (41.51% * 21.56) could be found, with significantly lower levels of Ebaso compared to the other
stages (6.4%+ 5.47) (Figure 6B). The distribution of these differentiation stages varied between
patients, with some individuals having predominantly EBaso or PolyE stages, while others had a
majority of OrthoE in their circulation (Figure 6C), indicating some heterogeneity within this subset of
patients. Notably, despite this inter-patient diversity, the percentages of these differentiation stages in

the peripheral blood of SCD-HCNE patients resembled those typically observed in the BM.

Using flow cytometry, we measured the percentage of F-cells in the circulation of control individuals,
SCD-NE patients and SCD-HCNE patients. As expected, %F-cells were significantly higher in SCD-NE
patients (17.62% * 8.637) compared to control individual (0.6% + 0.21). However, while SCD-HCNE
patients also had significantly increased %F-cells compared to control individuals (7.286% + 7.022),
these levels were significantly lower than those of SCD-NE patients (Figure 6D), suggesting a possible

link between the presence of circulating RBCs and the low percentages of F-cells in these patients.
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Figure 6: Characterizing circulating erythroblasts in a subset of SCD patients with circulating erythroblasts. (A) Percentage
of nucleated GPA+ cells in peripheral blood mononuclear cells (PBMCs) in control (n=11), SCD-NE (n=11) and SCD-HCNE
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(n=12). (B) Graph depicting the cellular distribution of early basophilic (EBaso), late basophilic (LBaso), polychromatic (PolyE),
and orthochromatic erythroblasts (OrthoE) within CD71*GPA* cells from PBMCs from SCD-HCNE patients (n=12). (C) Contour
plots representing the distribution of CD71*GPA* cells with respect to GPA (x-axis) and CD105 (y-axis) from the PBMCs of two
SCD-HCNE patients. (D) Percentage of F-cells measured in the peripheral blood of control (n=8), patients with non-detectable
levels of circulating erythroblasts (SCD-NE) (n=5) and patients with high levels of circulating erythroblasts (SCD-HCNE) (n=9).
(means £ SD) *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001; Mann-Whitney test (B, C and D).

To further investigate terminal differentiation in this subset of patients, we conducted in vitro erythroid
differentiation under normoxic conditions using CD34" cells obtained from both SCD-HCNE patients
and age-matched SCD-NE patients, following the two-phase differentiation protocol described
previously. While the acquisition of GPA showed no significant difference between the two patient
subsets (Figure 7A), the differentiation process in SCD-HCNE patients appeared to progress faster
compared to SCD-NE patients. This acceleration was particularly evident at D9 of culture, where a
significant decrease of EBaso and a significant increase of PolyE and OrthoE could be observed in the
SCD-HCNE culture (Figure 7B, 7C, 7D, 7E and 7F). This acceleration was systematically observed for all
SCD-HCNE patients when compared to their age-matched SCD-NE counterparts (Figure 7G). Despite
this difference in differentiation speed, there were no significant variations in terms of proliferation,
viability, and enucleation between SCD-NE and SCD-HCNE cells (Figure 8A, 8B, and 8C). However, we
observed a notable decrease in the %F-cells in the cultures of SCD-HCNE patients compared to SCD-NE

patients, reflecting what we had observed in the peripheral blood of these patients (Figure 8D).
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Figure 7: SCD-HCNE CD34+ cells exhibit accelerated differentiation compared to SCD-NE patients under normoxia. (A)
Frequency of CD71*/GPA* cells within the CD123- compartment and (B-F) Frequency of early basophilic (EBaso), late
basophilic (LBaso), polychromatic (PolyE), and orthochromatic erythroblasts (OrthoE)within the CD71*/GPA* compartment
from day 5 (D5) to day 11 (D11) of the second phase of culture in patients with non-detectable levels of circulating
erythroblasts (SCD-NE) (n=6) and patients with high levels of circulating erythroblasts (SCD-HCNE) (n=3). (G) Contour plots
representing the distribution of CD71*GPA* cells with respect to GPA (x-axis) and CD105 (y-axis) from SCD-HCNE and their age-
matched SCD-NE patients at day 9 of phase Il of culture (means £ SD). *p < 0.0332, Mann-Whitney test (C, E and F)
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Figure 8: Analysis of terminal differentiation in SCD-HCNE patients. (A) Cell count of erythroid precursors at D3, 5,7 and 9 in
SCD-NE (n = 6) and SCD-HCNE patients (n = 3) under normoxia (means * SD). (B) Percentage of apoptotic cells in SCD-NE (n =
5) and SCD-HCNE (n = 3) under normoxia D3, D5, D7 and D9 of phase Il of culture. (C) Percentage of enucleation measured at
D9 of phase Il of culture for SCD-NE (n = 5) and SCD-HCNE (n = 3) under normoxia (mean + SD). (D) Percentage of F-cells
measured at D9 for SCD-NE (n = 5) and SCD-HCNE (n = 3) under normoxia (mean % SD). *p<0.0332, Mann-Whitney test (Figure
D).
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Ineffective Erythropoiesis and the Role of HbF in SCD

Ineffective erythropoiesis has been previously suggested to be a feature of SCD (Blouin et al., 1999;
Finch et al., 1982; Hasegawa et al., 1998; Wu et al., 2005) 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 collaborators has highlighted abnormalities during
erythropoiesis in the BM of transplanted SCD patients by showing progressive intramedullary loss of
SCD erythroblasts and relative enrichment of donor erythroid precursors at the onset of
hemoglobinization in a small cohort of patients (Wu et al., 2005). Our results further demonstrate
significant cell death between the PolyE and the OrthoE stages, when cellular HbS concentration
reaches sufficiently high levels to promote polymer formation under partial hypoxia. Our in vivo data
unequivocally document the occurrence of ineffective erythropoiesis 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.

Our study also reveals a new role for HbF in SCD by showing that it protects a subpopulation of
differentiating 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 (Powars et al., 1984; Sewchand et al.,
1983). In healthy adults, HbF accounts for less than 1% of total hemoglobin (Boyer et al., 1977) and is
restricted to a small subset of RBC (2%) called F-cells (Boyer, Belding, Margolet, et al., 1975; Boyer,
Belding, Margolte, et al., 1975; Wood et al., 1975). 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 suggested contributing factors (Dover et al., 1978; Franco et al.,
1998; Franco et al., 2006; Maier-Redelsperger et al., 1994; Stamatoyannopoulos et al., 1985). Our study
shows that HbF has a dual beneficial 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.

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

vivoin treated SCD mice (Meiler et al.,, 2011). Furthermore, results using genetically modified
81



Discussion — Chapter 1

CD34* cells strongly imply that overexpression of HbF and concomitant down-regulation of HbS (Weber
et al.,, 2020) in a specific 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 (Ribeil et al., 2007), thus promoting normal terminal
differentiation. From a mechanistic 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 sequestration in the pool of SCD
dead cells under hypoxia could account for the lower HSP70 nuclear content of these cells and the
subsequent lower GATA-1 nuclear levels. 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 sickling. Likewise, low levels
of HbF are less protective against cell death, since a minimal threshold of intracellular HbF is needed
for a protective polymer-inhibiting effect (Noguchi et al., 1989). At physiological levels of hypoxia, there
is however not an exclusive selection of F-cells, as significant amounts of cells with no/low HbF were
found to complete erythroid differentiation. Further studies are needed to fully address the biological
mechanisms underlying this observation and the commitment of erythroid progenitors to the F lineage

in SCD.

Furthermore, this study sheds light on the importance of applying partial hypoxia during erythroid
differentiation in vitroto mimicin 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 (Antoniani et al., 2018; McArthur et al., 2020;
Paikari & Sheehan, 2018), anti-sickling molecules such as voxelotor (Howard et al., 2019; Vichinsky et
al., 2019), or gene therapy aiming at expressing a therapeutic B-globin (Ribeil et al., 2017). In addition,
specific targeting of ineffective erythropoiesis should presumably have a major beneficial clinical

impact.

Exploring Circulating Erythroblasts in SCD: Insights, Mechanisms, and Future Directions

Circulating erythroblasts can occasionally be detected in SCD patients during routine blood tests,
especially in those experiencing episodes of severe hemolysis (Ballantine et al., 2019; Juwah et al.,
2004). The presence of these cells in the peripheral blood of adults is generally believed to reflect BM

disease and has been linked to excessive erythropoietic activity or activated extramedullary
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hematopoiesis in other hematological disorders (Danise et al., 2011; Karakukcu et al., 2015). Case
reports have shown that the development of BM necrosis in patients with SCD is associated with very
high numbers of circulating nRBCs (Ataga & Orringer, 2000). Furthermore, in SCD, the presence of these
cells in the periphery is also thought to result from various factors, including chronic hemolysis, splenic
dysfunction, inflammation, and tissue hypoxia (Dulay et al., 2008; Kuert et al., 2011; Porter et al., 2017).
Itis worth noting that these factors can manifest differently in individual patients. Therefore, circulating
erythroblasts might arise through multiple mechanisms in SCD (Bain, 2021; Constantino & Cogionis,
2000). While some evidence suggests a link between nRBCs and disease severity, it has not yet been
identified as a consistent marker, as SCD patients with high levels of nRBCs can exhibit varying
symptoms and disease manifestations (Ballantine et al., 2019). For example, a recent retrospective
study on patients hospitalized for uncomplicated vaso-occlusive episodes revealed that while an
increase of NnRBC counts during hospitalization could be associated with developing acute chest
syndrome or the requirement for RBC transfusion, the initial nRBC count in these patients was not

linked to disease severity (Ballantine et al., 2019).

Our results reveal a reduced enucleation rate in SCD precursor cells compared to control cells, further
exacerbated by hypoxia. This suggests that alterations during the final stages of differentiation could
impact organelle and protein sorting, as well as terminal maturation. These defects under hypoxia may
be attributed to the accumulation of HbS fibers in the cytoplasm, potentially disrupting the enucleation
process. Moreover, when we analyzed the differentiation stages of circulating erythroblasts in SCD-
HCNE patients, we noted that these cells were predominantly orthochromatic erythroblasts. This
observation is consistent with the existence of an enucleation defect. Our in vitro preliminary data
showed no significant difference in enucleation between CD36" cells from SCD-HCNE patients and SCD-
NE patients. It is noteworthy that we have not yet cultured SCD-HCNE erythroid cells under hypoxic
conditions; such experiments would be important to perform to get closer to physiological conditions
and explore whether cells from these patients exhibit a more severe phenotype compared to other

SCD patients.

Circulating erythroblasts may also result from defects in macrophage—erythroblast interactions within
the erythroblastic island (EBI), which might explain the presence of earlier differentiation stages (PolyE,
EBaso, and LBaso) in SCD-HCNE patients (Sesti-Costa et al., 2023). This hypothesis is further explored

in the third chapter of this thesis.

Another interesting observation is that most SCD-HCNE patients exhibited low levels of F-cell. Low F-
cells are typically linked to more severe SCD cases (Akinsheye et al., 2011; Platt et al., 1994; Powars et

al., 1984). Considering that high levels of nRBCs have been suggested as an additional marker of disease
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severity, it may be interesting to investigate whether this association is merely a correlation or if there
is a link between the two parameters. Notably, HCNE CD34* cells cultured in vitro produced significantly
fewer F-cells than SCD-NE patients without any discernable impact on their viability. In this study, we
focused primarily on patients who were not treated with hydroxyurea (HU). However, it would be
interesting to know if similar findings could be found in patients treated with HU, as this treatment
promotes HbF expression (Galanello et al., 1985; Stamatoyannopoulos et al., 1985). Interestingly, HU-
treated patients have been found to have more nRBCs than non-HU treated patients (Ballantine et al.,
2019). SCD HCNE patients present a valuable opportunity for comprehensive research into the
mechanisms governing F-cell regulation and its implications for SCD. Investigating the genetic,
molecular, and environmental factors influencing F-cell levels in these patients can provide crucial

insights into the pathophysiology of the disease.

Although our study primarily concentrated on terminal differentiation, exploring the earlier stages of
erythropoiesis could also prove interesting (Minniti et al., 2020; Tolu et al., 2020). Characterizing the
phenotype and gene expression signatures of patrolling HSPCs in SCD patients, whether they have
circulating erythroblasts or not, could offer valuable insights into the mechanisms underlying the
appearance of nRBCs in peripheral blood. In our in vitro experiments, we observed an accelerated
maturation of CD34" cells from the peripheral blood of SCD-HCNE patients, in contrast to those from
patients without detectable nRBCs. This indicates a potential intrinsic difference in patrolling HSPCs
between these patient populations. While this accelerated maturation was not accompanied by a
significant difference in proliferation during terminal differentiation, considering the overall
proliferation throughout the entire culture period may offer a more comprehensive perspective.
Therefore, the study of erythroid progenitors in our in vitro experiment could also offer valuable

insights into the properties of SCD-HCNE HSPCs.

In certain pathological circumstances, mainly as a compensatory mechanism for the destruction of the
proper function of the BM, the genesis of blood cells can move to other organs, mostly the ones
involved in fetal hematopoiesis, such as the liver and the spleen (Cenariu et al., 2021; Hu & Shilatifard,
2016). This process is called extramedullary hematopoiesis and has been linked with the appearance
of circulating erythroblasts in many pathologies (Cenariu et al., 2021). Given the ineffective
erythropoiesis observed in SCD, we hypothesize that a similar process might occur in SCD patients.
Transcriptomic studies have already indicated the possibility of distinguishing differences in
extramedullary gene expression profiles in patrolling HSPCs between healthy donors and patients with
conditions like lupus (Kokkinopoulos et al., 2021). Therefore, conducting such studies on HSPCs from
SCD patients with varying phenotypes and comparing these results to patients with other pathologies

characterized by circulating erythroblasts, such as B-thalassemia, lupus, or atherosclerosis, could
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provide valuable insights. Furthermore, exploring the homing capacities of HSPCs from SCD-HCNE
patients through engraftment experiments in mice could also help determine whether these circulating
HSPCs exhibit altered properties (Bonig et al., 2006). Such findings would open the door to investigating
whether BM HSCs from the same patients exhibit altered characteristics, which could impact their
regenerative and BM reconstitution abilities. These factors are critical considerations, particularly in

gene therapy research (Leonard et al., 2019; Weidt et al., 2007).

The accelerated erythroid maturation observed in SCD-HCNE patients might also be reminiscent of
myeloproliferative neoplastic disorders, such as polycythemia vera. These pathologies are known to
have high levels of circulating erythroblasts due to deteriorated BM function (Danise et al., 2011).
Notably, myeloid neoplasms have occasionally been observed in patients with SCD, although the
underlying connection between the two conditions remains unclear (Brunson et al., 2017; Y. Li et al.,
2019; Seminog et al., 2016). To explore this connection, it would be interesting to perform next-
generation sequencing on CD34" cells from SCD-HCNE patients to identify mutations associated with a

higher risk of developing myeloproliferative neoplastic disorders.

While the presence of circulating erythroblasts in SCD patients opens numerous avenues for research,
it is crucial to acknowledge that while SCD has a 'simple' genetic cause, its complications and
treatments are far from straightforward, influenced by a multitude of factors, some of which are not
easily discernible (Brousse et al., 2014; El Hoss et al., 2022). Consequently, each patient presenting
HCNE may have a distinct pathophysiologic basis for elevated nRBCs, making it challenging to pool
patients together and pinpoint a single cause for this clinical manifestation. Furthermore, circulating
erythroblasts levels may also change over time, adding a layer of complexity to the study of this
phenomenon. Overcoming this challenge might involve conducting longitudinal studies on SCD-HCNE

patients.
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A. Biological Samples
The study was conducted according to the declaration of Helsinki with approval from the Medical Ethics
Committee (GR-Ex/CPP-DC2016-2618/CNILMRO1). All SCD patients were of SS genotype. Blood bags
from SCD patients enrolled in an exchange transfusion program were obtained from Necker-Enfants
Malades Hospital (Paris, France), and the Conception Hospital (Marseille, France). BM aspirates from
five SCD patients undergoing surgery and BM 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

Francais du Sang (EFS).

B. Antibodies and Fluorescent dies
BV421-conjugated anti-GPA, APC-conjugated anti-CD49d, PE-conjugated anti-HbF, APC-conjugated
anti-CD71, and APC-conjugated anti-CD36 mouse monoclonal antibodies were obtained from BD
Biosciences. The APC-A750-conjugated anti-GPA, BV786-conjugated anti-CD71, BV660-conjugated anti-
CD123 and BV450-conjugated anti-CD105 mouse monoclonal antibodies and the DRAQ7 stain were
obtained from Biolegend. The PE-conjugated anti-Band 3 mouse monoclonal antibody (PE-BRIC6) was
obtained from Bristol Institute for Transfusion Sciences. Anti-Lamin A/C and anti-a hemoglobin mouse
monoclonal antibodies were obtained from Santa Cruz Biotechnology. Hoechst33342 was obtained
from Life Technologies; Hoechst34580, Fixable viability stain (FVS) 780, 7-Aminoactinomycin D (7AAD),
Retic-Count™, and PE-conjugated Annexin V were obtained from BD Biosciences. Rabbit anti-
HSP70/HSP72 polyclonal antibody was obtained from Enzo Lifesciences. Mouse HRP anti-actin
monoclonal antibody was obtained from Santa Cruz Biotechnology. Anti-rabbit and anti-mouse IgG,
HRP-linked secondary antibodies were purchased from Cell Signaling. Goat anti-rabbit Alexa 633 and
Alexa 488 secondary antibodies were obtained from Invitrogen. DAPI Fluoromount — G mounting media

was obtained from Southern Biotech.

C. Invitro 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 (Freyssinier et al., 1999). During the first phase, cells were
expanded for 7 days in a medium containing 100 ng/ml of human recombinant (hr) interleukin (IL)-6
(Miltenyi Biotec), 10 ng/ml of hr IL3 (Miltenyi Biotec) and 100 ng/ml hr stem cell factor (SCF) (Miltenyi
Biotec) in Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco) supplemented with 15% BIT 9500

(Stem Cell Technologies), 100 U/ml Penicillin Streptomycin (Gibco) and 2 mM L-Glutamine (Gibco). On
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day 7, cells were harvested and cultured for 11 days with the second phase medium [10 ng/ml hr IL-3,
100 ng/ml hr SCF, and 2 U/ml of EPO]. At day 3 of phase Il, 2 cell suspensions were split into 2 and one
half was cultured under partial hypoxia (5% 02) until day 11 while the other was cultured at normoxia.

Cells were diluted at 0.5x10° cells/ml at day 3, 5, 7, 9 and 11 of phase Il.

For cultures treated with pomalidomide, cells were incubated with 1 mM pomalidomide (Sigma) as
previously described (Dulmovits et al., 2016), starting from day 1 of phase Il of culture. For y-globin
derepression experiments using CRISPR/Cas9, patient CD34"* cells were immunoselected and cultured
for 48 hours and then electroporated with ribonucleoprotein (RNP) complexes containing Cas9-GFP
protein (4.5 mM) and the -197 guide RNA (gRNA) targeting both HBG1 and HBG2 y-globin promoters
(5" ATTGAGATAGTGTGGGGAAGGGG 3’) or a gRNA targeting the Adeno-associated virus integration site
1 (AAVS1; 5° GGGGCCACTAGGGACAGGATTGG 3’) (Weber et al., 2020). Cleavage efficiency was
evaluated in cells harvested 6 days after electroporation by Sanger sequencing followed by tracking of

indels by decomposition (TIDE) analysis (Brinkman et al., 2014).

D. Imaging Flow Cytometry of Human Bone Marrow Samples
BM samples were processed as previously described (Hu et al., 2013). For BM samples from SCD
patients, mononuclear cells were fixed with PBS 1% formaldehyde (Sigma), 0.025% glutaraldehyde
(Sigma) for 15 min, washed twice with PBS, permeabilized with 0.1 M Octyl B-D-Glucopyranoside
(Sigma) for 15 min and saturated in PBS, 1% BSA, 2% goat serum for 30 min. Cells were then stained
for GPA, CD49d, Band 3 and HbF for 30 min in the dark. Cells stained with the isotype control antibodies
were used as a negative control. Compensation was performed using BD Biosciences compensation
beads following the supplier instructions. Samples were then analyzed using the Imagestream I1SX MKkl|
flow cytometer (Amnis Corp, EMD Millipore) and the INSPIRE software version 99.4.437.0. Acquired

data was analyzed using IDEAS software version 6.2 (Amnis Corp, EMD Millipore).

E. Flow Cytometry
Cells were analyzed using a BD FACScanto Il flow cytometer, BD LSR Fortessa SORP flow cytometer (BD
Biosciences) and Cytoflex S flow cytometer (Beckman Coulter) and acquired using the Diva software
version 8 (BD Biosciences) and the Cytexpert software (Beckman Coulter). Data was analyzed using FCS

Express 6 software (DeNovo Software) or the Cytexpert Software (Beckman Coulter).

1. Surface marker staining
In vitro cultured cells were stained for surface expression of GPA, Band 3 and CD49d on days 3,5, 7, 9
and 11. Briefly, 10° cells were suspended in 20 pl of PBS supplemented with 0.5% of bovine serum
albumin (BSA), incubated with fluorescence-conjugated antibodies for 30 min in the dark, washed
twice with PBS, 0.5% BSA before incubation with 7AAD for 5 min prior to analysis.
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Cells in culture were also analyzed for surface expression of GPA, CD71, CD105 and CD123 on days 3,
5, 7,9 and 11, as well as cells from PBMCs. For this 2.5.10° cells were washed twice with phosphate-
buffered saline (PBS) supplemented with 2% fetal bovine serum (FBS) and 1 mM EDTA. After blocking
with 0.4% human AB serum for 20 min on ice, cells were stained with fluorochrome-conjugated
antibodies for 30 min on ice. Cells were washed twice with PBS 2% FBS 1 mM EDTA and stained with
300 nM of DRAQY for 15 min at RT before analysis.

2. Enucleation analysis
Cells (10°) were washed once with PBS, stained with 1 pg/ml Hoechst34580 for 45 min at 37°C, washed
twice with PBS, 0.5% BSA and incubated with anti-CD36 antibody for 30 min in the dark. Cells were

then washed twice with PBS, 0.5% BSA and analyzed.

3. Apoptotic cells
Cells were stained with PE-conjugated Annexin V to measure the percentage of apoptotic cells. Briefly,
10° cells were washed once with Annexin buffer, resuspended in 25 pl of the same buffer and stained
with 2.5 pl of PE-conjugated Annexin V for 20 min in the dark. Samples were then diluted with 200 pl

of Annexin buffer prior to analysis.

4. HbF staining on cultured erythroblasts and bone marrow samples
Cells were stained with FVS at a dilution of 1/1000 for 20 min in the dark, washed twice with PBS then
fixed with 1% formaldehyde, 0.025% glutaraldehyde in PBS for 15 min. Cells were then washed twice
with PBS, permeabilized in 0.1 M Octyl BD-Glucopyranoside for 15 min and saturated in PBS, 1% BSA,
2% goat serum for 30 min. Cells were then stained with anti-HbF and anti-GPA antibodies for 30 min in
the dark, washed twice and analyzed. Hoechst33342 nucleus dye was added before analyzing the cells

with imaging flow cytometry.

5. HbF staining on peripheral blood
Three ul of RBCs were fixed in with 1% formaldehyde, 0.025% glutaraldehyde, PBS 1x for 15 min. After
2 washes with PBS, RBCs were permeabilized in 0.1 M Octyl B-D-Glucopyranoside for 15 min and
saturated in PBS, 1% BSA, 0.2% goat serum for 30 min. The RBC pellet was suspended in 60 pl of
saturation solution and 10 pl of this suspension were incubated with 5 pl of PE-conjugated HbF
antibody (Life Technologies) and with 5 pl of APC-conjugated CD71 antibody (Invitrogen), for 20 min.
RBCs were washed and suspended in 200 pl of BD Retic-Count™ (thiazole orange) reagent. After 30 min

of incubation, cells were analyzed.
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F. Cytospin
Cytospin was performed using 100,000 cells. Cells were washed twice with PBS and spun on slides using
the Cytospin 2 centrifuge (Shandon). Slides were stained with May-Grunwald Giemsa (MGG) following
manufacturer’s instructions (Sigma). Slides were then washed with deionized water and left to dry.
Slides were covered by a coverslip using the EUKITT classic (O. Kindler ORSA Tech). Cells were imaged
using an inverted microscope (Leica DM6000 B) with a 20x/0.4 HCX PL FLUOTAR, equipped with a

DFC300 FX color camera. Analysis was performed using the Fiji software (Schindelin et al., 2012).

G. Proximity Ligation Assay
Proximity ligation assays (PLA) were performed with cells from D7 of phase Il of culture. Acquisition
was made on LSM700 Zeiss confocal microscope using Zen software. Analysis was performed using Fiji.
Cells (10°) from day 7 of phase Il were washed and fixed with 1% formaldehyde, 0.025% glutaraldehyde
for 15 min, treated with 50 mM NH4CI (Sigma) for 10 min and washed twice with PBS. Cells were then
permeabilized with 1% B-D-glucopyranoside (Sigma) for 15 min, incubated with a saturation solution
(1% BSA and 2% goat serum) overnight then with rabbit anti-Hsp70/72 and mouse anti-a hemoglobin
(sc-514378 Santa Cruz Biotechnology) for 1 hour at room temperature. After 3 washes with PBS,
proximity ligation assay was performed using the Duolink flow PLA Detection Kit — FarRed (Sigma). Cells
were incubated with oligonucleotide-conjugated secondary antibodies (PLA probe PLUS anti-mouse
and PLA probe MINUS anti-rabbit) for 1 hour at room temperature and spun onto slides. Ligation and
amplification steps were performed according to the manufacturer’s guidelines. For imaging flow
cytometry, all incubations were performed with cells in Eppendorf tubes, and Hoechst33342 nucleus

dye was added before analyzing the cells.

H. Cell fractionation and Western Blot
Cytoplasmic and nuclear protein fractions were extracted from erythroblasts at D7 of phase Il of culture
using the NE-PER nuclear and cytoplasmic kit (Pierce-Thermo Scientific). Ten pg 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).

[.  Co-immunoprecipitation Assays
Co-immunoprecipitation of HSP70 and hemoglobin was performed 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
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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-a-globin (Santa Cruz Biotechnology) or rabbit anti-HSP70 (Santa-Cruz) antibodies.

Proteins were revealed using ECL clarity and the Chemidoc MP imaging system.

J. Statistical Analysis
Statistical analyses were performed with GraphPad Prism (version 7). The data was analyzed using

Mann-Whitney unpaired test and Wilcoxon paired test, as indicated in the figure legends.
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In this study, we undertook a comparative analysis of the erythroid differentiation potential of
peripheral blood CD34* cells using two of the most frequently used and cost-effective xeno- and
feeder-free culture systems (Freyssinier et al., 1999; Yan et al.,, 2018). We assessed erythroid
differentiation kinetics in details using molecular and cellular markers at the gene and protein
expression levels. We present data supporting the use of one protocol or another to investigate normal
and pathological human erythropoiesis depending on the differentiation stage of interest and the

objective of a given study.

A. Higher Cell Proliferation and Viability in the 4P-LC Compared to the 2P-LC

Human CD34" cells isolated from peripheral blood were cultured in the 2 phase (2P) and the 4 phase
(4P) liquid culture (LC) systems as summarized in Figure 1. Cell proliferation, viability and apoptosis
were assessed in the two culture systems and compared. Cell proliferation was calculated as the
relative expansion of the cells seeded on DO (Starting value = 1). Cells in the 4P-LC proliferated at a
higher rate compared to the 2P-LC (p=0.0047), reaching a ~25,000-fold expansion (24 947 + 8790) at
D15 compared to ~2,000-fold (2 117 + 1182) in the 2P-LC (Figure 2A). This was particularly noticeable
during the exponential growth phase, with a shorter doubling time in the 4P-LC (27h + 11.11) than in
the 2P-LC (35.6h + 14.45) (Figure 2B and 2C). As expected, cell growth plateaued in both systems by
the end of the culture, indicating decreased cell division with terminal erythroid differentiation.
However, while the cell expansion fold in the 4P-LC decreased by half between D15 and D20 (13 211
4988), cells in the 2P-LC continued proliferating until the end, albeit at a lower rate (5 954 + 3725)

(Figure 2A). Overall, cell proliferation parameters were more enhanced in the 4P-LC than in the 2P-LC.

-IL-6
DO D7 D20
2P-LC
SCF, IL-3, IL-6 ! SCF, IL-3, EPO
+EPO
-IL-3 -SCF -EPO
DO D7 D11 1.108 D15 5.108 D20
ap-LC
Transferrin, Transferrin, Transferrin,
SCF, IL-3, EPO SCF, EPO EPO

Figure 1: Schematic representation of the two erythroid differentiation culture systems used in the study: the 2-phase (2P-LC)
and 4-phase (4P-LC) liquid culture systems.
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In the first 7 days of culture, there was no difference in cell viability (> 86%) or apoptosis (< 13%)
between the two protocols (Figure 2D and 2E). From D8 onward, cell viability decreased significantly
in the 2P-LC reaching 28% + 6.12 at D20 compared to 77.33% + 1.70 in the 4P-LC (Figure 2D). As
expected, this was associated with a concomitant increase of apoptosis (AV*DRAQ7 cells), that was at
63.93% and 17.28% at D20 in the 2P-LC and the 4P-LC, respectively (Figure 2E). A higher amount of

debris was observed in the 2P-LC culture from D8 (Figure 2F).
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Figure 2: Cell proliferation, viability and apoptosis in the 2P-LC and the 4P-LC. (A) Fold expansion of cells in the 2P-LC and
the 4P-LC from DO to D20 (mean + SEM, n = 4); ****p<0.0001 Two-way ANOVA. Percentage of (B) Representative growth
curves of cells in the 2P-LC and the 4P-LC (n=1), the exponential growth of both culture systems is delimited by the red dotted
lines. (C) Generation time (in hours) of cells undergoing exponential growth in the 2P-LC and the 4P-LC (n = 5; *P<0.0332,
paired t test). (D) viable cells or (E) apoptotic cells (AV*DRAQ7- cells) in the 2P-LC and the 4P-LC from D2 until the end of the
culture (mean £ SD, n = 3) (F) Forward scatter (FSC) versus side scatter (SSC) plots of flow cytometric analysis on D12 of culture
in the 4P-LC (left panel) and the 2P-LC (right panel). ¥*p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001 Two-way ANOVA.
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B. Faster Differentiation Kinetics in the 4P-LC

Erythroid differentiation of CD34" cells was monitored by flow cytometry using the surface expression
of CD34, GPA, CD71 and CD36. As expected, CD34 expression decreased with a concomitant increase
of GPA expression in both protocols over time, although by following different kinetics. In the 2P-LC,
CD34" cells were present in the culture until D9 while in the 4P-LC they decreased rapidly as early as
D4 and were almost undetectable by D7 (Figure 3A). This was associated with a faster acquisition of
GPA in the 4P-LC where 13.751 9.80% of the cells were GPA* at D4, a percentage reached only at D6 in
the 2P-LC (11.70%z 7) (Figure 3B). The slower acquisition of GPA in the 2P-LC was indicative of a
delayed terminal erythroid differentiation, as documented by lower levels of CD71* and CD36* cells
between D4 and D10 (Figure 3C and 3D). At D18, the expected drop in the percentage of CD71* and
CD36" cells occurred only in the 4P-LC, with 3.16 + 0.06% of CD36" and 16.62 + 16.03% of CD71" cells
as compared to 59.05 * 23.73% and 75.34 £ 24.39 in the 2P-LC, respectively (Figure 3C and 3D). These

data indicated slower kinetics of erythroid differentiation in the 2P-LC.

We performed a detailed analysis of erythroid differentiation using a recently published method of
immuno-phenotyping that allows the characterization of all the stages of human erythroid
differentiation, from erythroid progenitor 1 (EP1) to orthochromatic erythroblast (OrthoE) (Yan et al.,
2021). We first assessed the erythroid progenitor compartment (CD123"GPA'CD71%), that could be sub-
divided into four subpopulations of progressively mature progenitor cells, based on the expression
levels of CD34 and CD105: CD34*CD105" as EP1, CD34*CD105"" as EP2, CD34*/°“CD105"¢" as EP3 and
CD34°CD105"e" as EP4 (Yan et al., 2021). The four EP populations were present in both culture systems
but followed different differentiation kinetics, with a marked delay in the 2P-LC as compared to the 4P-
LC (Figure 3E). At D8, most of the cells in the 4P-LC were at the terminal differentiation stage, with few
EPs represented by a small proportion of EP4, while the majority of the cells in the 2P-LC were
composed of EPs (Figure 3E and 3G). These data indicated a shorter phase of the early differentiation
stage in the 4P-LC.

We further investigated the EP results by performing a functional colony-formation assay. Cells from
2P-LC and 4P-LC were seeded in a semisolid culture medium and incubated for 14 days. The number of
colonies formed was counted and served as an indicator of the presence of EPs in the seeded cells. The
number of colonies formed from D4-seeded cells from 2P-LC and 4P-LC was not different whereas a
higher number of colonies was formed from D6-seeded cells from 2P-LC compared to D6-seeded cells
from 4P-LC (Figure 3H). At D8, only sporadic colonies were observed for both conditions (data not
shown). The different types of CFUs (myeloid CFU, CFU-GEMM, BFU-E and CFU-E) were identified using

an inverted microscope. No significant difference in colony distribution was observed with D4-seeded
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and D6-seeded cells from 2P-LC and 4P-LC, both conditions showed a similar proportion of myeloid and
erythroid colonies (Figure 3I). Our results show that the 2P-LC maintain a prolonged colony formation

activity compared to the 4P-LC.
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Figure 3: Erythroid maturation kinetics in the 2P-LC and the 4P-LC. Quantification of (A) CD34, (B) GPA, (C) CD71 and (D)
CD36 expression, monitored by flow cytometry, on the indicated days of culture in the 2P-LC and the 4P-LC (mean £SD, n=5)
*p<0.0332, **p<0.0021, ***p<0.0002, ****p<0.0001 Two-way ANOVA. (E) Early erythroid differentiation was monitored and
representative plots of CD105 versus CD34 within the CD123-GPA-CD71* subset are shown in the 2P-LC (upper panel) and in
the 4P-LC (lower panel) on D4. (F) Terminal erythroid differentiation was monitored and representative plots of CD105 versus
GPA within the CD123-GPA*CD71* subset are shown in the 2P-LC (upper panel) or in the 4P-LC (lower panel) on D11. (G)
Quantitative analysis of the percentages of erythroid progenitors (EP1, EP2, EP3 and EP4) and erythroblasts (ProE, EBaso,
Lbaso, PolyE and OrthoE+Retics) are shown in the 2P-LC (upper panel) or in the 4P-LC (lower panel) on the indicated days of
culture (mean £ SD, n = 3). (H) Total number of CFU derived from 500 cells taken at D4 and D6 from the 2P-LC and the 4P-LC
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(mean £ SEM, n = 6) **p=0.0022 Mann-Whitney test. () Distribution of colony types at D4 and D6 of the 2P-LC and the 4P-LC.
Colony types were classified according to morphological criteria in Myeloid CFU, CFU-GEMM, BFU-E, and CFU-E.

We then monitored the expression levels of CD105 and GPA on CD71*GPA* cells to assess the terminal
differentiation stages. Specifically, we identified the following stages: GPA™CD105"&" as
proerythroblasts (ProE), GPA"&"CD105"&" as early basophilic erythroblasts (EBaso), GPA""CD105™ as
late basophilic erythroblasts (LBaso), GPA"&"CD105"°% as polychromatic erythroblasts (PolyE), and
GPA"&"CD105" as orthochromatic erythroblasts and reticulocytes (OrthoE+Retics). As expected, cells in
the 4P-LC differentiated at a faster rate than those in the 2P-LC (Figure 3F). Although cells in the 2P-LC
initiated terminal differentiation later than those in the 4P-LC, cells in both culture systems were able
to reconstitute all distinct stages of terminal erythropoiesis and to reach the OrthoE/Retic stage, albeit
in different proportions (Figure 3G). By D18 of culture, while most cells reached the OrthoE/Retic stage
in the 4P-LC (83.06 + 17.11), the proportion was only of 16.67 + 7.13% in the 2P-LC, with cells from the
earliest differentiation stages still present in the culture, such as EBaso (13.94 + 5.61%) and LBaso
(20.32 £ 5.17%) (Figure 3G). This delay in terminal differentiation in the 2P-LC was further confirmed
by MGG staining. On D15, in the 4P-LC, there was a higher proportion of cells at terminal stages (PolyE
and OrthoE) and already reticulocytes, whereas the 2P-LC still contained cells ProE and BasoE cells. On
D20 basophilic erythroblasts were still detected in 2P-LC whereas the 4P-LC showed almost exclusively
reticulocytes (Figure 4). Overall, cells were able to differentiate further and in a more synchronous
manner in the 4P-LC than in the 2P-LC. Interestingly, cells in the 2P-LC culture did not appear to have
the capacity to further differentiate beyond a certain point, as most cells were apoptotic by D20,
suggesting that by that time, cells in the 2P-LC had reached their proliferation potential and were no

longer able to differentiate.
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Figure 4: Representative cytospin images of differentiated erythroblasts derived from the 2P-LC and the 4P-LC on the indicated
days of culture; scale bar=20um.
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C. Higher Enucleation Rate in the 4P-LC than in the 2P-LC

At the end of the cultures, the enucleation rate was much higher in the 4P-LC (80.27+ 2.17) than in the
2P-LC (28.87+ 5,38) (Figure 5A and 5B), consistent with the faster differentiation kinetics and better
synchronicity of the 4P-LC. Of note, the presence of enucleated cells was detected as early as D14 of
culture in the 4P-LC, albeit at low levels (2.91+0.45%) (Figure 5B). We refined the enucleation analysis
by gating on CD36" cells to restrict the quantification to the cell populations having reached the same
differentiation stage. Only 50.8 £ 6.47% of CD36 cells were enucleated in the 2P-LC compared to 81.84
+ 9.2 % in the 4P-LC (Figure 5C). This different enucleation potential between the 2 systems of
phenotypically similar cell populations suggests intrinsic differences between the cells generated by
the two culture methods. This was supported by further analyses showing that most enucleated cells
in the 2P-LC were still reticulocytes (TO*), while those in the 4P-LC were mostly of the cultured RBC
phenotype (cRBCs) (TO") (Figure 5D and 5E).
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(left) and the 4P-LC (right) on D20. (B) Percentage of enucleation on D14, D18 and D20 in the 2P-LC and the 4P-LC (mean + SD,
n = 4) *p<0.0332, ****p<0.0001 Two-way ANOVA. (C) Percentage of enucleation in the CD36" cells on D20 in the 2P-LC and
the 4P-LC (mean * SD, n = 4). *p<0.05; unpaired t-test. (D) Representative plots of erythroblasts (TOhgh), reticulocytes (TO*)
and cRBCs (TO’) from the 2P-LC (left) and the 4P-LC (right) on D20. (E) Quantification of the percentages of reticulocytes and
cRBCs in the 2P-LC and the 4P-LC on D20. ***p<0.0002 unpaired t-test. (F) Quantification of adult hemoglobin (HbA)
expression, monitored by flow cytometry, on the indicated days of culture in the 2P-LC and the 4P-LC (mean % SD, n = 3)
*p<0.0332, ***p<0.001, ****p<0.0001 Two-Way ANOVA. (G) Percentage of fetal Hemoglobin (HbF) positive cells in the 2P-LC
and the 4P-LC detected by flow cytometry at D18 (mean + SD, n = 3).

We measured the hemoglobin content and expression kinetics in differentiating cells by flow
cytometry. Cells expressing adult hemoglobin (HbA) were detected as early as D6 in both protocols,
with higher proportions in the 4P-LC than in the 2P-LC (79.57% + 1.75 and 18.49 + 1.70, respectively),
reaching > 99.5% of the cells at D18 in both systems (Figure 5F). Expression of fetal hemoglobin (HbF)
was also assessed and found in high proportions of differentiating cells, with no significant difference

between the two systems (41.30% 2P-LC vs 35.61% 4P-LC at D18) (Figure 5G).

D. Cellsin the 4P-LC Express Higher Levels of Erythroid Transcription Factors than Cells
in the 2P-LC

To monitor terminal erythroid differentiation at the molecular level, we assessed the mRNA expression
of several genes critical for erythropoiesis and its regulation: the transcription factors GATA1, KLF1, and

TAL1, and the MYB gene, known to be involved in the globin switching.

In line with our flow cytometry data, genes involved in erythroid lineage commitment were
upregulated during erythroid differentiation in both culture systems, with some differences in their
expression level and kinetics. As expected, GATA1, KLF1, and TAL1 mRNA expression levels were
markedly higher in cells from the 4P-LC, as for instance the 5-fold higher expression level of GATA1 at
D15. Similarly, the expression of KLF1 and TAL1 was also increased at D15 by 4 and 5 folds, respectively
(Figure 6A, 6B and 6C). These data confirmed the faster kinetics of the 4P-LC cells, achieving terminal
differentiation by D15, with higher numbers of OrthoE in which a peak of GATA1, KLF1, and TAL1 is

known to occur (Novershtern et al., 2011; Yan et al., 2018).

Conversely, the expression of MYB, known to be high in erythroid progenitors and decreasing during
differentiation (Yan et al., 2018), was higher in the 2P-LC than in the 4P-LC (Figure 6D). In the 2P-LC,
MYB expression was higher than in the 4P-LC at all time points and remained stable from D4 till D15
before initiating a decrease. The sustained high expression of MYB at D18 reflected the inability of the
2P-LC cells to achieve a complete differentiation. In the 4P-LC, the highest expression of MYB was
detected at D4, after which it decreased progressively to reach a low-level plateau between D11 and

18 (Figure 6D).
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Figure 6: Expression of erythroid master regulators in the 2P-LC and the 4P-LC. qPCR analysis of (A) GATAL, (B) KLF1, (C) TAL1
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In this study, the two most commonly used erythroid differentiation protocols were compared using
molecular and cellular tools. Erythropoiesis was induced and investigated by both protocols in parallel
using the same pool of human CD34* cells, isolated from peripheral blood of healthy donors, to avoid

donor-derived variability.

The 4P-LC exhibited higher overall proliferation and better viability, which seem to result from the
presence of EPO, that was added as early as the first day of culture. In addition to its proerythroid role,
EPO was identified as a hematopoietic hormone harboring a broad range of actions protecting from
oxidation, apoptosis and inflammation (Koury & Bondurant, 1990). EPO also promotes cell proliferation
by bringing dormant erythroid progenitors to enter the cell cycle (Spivak et al., 1991). In contrast, the
2P-LC system had an initial EPO-independent phase, with a cytokine mix restricted to SCF, IL-3 and IL-
6. These cytokines are assumed to support the proliferation of early non-lineage committed
hematopoietic cells, favoring the proliferation of all myeloid-biased progenitors. This is in agreement
with our results from semisolid cultures, that showed a prolonged colony formation potential in the
2P-LC system. However, our data did not show the supposed better culture efficiency when adult CD34*
cells are expanded by applying an EPO-independent priming phase. Our study shows that adding EPO
from the beginning of the culture has a dual positive effect, improving proliferation and protecting cells
from apoptosis, in agreement with the fact that EPO maintains cell viability by upregulating Bcl-xL, an
anti-apoptotic gene of the Bcl-2 family (Silva et al., 1996). The increased cell death in the 2P-LC system
following the addition of EPO may be associated with the Hayflick limit (Shay & Wright, 2000), with a
premature shortening of telomeres in the progenitors during the initial EPO-free phase, preventing
them from reaching a full differentiation potential during the subsequent phase of the culture. Of note,
the increased cell death in the 2P-LC system resulted in the accumulation of debris. These debris can
have detrimental effects by exacerbating the level of cell death and by introducing a bias in the data

generated by RT-qPCR and Western Blot.

In the 4P-LC, there was a preferential induction of erythroid precursors driven by the early stimulation
with EPO, SCF, and IL-3. ProEs were present in the culture at D4, and OrthoEs were detected as early
as D8. During the early differentiation stages, up to D4, cells expressed high levels of the transferrin
receptor CD71 and the early erythroid antigen CD36. However, after D15, CD36 and CD71 expression
gradually decreased, in line with developing differentiation. GPA expression was detected at D4, and
by D8 it was expressed on almost all cells. Furthermore, most GPA* cells became CD71 and CD36",
which is known to be a sign of cell cycle arrest and terminal maturation into erythrocytes (Wangen et
al., 2014). In the 2P-LC system, the first ProEs and OrthoEs were present at D6 and D13, respectively.
These erythroid cells expressed lower levels of CD36 and CD71 compared to cells from the 4P-LC that

remained stable till the end of the culture, suggesting the inability of the cells to achieve complete
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maturation. This was reflected by higher rates of reticulocytes and erythrocytes in the 4P-LC,
highlighting its suitability to investigate the molecular mechanisms involved in enucleation and
reticulocyte maturation as opposed to the 2P-LC system. In addition to better erythroid maturation,
the 4P-LC conditions showed improved synchronization of cell divisions, with cells progressing through
subsequent maturation stages in a homogeneous manner as compared to 2P-LC cells. As a matter of
fact, at D18, cells from the 4P-LC were almost exclusively OrthoEs and Retics/cRBCs, whereas 7 different
subpopulations were concomitantly present in the 2P-LC (EP4, ProEs, EBasos, LBasos, PolyEs, OrthoEs

and Retics/RBCs).

Many experimental models have been used to study erythropoiesis over the past years. As there is
substantial evidence indicating that the bone marrow (BM) microenvironment impacts erythroid
differentiation and enucleation, stromal cell and/or macrophage-based co-culture methods were
developed (Giarratana et al., 2005; Martha Lopez-Yrigoyen et al., 2019). These models provide optimal
approaches for studying the interaction between erythroid cells and the complex environment of the
BM niche. Recently, 3D cultures using scaffolds that mimic the BM architecture have been also
developed (Severn et al., 2019). Culture cells in 3D enhance the value of such cell-based assays and the
generation of more accurate and physiologically relevant results. According to several studies, including
ours, a 3D architecture in combination with media perfusion/circulation creates a dynamic system that

advances cell-based models towards the recreation of a more “in vivo-like” conditions.

In the current study, we chose to focus on 2D culture systems that are easily accessible and that do not
require specific material to set. The 2P-LC and 4P-LC systems are standardized protocols that are
frequently used in hematology research laboratories to investigate cell autonomous mechanisms in

normal and pathological erythropoiesis.

Despite the differences between the 2P-LC and the 4P-LC systems that were revealed by our study, they
both are powerful tools for fundamental and translational research in the field of human
erythropoiesis. They provide accessible means to investigate the kinetics of surface protein expression,
including blood group antigens (Koehl et al., 2023), and the defects of erythropoiesis in hematological

diseases such as in thalassemia (Arlet et al., 2014) and in sickle cell disease (El Hoss et al., 2021).
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A. Blood Samples and Isolation of CD34* Cells
Peripheral Blood Mononuclear Cells (PBMCs) of healthy blood donors were isolated from platelet
leukoreduction filters obtained from the Etablissement Francgais du Sang (EFS), after informed consent.
The study is performed in accordance with the French blood donation regulations and ethics and with
the French Public Health Code (article L.1221-1). First, dextran sedimentation was performed by mixing
blood with 2% dextran solution (Sigma), after 30 min sedimentation, the RBC-depleted upper layer was
collected and PBMCs were isolated on a Ficoll gradient (Eurobio), the remaining RBCs were lysed using
RBC lysis buffer (Thermofisher). CD34* cells were purified by a magnetic sorting system (Stemcell
technologies) according to the manufacturer’s protocol. The purity of the isolated CD34" cells, checked

by flow cytometry, was always 90-96%.

B. Cell Culture
Cells were cultured for 20 days simultaneously in a 2-Phase Liquid Culture (2P-LC) and in a 4-Phase

Liquid Culture (4P-LC).

1. 2 Phases Liquid Culture (2P-LC)

Cells were cultured at a density of 5.10° cells/ml and media was diluted every two days. Composition
of the base medium was Iscove’s Modified Dulbecco’s Medium (IMDM) (Life technologies)
supplemented with 15% BIT 9500 (Stemcell Technologies), 100 U/ml Penicillin Streptomycin (Life
technologies) and 2 mM L-Glutamine (Life technologies). In the first phase (D0-6), cells were expanded
in the presence of 100 ng/ml human recombinant (hr) stem cell factor (SCF) (Miltenyi Biotec), 10 ng/ml
of hr interleukin (IL)-3 (Miltenyi Biotec) and 100 ng/ml of hr IL-6 (Miltenyi Biotec). In the second phase
(D7-20), IL-6 was replaced with 2 U/ml of erythropoietin (EPO) (Stemcell Technologies).

2. 4 Phases Liquid Culture (4P-LC)
Composition of the base culture medium was IMDM, 2% human peripheral plasma, 3% human AB
serum, 3lU/ml heparin (Stemcell technologies), 10 pg/ml insulin (Sigma) and 100 U/ml Penicillin
Streptomycin (Life technologies). In the first phase (D0-6), cells were cultured at a concentration of
1.10° cells/mL in the presence of 200 pg/ml Holo-human transferrin (Sigma), 10 ng/ml SCF, 1 ng/ml IL-
3 and 3 IU/ml EPO. In the second phase (D7-10), IL-3 was removed from the media, and the
concentration of EPO was reduced to 1 IU/ml. In the third phase (D11-14), the cell concentration was
increased to 1.10° cells/mL, SCF was removed from the media and the concentration of transferrin was
increased to 1mg/ml. Finally, in the fourth phase (D15-20), the cell concentration was increased to

5.10° cells/mL, and EPO was removed from the media.
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C. Analysis of Proliferation and Differentiation by Flow Cytometry

Cell viability and cell proliferation were determined by trypan blue staining (Sigma) and microscopic
evaluation. Cells were sampled from the cultures every two days to assess apoptosis. Briefly, 2.5.10°
cells were washed once with Annexin buffer and stained with PE-conjugated Annexin V and 300 nM of
DRAQ7 for 15 min at room temperature (RT). Samples were then diluted with 200 ul of Annexin buffer
before analysis. To monitor differentiation, cells were analyzed for surface expression of glycophorin A
(GPA), CD34, CD36, CD71, CD105, CD123 (Biolegend). For this 2.5.10° cells were washed twice with
phosphate-buffered saline (PBS) supplemented with 2% fetal bovine serum (FBS) and 1 mM EDTA. After
blocking with 0.4% human AB serum for 20 min on ice, cells were stained with fluorochrome-
conjugated antibodies for 30 min on ice. Cells were washed twice with PBS 2% FBS 1 mM EDTA and
stained with 300 nM of DRAQ7 (Biolegend) for 15 min at RT before analysis. To study enucleation, cells
were first incubated with anti-CD36 antibodies for 30 min on ice. Cells were then stained with 100 nM

of Syto16 dye (Thermofisher) for 15 min at RT and washed once before analysis.

Cells are also analyzed for adult hemoglobin (HbA) and fetal hemoglobin (HbF) expression. For this,
5.10° cells were fixed, permeabilized and saturated as previously described (El Hoss et al., 2021). Cells
were stained with anti-GPA, anti-HbA and anti-HbF antibodies for 30 min on ice and washed twice with

PBS 2% FBS 1 mM EDTA before analysis.

Cells were analyzed on Cytoflex S flow cytometer (Beckman Coulter) and acquired using the CytExpert

software (Beckman Coulter). Data was analyzed using the same software.

D. Cytospin Preparation
For analysis of cell morphology, 2.10° cell in 100 pL PBS were used to prepare cytospin preparations on
non-coated slides, using the Cytospin 4 Shandon centrifuge (Thermofisher). The slides were stained
with May-Grunwald-Giemsa (MGG) following manufacturer’s instructions (Sigma). The slides were

imaged using an Olympus BX41 (Zeiss) inverted microscope.

E. Colony Forming Assay
Colony forming assays were performed on days 4, 6 and 8. At any given day, 500 cells were plated in
triplicate in 6-well culture plates containing methylcellulose-based medium (Methocult H4434,
StemcCell). Cells were incubated for 14 days at 37°C and 5% CO,. BFU-E, CFU-E, CFU-GEMM and myeloid
colonies were enumerated by microscopy according to the standard previously described criteria

(Eaves & Lambie, 1995).
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F.

gPCR Analysis

Total RNA was isolated using the RNeasy kit (Qiagen). cDNA was reverse transcribed using M-MLV RT

(Promega ref M1701), random hexamer (Life ref N8080127), dNTP (fisher ref 100833232) and real-time

PCR analyses were performed using Power Sybr Green PCR Master Mix (Life ref 4367659). The primers

shown in Table 1 were used to target GAPDH, HPRT1, GATA1, KLF1, TAL1, MYB. Each experiment was

carried out in triplicate, and average Ct was calculated with StepOne 2.1 software (Invitrogen). The

results are normalized using the two housekeeping genes GAPDH and HPRT1.

Table 1: Primers pairs used in qPCR.

Gene Forward primer Reverse primer

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
HPRT1 CATTATGCTGAGGATTTGGAAAGG CTTGAGCACACAGAGGGCTACA
GATA1 CACGACACTGTGGCGGAGAAAT TTCCAGATGCCTTGCGGTTTCG
KLF1 TTGCGGCAAGAGCTACACCAAG GTAGTGGCGGGTCAGCTCGTC
TAL1 CCACCAACAATCGAGTGAAGAGG GTTCACATTCTGCTGCCGCCAT
MYB GGGAACAGATGGGCAGAAATCG GCTGGCTTTTGAAGACTCCTGC

G. Statistical Analysis

Statistical analyses were performed with GraphPad Prism (version 7). The data was analyzed using

unpaired and paired t test, Mann-Whitney test or two-way ANOVA and p<0.05 was considered to

indicate statistical significance.
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In the context of SCD, we expect that the central macrophage of the erythroblastic island (EBI), being
the cell with phagocytic capacities in direct interaction with differentiating erythroblasts, would engulf
high numbers of apoptotic erythroblasts that arise during terminal differentiation. Previous
ultrastructural studies of bone marrow (BM) aspirates support a role for BM macrophages in clearing
away defective erythroid cells during ineffective erythropoiesis. Indeed, extensive marrow
erythrophagocytosis was shown in SCD and beta-thalassemia patients (Angelucci et al., 2002; Grasso
et al., 1975; Wickramasinghe & Hughes, 1978). This process may result in the accumulation of high
amounts of hemoglobin and iron within their cytoplasm, which in turn, may induce the generation of
free radicals, trigger lipid peroxidation, and ultimately induce cell death through a mechanism known

as ferroptosis, an iron-dependent form of non-apoptotic cell death (Dixon et al., 2012).

In this chapter, we studied erythrophagocytosis-induced ferroptosis in vitro, using a model of EBI-like
macrophages differentiated in the presence of dexamethasone (Dex) (Hampton-O'Neil et al., 2020;
Heideveld et al., 2018). We exposed these macrophages to RBCs and apoptotic erythroblasts obtained
from healthy donors (HD) and SCD patients. Our findings revealed that high levels of
erythrophagocytosis induced ferroptosis in EBI-like macrophages, regardless of their origin, and was
associated with increases in reactive oxygen species (ROS) and lipid peroxidation, which were reduced
by ferroptosis inhibitors ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1). Additionally, surviving
macrophages shifted their phenotype towards an inflammatory profile. Furthermore, we explored
ferroptosis markers and gene regulation pathways in the SCD Townes mouse model, specifically in EBI
macrophages isolated from the bone marrow and the spleen of SS (sickle cell), AS (sickle cell trait), and
AA (control) mice. Interestingly, we observed a ferroptosis signature in the EBI macrophages from SS

mice, whereas AS and AA mice did not exhibit such characteristics.

We propose that ineffective erythropoiesis in SCD can affect the EBI by either inducing ferroptosis in
the central macrophages or shifting its phenotype to an inflammatory profile. Overall, this could
compromise the ability of these macrophages to effectively support the proliferation and
differentiation of erythroid cells while also promoting a chronic inflammatory state within the bone

marrow.

A. Dexamethasone-treated monocytes from healthy donors and SCD patients

generate “EBI-like” macrophages.

To model EBI macrophages in vitro, we used the culture system of Heideveld et al. in which
macrophages are derived from CD14* monocytes and differentiated with Dex. The differentiated cells
were reported to exhibit phenotypic characteristics similar to resident macrophages found in the

human BM and fetal liver, displaying an M2 tissue-resident profile based on the surface markers CD14
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(lipopolysaccharide [LPS]-receptor), CD16 (FcYRIIl), CD163, CD169, CD206 (mannose receptor), and
TAM-receptor family members, such as Mer tyrosine kinase (MerTK). Moreover, they were shown to
successfully replicate the functional characteristics of EBI macrophages, such as the ability to interact
with erythroid cells at all stages, to phagocytose extruded nuclei, and to support erythroid expansion

(Hampton-O'Neil et al., 2020; Heideveld et al., 2018).

Monocytes isolated from peripheral blood of healthy donors and SCD patients were differentiated in
the presence of M-CSF and Dex. As expected, cells collected on the seventh day of culture expressed
all the previously described markers (CD14, CD16, CD163, CD169, CD206, and MerTK) (Figure 1A).
Consistent with previous studies, these EBI-like macrophages displayed a homogenous rounded shape,
unlike the elongated fibroblast-like morphology typically observed in M2 macrophages in vitro (Figure
1B). This was associated with high motility, as observed with real time live microscopy (data not shown)

and the ability to interact with a high number of erythroid cells, as shown in our cytospin analysis

(Figure 1C).
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Figure 1: Characterization of EBI-like macrophages. (A) Flow cytometry plots showing the expression of CD14, CD16, CD163,
CD169, CD206 and MerTK on macrophages from a healthy donor (HD) and a sickle cell patient (SCD) differentiated in the
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presence of M-CSF and dexamethasone (B) Microscopic images of macrophages differentiated with M-CSF and with (+ Dex)
or without dexamethasone (- Dex) for 7 days, as observed under a light microscope at total magnification of 100X. (C) May
Griinwald-Giemsa staining (scale bar 20um). Macrophages were co-incubated 24h with erythroblasts at D13 of culture. EBI-
like macrophages can bind nucleated and enucleated cells and can phagocyte pyrenocytes (red arrows) and some erythroid
cells (black arrows).

B. Phagocytosis of Red Blood Cells Induces ROS Production, Lipid Peroxidation, and
Cell Death in EBI-like Macrophages.

To investigate whether increased internalization of hemoglobin-rich cells could induce ferroptosis in
EBI-like macrophages, we first conducted phagocytosis experiments using CellTrace-labeled red blood
cells (RBCs). As previously described, the RBCs used in this assay were preheated at 50°C (H50) to alter
their biomechanical properties and induce their phagocytosis (Dupuis et al., 2022). We chose to work
with a macrophage-to-RBC ratio of 1:30 to conform with the ratio described in the human BM (Lee et
al., 1988). To measure the phagocytic activity of our macrophages, we calculated the phagocytosis
index by assessing the average amount of internalized RBCs per phagocytic macrophage. This was done
by quantifying the Mean Fluorescence intensity (MFI) of CellTrace® macrophages and normalizing it
with the RBC staining intensity. Incubating the EBI-like macrophages with H50 RBCs for 3 hours led to
important phagocytosis as measured by the percentage of CellTrace* macrophages and the
phagocytosis index, that were both higher compared to the condition where macrophages were
incubated with non-heated (NH) RBCs (Figure 2, Figure 3A and 3B). This was confirmed by imaging flow
cytometry, showing the presence of CellTrace* fluorescent spots within the cytosol of nearly all
macrophages in the H50 condition (Figure 3C). Increased erythrophagocytosis led to elevated reactive
oxygen species levels (Figure 3D), lipid peroxidation (Figure 3E) and cell death (Figure 3F) suggesting
the occurrence of ferroptosis, as lipid peroxidation is a hallmark of this process. This was further
confirmed using 2 specific ferroptosis inhibitors, Fer-1 and liproxstatin-1 Lip-1 that did not alter
phagocytosis (Figure 3G and 3H) while they significantly decreased ROS production (Figure 3l), lipid
peroxidation (Figure 3J), and cell death (Figure 3K).
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Figure 2: Measuring erythrophagocytosis in EBI-like macrophages. After co-incubating EBI-like macrophages with CFSE or
CTV-stained RBCs for 3h, cells were collected, and RBCs were washed away and lysed. Flow cytometry plot representing the
percentage of CFSE-positive macrophages in the NH (left panel) and H50 (right panel) conditions.
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Figure 3: Erythrophagocytosis induces ROS production, lipid peroxidation and cell death in EBI-like macrophages. EBI-like
macrophages from control individuals were either incubated alone (CD14), with non-heated RBCs (NH), or with heated RBCs
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(H50). To monitor their phagocytosis, RBCs were first stained with CFSE or CellTrace Violet (CTV) fluorescent dye. After 3h of
co-incubation, non-internalized RBCs were washed away and lysed, and EBI-like macrophages were analyzed using flow
cytometry (A) Phagocytosis of RBCs was quantified by measuring CTV or CFSE positivity in EBI-like macrophages (B) and by
measuring the phagocytosis index (mean + SD, n = 12). ** p<0.0021; **** p< 0.0001; paired t-test. (C) Phagocytosis was
further confirmed by imaging flow cytometry. (D) Reactive oxygen species (ROS) production was measured using DCFDA
(mean = SD, n = 9). (E) Lipid peroxidation was measured using C11-BODIPY 581/591. (mean + SD, n = 9). (F) Cell death was
measured using propidium iodide (Pl) labeling. (mean + SD, n = 9). EBI-like macrophages were incubated with heated RBCs
combined with vehicle, 10 uM Ferrostatin-1 (Fer-1) or 1 uM Liproxstatin-1 (Lip-1). (G) Phagocytosis of RBCs was quantified by
measuring CTV or CFSE positivity (H) and by measuring the phagocytosis index (mean % SD, n = 6). (I) ROS production, (J) lipid
peroxidation and (K) cell death was measured by flow cytometry (mean £ SD, n = 6). ¥*p<0.0332, **p < 0.0021, ***p < 0.0002,
**%%<0,0001; One-Way ANOVA followed by Tukey’s multiple comparison test.

To further explore the ferroptosis-like phenomenon that was triggered by RBC phagocytosis, we
monitored the expression of genes related to iron, oxidative stress, glutathione, and polyunsaturated
fatty acid metabolism (Figures 4). As expected, we observed a significant increase in the expression of
HMOX1 following increased erythrophagocytosis, both at the mRNA (Figure 4A) and protein levels
(Figure 4H), that was abrogated by Lip-1 (Figure 4A), consistent with the reported upregulation of
HMOX1 in response to the oxidative stress associated with rapid heme metabolism and detoxification

following phagocytosis of RBCs (Kwon et al., 2015).

We also observed a significant downregulation of TFRC in cells having phagocytosed many RBCs, likely
due to the increased iron concentration in these cells. Interestingly, this was also prevented by the
presence of Lip-1 in the media, showing that Lip-1 can help maintain TFRC expression regardless of iron
levels in EBI-like macrophages (Figure 4B). In contrast, the expression of GPX4, an antioxidant enzyme
that plays a pivotal role in ferroptosis, was not altered (Figure 4C). This is consistent with previous
studies that showed that GPX4 expression is unchanged in iron-induced ferroptosis (Menon et al., 2022;
Yu et al., 2020). There was no significant change in the expression of NRF2 in the H50 condition (Figure
4D). However, we observed a significant upregulation of NQO1, an oxidative stress response gene,
which was reverted when inhibiting ferroptosis with Lip-1 (Wang et al., 2023) (Figure 4E). Similarly, the
expression of SLC7A11, a gene responsible for maintaining cellular levels of glutathione and involved in
ferroptosis suppression, was also increased, while the expression of ACSL4, a protein that indirectly
promotes ferroptosis, was significantly decreased (Dixon et al., 2012; Doll et al., 2017; Jiang et al., 2015;
W. Zhang et al., 2018) (Figure 4F, 4G and 4H). Interestingly, in addition to preventing the upregulation
of HMOX1 and NQO1, Lip-1 could significantly upregulate NRF2 and GPX4 expression, surpassing all
other conditions. This observation suggests that while Lip-1 is primarily recognized as a ferroptosis
inhibitor due to its ROS scavenging activity, it can also induce response against oxidative stress (Figure

4C and 4D).

These results indicate that increased erythrophagocytosis can induce ferroptosis in EBI-like
macrophages, and that surviving macrophages can actively modulate their gene expression pattern to

promote an anti-ferroptosis response.
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Figure 4: Increased Erythrophagocytosis modulates gene expression in EBI-like macrophages. EBI-like macrophages from
control individuals were incubated alone (CD14), with non-heated RBCS (NH) or with heated RBCs (H50), combined with
vehicle or Lip-1. After 3h, RBCs were washed away and lysed. Real-Time quantitative PCR analysis of (A) HMOX1, (B) TFRC, (C)
GPX4, (D) NRF2, (E) NQO1, (F) SLC7A11, and (G) ACSL4 was performed on the remaining EBI-like macrophages (mean + SD, n
=6). (H) Western Blot analysis of HMOX1 and ACSL4 was performed on cell lysates from the same experiments for the CD14,
NH and H50 conditions (mean £ SD, n = 4). ¥*p<0.0332, **p <0.0021, ***p < 0.0002, ****<0,0001; One-Way ANOVA followed
by Tukey’s multiple comparison test.
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C. Erythrophagocytosis Leads “EBI-like Macrophages” to Shift from an Anti- to a Pro-

inflammatory Profile.

To further determine the effect of increased RBC phagocytosis on the phenotype of surviving
macrophages, we conducted ELISA assays and gene expression profiling to quantify the levels of pro-

inflammatory and anti-inflammatory cytokines at the protein and gene expression levels.

When co-incubated with H50 RBCs, macrophages showed significantly decreased expression of anti-
inflammatory M2 marker TGF-B (Figure 5A), with a concomitant increase of pro-inflammatory M1
marker TNF-a (Figure 5B). Notably, this shift in expression was effectively mitigated when inhibiting
ferroptosis with Lip-1 (Figure 5A and 5B). It is noteworthy that, although not statistically significant at
this timepoint, there were similar variations in the expression of other markers, such as CD206, CD80
and CD86 (Figure 5A and 5B). These results collectively suggest that the ferroptosis induction in
macrophages induces a shift of polarization, transitioning from an anti-inflammatory to a pro-

inflammatory phenotype, which can be prevented by treatment with Lip-1.

We performed the same experiment after 6h and 24h of co-incubation to investigate whether this
polarization shift would persist over time. After 6h, we observed the same shift of polarization, with
decreased expression of anti-inflammatory markers CD206 and CD163 and increased expression of
CD80 and IL-6, all of which were reversed when cells were treated with Lip-1 (Figure 5C and 5D).
Similarly, at 24h, we observed an increase in the expression of CD86 and CD80, demonstrating that
macrophages could maintain their M1 polarization at this time point (Figure 5F). This observation was
corroborated by ELISA assays, which revealed the accumulation of pro-inflammatory cytokines IL-6 and
TNF-a in the supernatant of cells co-incubated with heated RBCs, alongside a reduction of anti-
inflammatory cytokine TGF-p under the same conditions (Figure 5G). However, we did not observe any
significant decrease in anti-inflammatory cytokines at this time point and even noted an increased
expression of CD163, which was absent in the presence of Lip-1 (Figure 5E). This suggests that
macrophages exhibit pro-inflammatory properties at this stage but might also retain their ability to

revert to an anti-inflammatory phenotype.

Our results demonstrate a transition from an M2 to an M1 macrophage phenotype in response to
elevated intracellular iron levels and oxidative stress. Interestingly, prolonged co-incubation of these
macrophages with H50 RBCs suggests they could revert to an M2 phenotype, as indicated by the

increased expression of CD163. However, further assays would be necessary to confirm this hypothesis.
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Figure 5: Increased Erythrophagocytosis induces a shift to an M1 phenotype in EBI-like macrophages. EBI-like macrophages
from control individuals were incubated alone (CD14), with non-heated RBCS (NH) or with heated RBCs (H50), combined with
vehicle or Lip-1. After 3h, 6h, and 24h, RBCs were washed away and lysed. Real-Time quantitative PCR analysis of M2
macrophage associated genes (/IDO1, TGF-8, IL-10, CD206, CD163) at (A) 3h, (C) 6h and (E) 24h, and M1 macrophage associated
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genes (IL-6, TNF-a, NOS2, CD86, CD80) at (B) 3h (D) 6h and (F) 24h (mean + SEM, n=3). (G) At 24h, the supernatant of each
condition was collected and IL-6, IL-10, TNF-a, and TGF-B production was measured by ELISA assay (mean * SD, n=3).
*p<0.0332, **p < 0.0021, ***p < 0.0002, ****<0,0001; One-Way ANOVA followed by Tukey’s multiple comparison test.

D. Phagocytosis of Mature but not Immature Erythroblasts leads to Ferroptosis.

To get closer to the physiological conditions of the bone marrow, we performed phagocytosis
experiments replacing RBCs by differentiating erythroblasts. CD34* cells isolated from healthy donors’
peripheral blood were cultured and differentiated in media containing SCF, EPO, IL-3, and transferrin,
following a 4-Phase protocol of in vitro erythropoiesis (Yan et al., 2018). Regular monitoring of the
differentiation kinetics by flow cytometry and MGG staining identified day 13 (D13) of culture as the
timepoint at which >83% (+ 6,71%) of the cells were at the polychromatic or the orthochromatic stage,
with <25 % of enucleation (Figure 6A, 6B, and 6C). D13 differentiating erythroblasts were exposed to
UV light to trigger apoptosis, put in culture for 24h then incubated with EBI-like macrophages. Exposure
to UV induced high levels of Annexin V* apoptotic cells (Figure 6D), that were efficiently phagocytosed

by macrophages as compared to the non-irradiated cells (Figures 7A and 7B).
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Figure 6: Erythropoiesis of control and SCD patients following a 4 phases liquid culture protocol. CD34* cells were isolated
from healthy donors or SCD patients’ peripheral blood and cultured following an ex vivo erythropoiesis protocol with 4 phases
under normoxic conditions (A) Stacked histogram representing the percentages of the different maturation stages:
proerythroblast (ProE), early and late basophilic erythroblasts (EBaso and LBaso), polychromatic erythroblast (PolyE) and
orthochromatic erythroblast (OrthoE) on days 11, 13, 15 and 18 of the culture of healthy donor cells (left panel) or SCD
patient’s cells (right panel). (mean £ SD, n = 5 for healthy donor and n=3 for SCD patient). (B) Percentage of enucleation on
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days 13, 15 and 18 during the culture of healthy donors and SCD patients’ cells (mean £ SD, n =5). ¥*p<0.0332 One-Way ANOVA
followed by Tukey’s multiple comparison test. (C) Erythroblast differentiation was followed by flow cytometry using a
combination of the two surface markers: GPA and CD105. Differentiation stages were further characterized by doing May
Grinwald-Giemsa (MGG) staining (scale bar 20um). (D) On day 13 of culture, erythroblasts were irradiated with UV to induce
their apoptosis and co-incubated with macrophages under normoxia or under hypoxia (mean * SD, n = 7) ¥**p<0.001; paired
t-test.

We assessed the impact of phagocytosis on the macrophages by gating on CD163*GPA" cells to exclude
residual erythroblasts in the cell suspension (Figure 7C), as, unlike RBCs, erythroblasts cannot be
removed through osmotic shock following co-incubation with macrophages. After 3 hours of incubation
with apoptotic erythroblasts, we observed elevated ROS levels (Figure 7D), lipid peroxidation (Figure
7E) and cell death (Figure 7F) in EBI-like macrophages. There was a further increase of ROS levels (Figure
7D) and lipid peroxidation (Figure 7E) after 18 hours of co-incubation, as well as increased cell death
reflected by fewer attached cells at this timepoint with increased percentages of PI* cells in the
macrophages that were still attached to the culture dish (Figure 7F and 7G). Imaging flow cytometry
experiments confirmed that lipid peroxidation was occurring in the macrophage compartment as the

C11-BODIPY staining did not colocalize with internalized erythroblasts (Figure 7H).
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Figure 7: Increased Phagocytosis of terminally differentiating erythroblasts induces ferroptosis in EBI-like macrophages
from Control and SCD Patients. CD34* cells from control individuals were cultured for 13 days under normoxic conditions
following a 4-Phase protocol of ex vivo erythropoiesis. On day 13 part of these erythroblasts were irradiated with UV to induce
their apoptosis. EBI-like macrophages from control individuals were incubated alone (CD14) or co-incubated with either the
remaining healthy erythroblasts (+ EBs) from that culture, or the apoptotic erythroblasts (+ Apoptotic EBs). Cells were co-

121



Results — Chapter 3

incubated together under normoxia for 3h and 18h (A) Phagocytosis of erythroblasts was quantified by measuring CTV or
CFSE positivity in EBI-like macrophages and by (B) measuring the phagocytosis index (mean + SD, n = 3 for 3h and n=6 for
18h). (C) Macrophages were determined by the forward (FSC) and side scatter (SSC). From this gate, single cells were gated
on, and macrophages without erythroblast on their surface were analyzed based on the expression of CD169 and GPA. (D)
ROS production was measured using DCFDA (E) Lipid peroxidation was measured using C11-BODIPY 581/591. (F) Cell death
was measured using propidium iodide (PI) labelling. (mean = SD, n = 3 for 3h and n=5 for 18h). (G) Number of EBI-like
macrophages obtained after co-incubation alone, with control erythroblasts, and UV-exposed erythroblasts. (mean £ SD, n =
3 for 3h and n=5 for 18h). (H) The colocalization of CTV and BODIPYhigh staining was measured using the Similarity Bright Detail
Feature in IDEAS.

Further experiments were conducted where apoptotic GPA™ progenitors, i.e., before the hemoglobin
expression stage, were co-incubated with macrophages and were efficiently phagocytosed (Figure 8A).
While we observed the expected increase in ROS levels following the phagocytosis of these cells (Figure
8B), this was not associated with increased lipid peroxidation or cell death (Figure 8C and 8D),
supporting the occurrence of ferroptosis in EBlI macrophages only upon phagocytosis of
hemoglobinized erythroblasts. We also showed that ferroptosis was not triggered by soluble factors
during the co-incubation step as there was no change in ROS, lipid peroxidation or cell death when
macrophages were co-cultured with apoptotic D11 GPA* erythroblasts in a transwell system that

prevents cell-cell contact (Figure 8B, 8C and 8D).
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Figure 8: Increased Phagocytosis of GPA- cells does not induce ferroptosis in EBI-like macrophages. CD34* cells from control
individuals were cultured under normoxic conditions for 7 days following a 2-Phase protocol of ex vivo erythropoiesis to
generate GPA- erythroid progenitors (GPA- cells), or for 13 days following a 4-Phase protocol of ex vivo erythropoiesis to
generate terminally differentiating erythroblasts (GPA* cells). On these respective days, cells from both cultures were exposed
to UV to induce their apoptosis. EBI-like macrophages from control individuals were either incubated alone (CD14) or co-
incubated in direct contact with GPA- or GPA* cells for 3h under normoxic conditions. The same macrophages were also
incubated in indirect contact with GPA* cells for 3h using a transwell system (TW). After the erythrophagocytosis experiment
(A) The Phagocytosis Index was measured (mean + SD, n = 4) (B) and ROS production, (C) lipid peroxidation and (D) cell death
was analyzed by flow cytometry (mean + SD, n = 4).

We performed similar experiments using cells from SCD patients. As expected, ROS levels, lipid
peroxidation and cell death were all increased upon phagocytosis of apoptotic hemoglobin-rich SCD
erythroblasts by EBI-like SCD macrophages (Figure 9A, 9B, 9C, and 9D). While there was a significant

reduction of the ROS production and lipid peroxidation in the presence of ferroptosis inhibitors Lip-1,
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this was not sufficient to prevent the increased cell death observed in this experiment (Figure 9B, 9C,

and 9D).

Additionally, we performed experiments at 5% O, to mimic the bone marrow environment. EBI-like
macrophages were cultured for 7 days under partial hypoxic conditions, at 5% O,. The co-incubation of
apoptotic erythroblasts and EBI-like macrophages in these conditions did not significantly impact the
phagocytosis index (Figure 9A). Furthermore, we observed similar levels of ROS, lipid peroxidation and
cell death as compared to those observed under normoxic conditions (Figure 9B, 9C, and 9D). These
results suggest that hypoxia does not prevent the occurrence of cell death following increased

phagocytosis of apoptotic erythroblasts.
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Figure 9: Evaluation of ferroptosis in SCD macrophages: CD34* cells from SCD patients were cultured for 13 days under
normoxic conditions following a 4-Phase protocol of ex vivo erythropoiesis. On day 13 of culture, SCD erythroblasts were
irradiated with UV to induce their apoptosis (Apoptotic EBs). EBI-macrophages, cultured under normoxic or hypoxic
conditions, were incubated alone (CD14) or co-incubated with these apoptotic erythroblasts with or without vehicle, Fer-1
and Lip-1 for 3h. After (A) the phagocytosis index, (B) ROS production, (C) lipid peroxidation and (D) cell death was analyzed
by flow cytometry (mean + SD, n = 5). *p<0.0332, **p < 0.0021, ***p < 0.0002, ****<0,0001; One-Way ANOVA followed by
Tukey’s multiple comparison test.

E. Higher Levels of Lipid Peroxidation Observed in Sickle Mice

To investigate whether ferroptosis occurs in the macrophages of the BM in SCD, we employed an in

vivo approach using the Townes mouse model. While various research groups have identified a
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multitude of molecules expressed by EBI macrophages, including EMP, aV-integrin, KLF1, and Dnase2a
(Chow et al., 2013b; Kawane et al., 2001; Mankelow et al., 2004; Porcu et al., 2011; Sadahira et al.,
1995; Soni et al., 2006), the most reliable combination of surface markers to identify these cells remains
FA4/80, CD169 and VCAM1 (W. Li et al., 2019; Seu et al., 2017). Consequently, to quantify the numbers
of F4/80*VCAM*CD169* macrophages, we stained the BM with these markers along with Ly6G, to gate
out granulocytes, and Ter119, to exclude erythroid cells (Figure 10). Calculation of the cell number
revealed that the overall population of F4/80* macrophages in the BM showed no significant
differences between SS Townes mice and their AA and AS counterparts (Figure 11A). However, while
there were ~ 0.44x10° F4/80*"VCAM*CD169* cells (+0.15x10°) in BM cells from 2 femurs and 2 tibias in
AA mice, and ~ 0.31x10° cells (+0.14x10°) in AS mice, this number was significantly decreased in the

BM of SS mice with ~ 0.11x10° cells (+0.04x10°) (Figure 11B).

>
W
@]
O

107

"o JLy8G Hi(59,99 %)

10°

Single cells(94 60 %)

10°
10°

10

DRAQGT APC-ATO0-A
10°

LyEGAPC-ATS0-A

10°

7 LyBG neg(39,47 %)
0 50 100
S5C-A (x10%

0 50 100 0
FSC-A (x10%

- F4-B0+(3453%)

VCAM+ cells(48,32 %)

FSC-Width
FSC-Width

— L e N manes SREEImEEIRLL T T T T LLALRRELLLL m e e e L e R AL LRI B 1) e e B L e 0
0 10° 10% 107 0 10¢ 10° 10° o 10f 108 10° 107 o 1o 10 10° 107
Ter119 PerCP-a F4-80 APC-A CD168 FITC-A VCAM1 PCT-A

Figure 10: Representative gating strategy for F4/80*VCAM1+CD169* macrophages in mouse BM. 3-month-old mice were
sacrificed and bone marrow and spleen cells were isolated. (A) Plot of FSC-A and SSC-A of all events, (B) plot of FSC-A and
FSC-H of gated population in (A). From the single cells gate (C) Lineage negative (Lin-) and live cells were analyzed (D) Ly6G"
were analysed (E) Ter119- cells were analyzed (F) F4/80* cells (G) CD169* and (H) VCAM1* cells were analyzed. FSC-A: forward
scatter area; SSC-A: side scatter area; FCS-H: forward scatter height.

In mice, stress erythropoiesis is extramedullary and occurs in the spleen. Therefore, we also isolated
cells from the spleen and quantified the number of F4/80* and F4/80*CD169*VCAM1* cells in this organ.
SS mice developed a marked splenomegaly, with a significant increase in spleen weight compared to
HbA and HbAS mice (Figure 11C). Consequently, HbS mice had an increased total cell count, which was
reflected by the elevated numbers of F4/80* and F4/80*CD169*VCAM1* macrophages, both of which

were significantly higher in SS mice in comparison to AS and AA mice (Figure 11D and 11E).

124



Results — Chapter 3

Interestingly, despite this increased total cell count, we noted a significant decrease in the percentages
of F4/80* and F4/80*CD169*VCAM1* cells within the Ly6GTerl19 cell population in SS mice, in
comparison to AS and AA individuals (Figure 11F and 11G). These results suggest a shift in the

composition of the macrophage subpopulations in the BM and the spleen of SS mice.

We also investigated whether macrophages of SS mice had increased lipid peroxidation by staining BM
cells with C11-BODIPY and an anti-F4/80 antibody. C11-BODIPY fluorescence was higher in the F4/80*
cells of SS mice as compared to AA and AS mice (Figure 11H), which is indicative of lipid peroxidation,
a hallmark of ferroptosis. This was specific to F4/80* cells and was not a general feature of BM cells, as
there was no difference in C11-BODIPY fluorescence of the rest of the BM cells (F4/80-) among the
mice of the 3 genotypes (Figure 111), although we cannot exclude that other specific sub-populations
of cells may also be impacted. We also measured lipid peroxidation levels in the splenocytes of the
same mice. Interestingly, we did not observe a significant difference of C11-BODIPY fluorescence
between SS, AS and AA individuals. This was the case for the macrophages of the spleen as well as the
rest of the splenocytes (F4/80-) (figure 11J and 11K). These results suggest that ferroptosis is likely
occurring in the macrophages of the BM of SCD mice, as demonstrated by the increased lipid

peroxidation levels observed in these cells, but not in the macrophages of the spleen.
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Figure 11: Characterizing F4/80+ macrophages of BM and spleen mice using flow cytometry. 3-month-old mice were
sacrificed, and bone marrow and spleen cells were isolated. Total numbers of (A) F4/80* and (B) F4/80*CD169*VCAM1* cells
in AA, AS, and SS mice BM. Total numbers of (C) F4/80* and (D) F4/80*CD169*VCAM1* cells in AA, AS, and SS mice spleen.
(mean + SD, n=5 AA, n=7 AS, n=8 SS). (E) Spleen weight in grams of AA, AS and SS mice. (F) Percentages of F4/80* and (G)
F4/80*CD169*VCAM1* cells in Lin'Ly6GTer119 cells AA, AS, and SS mice spleen. (H) Lipid peroxidation was measured by flow
cytometry with the C11-BODIPY 581/591 staining, in macrophages (F4/80*), (1) or the rest of the cells (F4/80°) of the BM and
(J) in macrophages (K) or the rest of the cells of the spleen (mean + SD, n=5 AA, n=4 AS, n=9 SS), **p <0.0021, ***p < 0.0002,
Mann Whitney test.
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Our first study provided evidence for ineffective erythropoiesis in individuals with SCD. Specifically, we
observed a loss of cell doubling between the polychromatic and orthochromatic stages in the BM, with
a mean fold increase of only 1.24, suggesting the loss of around 40% of maturing erythroblasts (El Hoss
et al., 2021). In the current study we provide evidence that phagocytosis of such high amounts of

apoptotic cells may induce cell death of SCD EBI macrophages through the process of ferroptosis.

Erythrophagocytosis-Induced Ferroptosis in EBI-like Macrophages

After enhanced erythrophagocytosis, EBI-like macrophages showed increased cell death, accompanied
by elevated levels of ROS and lipid peroxidation, a hallmark of ferroptosis. This phenomenon occurred
when macrophages ingested substantial numbers of RBCs or terminally differentiating erythroblasts.
However, while increased phagocytosis of early erythroid progenitors resulted in elevated ROS levels,
it did not show a concurrent increase in lipid peroxidation or cell death. These distinct responses
suggest that heme and its catabolized product, iron, are critical for this erythrophagocytosis-induced
cell death, aligning with the characteristics of ferroptosis. It is worth noting that the increased ROS
production observed in these experiments might result from an oxidative burst occurring in
macrophages after the uptake of any apoptotic cells and is thus not specific to ferroptosis (Lam et al.,

2010; Panday et al., 2015).

Co-treatment with ferroptosis inhibitors Fer-1 and Lip-1 effectively reduced ROS production, lipid
peroxidation, and cell death associated with H50 RBC phagocytosis. This aligns with their function as
radical-trapping antioxidants and further demonstrates the occurrence of ferroptosis following
erythrophagocytosis. These results are consistent with previous studies demonstrating that excessive
engulfment of damaged RBCs could induce ferroptosis in splenic red pulp macrophages of mice
(Youssef et al., 2018). Likewise, erythrophagocytosis-induced ferroptosis was also shown to be a feature
of atherosclerosis (Liu, Ostberg, et al., 2022; Puylaert et al., 2023). Interestingly, after phagocytosis of
apoptotic erythroblasts, these inhibitors did not protect EBI-like macrophages from cell death. We
hypothesize that the large numbers of apoptotic erythroblasts used in this experiment may have
consumed Lip-1 resulting in its faster depletion in the culture media, particularly under hypoxic
conditions, where higher basal levels of ROS are expected. This hypothesis will be challenged by

increasing the concentration of Fer-1 and Lip-1 in future experiments.

Erythrophagocytosis-induced Transcriptional Changes in EBI-like Macrophages:

Our RT-gPCR analyses revealed an increase in HMOX1 expression following erythrophagocytosis, which
could also be observed at the protein level. This rise in HMOX1 levels can be partially attributed to the

increased phagocytosis of RBCs, a process demanding rapid heme metabolism and detoxification
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(Kovtunovych et al., 2010; Poss & Tonegawa, 1997; Yachie et al., 1999). However, excessive HMOX1
activity has been associated with ferroptosis induction as it increases labile Fer (IlI) concentration, even
when ferritin levels are insufficient to store it effectively (Kwon et al., 2015; Suttner & Dennery, 1999).
This process is commonly called 'non-canonical ferroptosis' (Hassannia et al., 2018). In our
experiments, we observed a substantial increase in HMOX1 expression following erythrophagocytosis,
with up to 30-fold increase in some cases. This excessive HMOX1 expression may cause ferroptosis in
EBI-like macrophages. Furthermore, we did not observe changes in the expression of GPX4 after
erythrophagocytosis, suggesting that the observed ferroptosis may not be initiated through a canonical

GPX4-mediated pathway, consistent with previous reports (Puylaert et al., 2023).

We also observed increased expression of SLC7A11 and NQO1, both known to enhance antioxidant
defense and to reduce ferroptosis susceptibility (Dixon et al., 2012; Ross & Siegel, 2017). Their
upregulation following erythrophagocytosis suggests an adaptive response from surviving EBI-like
macrophages, protecting them from ferroptosis by enhancing their antioxidant defense. Despite these
results, we did not observe any modulation of NRF2 mRNA expression, although examining its protein
expression may be needed to gain further insights into its activity in our model. As a major antioxidative
system, NRF2 has been shown to prevent the toxic accumulation of ROS and to suppress ferroptosis
through transcriptional regulation of genes such as SLC7A11, HMOX1, GPX4, and NQO1 (Chen et al.,
2017; Kang et al., 2021; Wang et al., 2022). However, the observed anti-ferroptotic response observed
in our experiments may be coordinated by NRF2-independent pathways, as described in previous
studies (Greaney et al., 2016; Kim et al., 2023; Lim et al., 2019; Y. Zhang et al., 2021). For instance, Kang
et al. demonstrated that HMOX1 levels substantially increased in muscle atrophy, with its expression
depending on FoxO1, not NRF2 (Kang et al., 2014). Similarly, in peritoneal macrophages, hemin induced

HMOX1 expression occurred independently from NRF2 activation (A. Zhang et al., 2021).

Interestingly, the expression of NRF2 was upregulated when cells were co-treated with the ferroptosis
inhibitor Lip-1, indicating that Lip-1 may possess an antioxidant function that relies on NRF2 expression.
This effect is reflected by the concurrent increase in GPX4 expression, one of NRF2 targets also known
for its protective role against ferroptosis. While Lip-1 is a commonly used agent in ferroptosis studies,
its role as an inhibitor has yet to be comprehensively characterized. It is often considered primarily as

a radical-trapping antioxidant, and its detailed mechanism remains to be fully elucidated.

Macrophage Phenotype Shift in Response to Erythrophagocytosis:

Our results demonstrate a shift in the phenotype of EBI-like macrophages following increased

phagocytosis, transitioning from an anti-inflammatory state to a pro-inflammatory one. This shift is
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marked by the increased expression of M1 markers such as CD80, CD86, and TNF-a, along with a

decrease in M2 markers like CD163 and CD206.

Prior studies have demonstrated that iron overload can promote the polarization of macrophages
toward the M1 phenotype via ROS/acetyl-p53 pathway (Handa et al., 2019; Zhou et al., 2018).
Additionally, heme was also identified as a stimulus capable of inducing a similar phenotype shift,
leading to the emergence of ‘heme-activated macrophages’, that closely resemble classically activated
M1 cells (Murray, 2017). This shift was found to be mediated through Toll-like receptor 4 (TLR4)/ROS
signaling and serves to initiate an inflammatory response designed to restore homeostasis (Bozza &

Jeney, 2020; Dutra & Bozza, 2014; Figueiredo et al., 2007; Pradhan et al., 2020).

In the context of SCD, where chronic hemolysis leads to elevated levels of free heme, multiple studies
have reported similar findings. For instance, excess heme has been demonstrated to induce an M1
phenotype shift in hepatic macrophages, which in turn promotes sterile inflammation and exacerbates
hepatic fibrosis and organ damage commonly associated with SCD (Belcher et al., 2014; Gladwin &
Ofori-Acquah, 2014; Vinchi et al., 2016). Moreover, heme has been shown to strongly impair the
functional response of macrophages to the presence of apoptotic cells, aligning with previous research
demonstrating that M1 macrophages exhibit lower phagocytic capacity compared to M2 macrophages
(Denney et al., 2012; Tierney et al., 2009). Therefore, this phenotypic shift prevents the efficient
phagocytosis and clearance of apoptotic cells, ultimately inhibiting the resolution of inflammation and

the process of tissue repair (Sharma et al., 2023).

It has been suggested that iINOS expression in inflammatory macrophages negatively regulates the
onset of ferroptosis, rendering them resistant to this type of cell death (Kapralov et al., 2020; Piattini
et al., 2021). Our results indicate that while some EBI-like macrophages may die through ferroptosis
following increased erythrophagocytosis, the remaining ones shift to a pro-inflammatory phenotype,
helping them better withstand ferroptosis-induced stress. However, this M2-to-M1 phenotype shift
may have a negative impact as it could lead to the accumulation of apoptotic cells in the BM, further
damaging the tissue and leading to sustained inflammation. In our experiments, macrophages co-
incubated with H50 RBCs exhibited increased expression of CD163 after 24h, suggesting a potential
reversion to an M2 phenotype. However, while these observations indicate a potential resolution of
inflammation after 24h ex vivo, the constant production of apoptotic cells in an in vivo setting may

hinder this resolution.
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EBI Macrophage Populations in SCD Townes Mice

Markers historically suggested for the identification of EBI macrophages in mice are F4/80, CD169, and
VCAM1 (Chow et al.,, 2013b; Jacobsen et al., 2014; Ramos et al., 2013). Analysis of the BM
erythropoietic niche in Townes mice revealed a decrease in the number of F4/80*/CD169*/VCAM*
macrophages in HbS mice compared to HbAS and HbAA mice. In contrast, the total number of F4/80*
macrophages in the BM remained relatively constant across all genotypes. Additionally, we observed
an increased C11-BODIPY fluorescent signal in F4/80* cells of HbS but not HbAA or HbAS mice,

indicative of lipid peroxidation in these cells in the context of SCD.

These results suggest that SS mice may have fewer EBIs in their BM, as indicated by the reduced
number of F4/80*CD169*VCAM* macrophages. This decline in EBI macrophages could result from
increased cell death of these cells, possibly though ferroptosis, as increased lipid peroxidation was
observed in SS mice BM macrophages. However, EBI macrophages may have undergone a phenotypic
shift as an adaptive response to the SCD BM environment, as seen in our ex vivo experiments with
human cells. This hypothesis is supported by the fact that the total number of macrophages remained
uniform between HbAA, HbAS, and HbSS mice. Notably, previous studies have shown a similar
phenotypic shift in mice treated with GM-CSF, where a reduction in the number of EBI macrophages
was accompanied by a shift of BM macrophages from an anti-inflammatory to a pro-inflammatory
phenotype, leading to decreased clearance of pyrenocytes and apoptotic erythrocytes (Cao et al., 2022;
Tay et al., 2020). Additionally, in a mouse model of systemic lupus erythematosus, loss of EBI
macrophages was also observed, with a shift to a pro-inflammatory phenotype and a down-regulation

of genes required for adhesion and provision of nutrients to erythroid precursors (Maria et al., 2023).

Townes mice have a marked increase in the size of the spleen attributed to severe congestion and
increased stress erythropoiesis (Gallivan et al., 2022; Nyffenegger et al., 2022; Ryan et al., 1997; Trucas
et al., 2023). In the spleen of SS mice, we observed a substantial increase in the number of F4/80* and
F4/80*CD169*VCAM1* cells, reflecting the splenomegaly. Interestingly, despite this increased total cell
count, we noted a significant decrease in the percentages of F4/80* and F4/80*CD169*VCAM1* cells
within the Ly6GTer119 cell population in SS mice in comparison to AS and AA individuals. This indicates
a shift in the composition of the splenic microenvironment in SS mice, possibly in response to the
increased stress erythropoiesis, and suggests that the number of macrophages may be insufficient to
adequately support the heightened demands of erythropoiesis in the spleen of these mice. However,
it is essential to note that monocytes have also been described as participating in stress erythroid
niches, as they are recruited from the circulation and mature alongside stress erythroid progenitors

(Liao et al., 2018). Therefore, a more comprehensive characterization of the monocyte population, in
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addition to the macrophages, is needed to uncover possible discrepancies between the spleen of SS,

AS, and AA mice.

Contrary to the BM results, F4/80* cells in HbS mice spleen did not present an increased C11-BODIPY
fluorescent signal, denoting no difference in the peroxidation levels of these cells compared to the
splenocytes of HbAS and HbAA mice. This suggest the absence of ferroptosis in the EBIs of the spleen,
probably because the spleen environment is less hypoxic compared to the BM, resulting in a more
efficient erythropoiesis, with less or no cell death during terminal erythroid differentiation. However,
we cannot exclude that such events might occur gradually and reach significant levels in older mice, as
iron accumulation is a common occurrence in the spleen of SCD Townes mice (Alvarez-Argote et al.,
2023). In mice, stress erythropoiesis is extramedullary (Bennett et al., 2018). Thus, the reduced count
of EBl macrophages may also be indicative of an elevated stress erythropoiesis, necessitating the shift

of erythropoiesis from the BM to the spleen.

Our results demonstrate that the increased erythrophagocytosis of RBCs and mature erythroblasts
leads to ferroptosis in EBI-like macrophages. Our preliminary in vivo results support these observations.
However, a more comprehensive characterization of the distinct EBI macrophage subpopulations
within the BM and spleen of Townes mice using -omic approaches is necessary to draw definitive
conclusions. Moreover, the structural study of EBIs might help decipher which of these cell populations
is involved in the formation of these islands in the Townes mouse model. We are currently conducting
an in-depth characterization of Townes mice erythropoiesis to gain a more complete understanding of

the BM and spleen landscape in this model.
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A. Ethical Approval
The study was conducted according to the declaration of Helsinki with approval from the Medical Ethics
Committee (GR-Ex/CPP-DC2016-2618/CNILMRO01), and followed the French blood donation regulations
and ethics, as well as the French Public Health Code (article L.1221-1). Platelet leukoreduction (LR)
filters from healthy donors were obtained from the Etablissements Francais du Sang (EFS). Blood bags
from adult SCD patients enrolled in an automated red blood cell exchange (erythrapheresis) transfusion

program were obtained after informed consent. All SCD patients were of SS genotype.

B. Isolation of CD34+ cells and CD14+ Cells
Dextran sedimentation was performed by mixing blood with 2% dextran solution (Sigma). After 30
minutes sedimentation, the RBC-depleted upper layer was collected and PBMCs were isolated on a
Ficoll gradient (Eurobio), the remaining RBCs were lysed using RBC lysis buffer (Thermofisher). CD34+
cells were purified by a magnetic sorting system (Stemcell technologies) according to manufacturer’s
protocol. From the CD34- cells, CD14+ cells were then isolated by a magnetic sorting system (Miltenyi
Biotec) following the supplier protocol. The purity of the isolated CD34+ and CD14+ cells, checked by

flow cytometry, was always between 90-96%.

C. in vitro Differentiation of Erythroid Progenitors and Erythroblasts

1. 2 Phases Liquid Culture (2P-LC)
Cells were cultured at a density of 5.10° cells/ml and media was diluted every two days. Composition
of the base medium was Iscove’s Modified Dulbecco’s Medium (IMDM) (Life technologies)
supplemented with 15% BIT 9500 (Stemcell Technologies), 100 U/ml Penicillin Streptomycin (Life
technologies) and 2 mM L-Glutamine (Life technologies). In the first phase (D0-6), cells were expanded
in the presence of 100 ng/ml human recombinant (hr) stem cell factor (SCF) (Miltenyi Biotec), 10 ng/ml
of hr interleukin (IL)-3 (Miltenyi Biotec) and 100 ng/ml of hr IL-6 (Miltenyi Biotec). In the second phase
(D7-20), IL-6 was replaced with 2 U/ml of erythropoietin (EPO) (Stemcell Technologies). To perform the

erythrophagocytosis experiments, cells on day 7 of the first phase were used.

2. 4 Phases Liquid Culture (4P-LC)
Composition of the base culture medium was Iscove’s Modified Dulbecco’s Medium (IMDM) (Life
Technologies), 2% human peripheral plasma, 3% human AB serum, 3lU/ml heparin (Stemcell
technologies), 10 pg/ml insulin (Sigma) and 100 U/ml Penicillin Streptomycin (Pen/Strep) (Life
technologies). In the first phase (day 1-7), cells were cultured at a concentration of 1.10° cells/mL in
the presence of 200pg/ml Holo-human transferrin (Sigma), 10 ng/ml stem cell factor (SCF) (Miltenyi),
1 ng/ml human recombinant (hr) interleukin (IL)-3 (Miltenyi Biotec) and 31U/ml erythropoietin (EPO)

(Stemcell Technologies). In the second phase (day 8-11), IL-3 was removed from the media, and the
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concentration of EPO was reduced to 11U/ml. In the third phase (day 13-15), the cell concentration was
increased to 1.10° cells/mL, SCF was removed from the media and the concentration of transferrin was
increased to 1mg/ml. Finally, in the fourth phase (day 16-20), the cell concentration was increased to
5.10° cells/mL, and EPO was removed from the media. To perform the erythrophagocytosis

experiments, cells on day 13 were used.

D. Macrophage culture
CD14+ cells isolated as detailed above were seeded at a density of 1x10°cells/mL in Roswell Park
memorial institute (RPMI) medium (Life Technologies), supplemented with 100 U/ml Penicillin
Streptomycin, 10% Fetal Bovine Serum (FBS) (Life Technologies), 25 ng/mL M-CSF (Stemcell
Technologies) and 1uM dexamethasone (Dex). The media was changed on Day 1 and Day 4 of culture,

and macrophages were considered mature at Day 7.

E. Invitro Erythrophagocytosis Experiment
In vitro phagocytosis experiments were conducted using two different types of cells: RBCs and

erythroblasts.

For the RBC phagocytosis experiment, RBCs obtained from EFS were washed twice with phosphate
buffered saline (PBS) (Corning) and resuspended at a concentration of 10x10%cells/mL. The cells were
then stained with 10uM of CellTrace Violet (Invitrogen) for 20 minutes at 37°C and 300 rpm. After the
staining, the reaction was stopped with FBS, and the cells were washed twice with RPMI supplemented
with 10% FBS. The efficacy of the CellTrace staining was confirmed by flow cytometry. To induce
phagocytosis, the RBCs were incubated for 30 minutes at 50°C and washed again with RPMI. Both
heated and non-heated RBCs were incubated with macrophages in RPMI supplemented with 100 U/ml
Penicillin Streptomycin and 10% Fetal Bovine Serum at a ratio of RBCs/macrophage: 30/1. Following 3h
of incubation at 37°C, the macrophages were washed twice with PBS to remove free RBCs. The
macrophages were then detached using 0.25% trypsin-EDTA (Life Technologies) and counted using the
CASY® (OLS OMNI life Science). To eliminate any remaining non-internalized RBCs, the cells were
incubated for 15 minutes in an RBC lysis buffer (Santa Cruz technology). Finally, the cells were analyzed

by flow cytometry.

For the erythroblast phagocytosis experiment, erythroblasts at specific differentiation stages (D13 of
the 4P-LC and D7 of the 2P-LC) were induced to undergo apoptosis by exposing to UV-light in a UV
chamber (Uvitec). After washing with PBS and resuspending at a concentration of 1x10° cells/mL, the
cells were stained with 1uM CellTrace Violet for 20 minutes at 37°C. Following the staining, the reaction
was stopped with FBS, and the cells were washed with RPMI supplemented with 10% FBS. Similar to
the RBC experiment, erythroblasts were incubated with macrophages in RPMI (100 U/mL Penicillin-
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Streptomycin, 10% FBS) at a ratio of erythroblasts/macrophage: 30/1. After 3 hours of incubation at
37°C, macrophages were washed with PBS to remove free erythroid cells. Cell detachment was
performed using 0.25% trypsin-EDTA, and cell counting was carried out using the CASY® system. Finally,

the cells were analyzed by flow cytometry.

In these experiments CellTrace® macrophages were considered as cells having phagocytized at least
one cell. The phagocytosis index was calculated as followed: geometrical mean fluorescence intensity
(GeoMFI) of CellTrace* macrophages divided by the GeoMFI of CellTrace-stained RBCs * 100. Similar
erythrophagocytosis experiments were conducted in the presence of 100uM Ferrostatin-1 (Fer-1)

(Sigma), and 1 uM Liproxstatin-1 (Lip-1) (Sigma).

F. Flow Cytometry
All experiments were performed on a Cytoflex S flow cytometer (Beckman Coulter) and acquired using
the CytExpert software (Beckman Coulter). The data was analyzed using the same software. Imaging
flow cytometry experiments were analyzed with the Imagestream ISX Mkll flow cytometer (Amnis
Corp, EMD Millipore) and the INSPIRE software version 99.4.437.0. Acquired data was analyzed using
IDEAS software version 6.2 (Amnis Corp, EMD Millipore). Unless otherwise specified, all antibodies

were purchased from Biolegend.

1. Stainings to monitor erythropoiesis.
Cells were taken from the cultures every two days to assess differentiation, apoptosis, enucleation, and

hemoglobin expression.

a. Apoptosis
To measure cell death, erythroblasts were washed once and stained with PE-conjugated Annexin V for
15 minutes at room temperature. Samples were then diluted with 200 pl of Annexin buffer (Biolegend)

and analyzed by FACS.

b. Erythroid differentiation
To monitor erythroid differentiation cells were analyzed for surface expression of glycophorin A (GPA),
CD34, CD36, CD71, CD105, CD117, CD123. For this, cells were blocked with 0,4% human AB serum for
20 minutes at 4°C, and then incubated with fluorochrome-conjugated antibodies for 30 minutes at 4°C.
Cells were washed twice with FACS buffer and stained with 300 nM of DRAQ7 (Biolegend) for 15

minutes at room temperature before analysis.
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c. Enucleation

To study enucleation, cells were first incubated with anti-GPA-PE-Cy7 and anti-CD36-APC antibodies for
30 minutes on ice. Cells were then stained with 100 nM of Syto16 dye (Thermofisher) for 15 minutes

at RT and washed once before analysis.
d. Hemoglobin

Cells were also analyzed for adult hemoglobin (HbA) and Fetal Hemoglobin (HbF) expression. For this,
cells were fixed, permeabilized and saturated as previously described (El Hoss et al., 2021). Cells were
stained with anti-GPA-BV421, anti-HbA-PE (Santa Cruz) and anti-HbF-APC (Miltenyi) antibodies for 30

minutes on ice and washed twice with FACS buffer before analysis.

2. Stainings on macrophages
a. Macrophage phenotype
Detached macrophages were first incubated with human FcR blocking reagent (Miltenyi) diluted 1/10
in FACS buffer (PBS with 2% of FBS and 1mM of EDTA) for 20 minutes at 4°C, to block nonspecific binding
sites. After washing twice with FACS Buffer, macrophages were then stained with anti-CD14-PE
(Invitrogen), anti-CD16-APC-Cy7 (BD Biosciences), anti-CD163-FITC (BD Biosciences), anti-CD169-APC
(Invitrogen) and anti-CD206-BV421 (BD Biosciences), or anti-MerTK-APC and anti-CD106-PE-Cy7
(Invitrogen) for 30 minutes at 4°C. Cells were washed twice and immediately analyzed by flow

cytometry.

b. Cell death
Detached macrophages were first stained with anti-GPA-FITC as described previously. To measure cell
death, macrophages were washed once and stained with APC-conjugated Annexin V for 15 minutes at
room temperature. Samples were then diluted with 200 ul of Annexin buffer. Propidium iodide was

added to the samples just before measuring.

c. ROS production
To measure ROS production macrophages were incubated with 10uM of 2’,7’-Dichlorofluorescin
diacetate (DCFDA) (Sigma) for 30 minutes at 37°C. Cells were washed twice with PBS and then either

stained with anti-GPA-PE-Cy7 and anti-CD169-APC or immediately analyzed by flow cytometry.

d. Lipid peroxidation
To measure lipid peroxidation macrophages were incubated with 2uM of C11-BODIPY 581/591 (C11-
ODIPY) (Invitrogen) for 30 minutes at 37°C. Cells were washed twice with PBS and immediately analyzed

by flow cytometry or by imaging flow cytometry.
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G. Quantitative Reverse Transcriptase PCR

Total RNA was isolated using the RNeasy kit (Qiagen). cDNA was reverse transcribed using Moloney

murine leukemia virus reverse transcriptase (MMLV-RT) (Promega), random hexamer (Invitrogen),

dNTP (Invitrogen) and real-time PCR analyses were performed using Power Sybr Green PCR Master Mix

(Invitrogen). The expression of all genes was evaluated by real-time quantitative PCR using specific

primers (Table 1). Each experiment was carried out in triplicate, and average Ct was calculated with

StepOne 2.1 software (Invitrogen). The results are normalized using the two housekeeping genes

GAPDH and B-ACTIN.

Table 1: primer pairs used in gPCR.

Gene Forward primer Reverse primer

ACSL4 CCGACCTAAGGGAGTGATGA CCTGCAGCCATAGGTAAAGC
B-ACTIN CACCATTGGCAATGAGCGGTTC CACCATTGGCAATGAGCGGTTC
BACH1 CACCGAAGGAGACAGTGAATCC GCTGTTCTGGAGTAAGCTTGTGC
CD80 CTCTTGGTGCTGGCTGGTCTTT GCCAGTAGATGCGAGTTTGTGC
CD86 CCATCAGCTTGTCTGTTTCATTCC GCTGTAATCCAAGGAATGTGGTC
CcD163 CCAGAAGGAACTTGTAGCCACAG | CAGGCACCAAGCGTTTTGAGCT
CD206 AGCCAACACCAGCTCCTCAAGA CAAAACGCTCGCGCATTGTCCA
FTH1 TCCTACGTTTACCTGTCCATGT GTTTGTGCAGTTCCAGTAGTGA
FTL TACGAGCGTCTCCTGAAGATGC GGTTCAGCTTTTTCTCCAGGGC
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
GPX4 AGAGATCAAAGAGTTCGCCGC TCTTCATCCACTTCCACAGCG
GSTM1 TGATGTCCTTGACCTCCACCGT GCTGGACTTCATGTAGGCAGAG
HMOX1 CCAGGCAGAGAATGCTGAGTTC AAGACTGGGCTCTCCTTGTTGC
IDO1 GCCTGATCCATAGAGTCTGGC TGCATCCCAGAACTAGACGTGC
IL-6 CCAGGAGAAGATTCCAAAGATG GGAAGGTTCAGGTTTGTTTTCT
IL-10 GGGGGTTGAGGTATCAGAGGTAA | GCTCCAAGAGAAAGGCATCTACA
NOS2 GACTTTCCAAGACACACTTCACC TATCTCCTTTGTTACCGCTTCC
NQO1 TAGGGATTCACGGCATTGGT GAATGACCGGTGCAAGGATC
NRF2 CAAAAGGAGCAAGAGAAAGCC TCTGATTTGGGAATGTGGGC
PTGS2 CCCTTGGGTGTCAAAGGTAA GCCCTCGCTTATGATCTGTC
SLC7A11 GCTGTGATATCCCTGGCATT GGCGTCTTTAAAGTTCTGCG
TFR1 ACTTCTTCCGTGCTACTTCCAG ACTCCACTCTCATGACACGATC
TGF-8 GACATCAAAAGATAACCACTC TCTAGACAAGTTCAAGCAGA
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TNF-o AGGAGAAGAGGCTGAGGAACAAG | GAGGGAGAGAAGCAACTACAGACC

H. Western Blot
Macrophages were lysed in RIPA buffer containing protease inhibitor on the ice for 40 minutes and
then centrifuged at 14,0009 for 10 minutes to generate protein lysates. The protein concentration was
determined using the BCA protein assay kit (Pierce Biotechnology). Proteins were mixed with Laemmli
buffer 5X, and denaturated at 98°C for 5 minutes. These samples were separated using 10% SDS
polyacrylamide gel and transferred onto nitrocellulose membranes. The membranes were then blocked
with 5% of non-fat milk in TBS-T and immunostained with primary antibodies anti-GPx4 (Cell Signaling
Technology, 52455, 1:1000), anti-NRF2 (Cell Signaling Technology, 12721, 1:1000), anti-FTH1 (Cell
Signaling Technology, 4393, 1:1000), anti-ACSL4 (Santa Cruz, sc-271800, 1:1000), and anti-HMOX1
(Enzo Life Sciences, ADI-SPA-896, 1:1000) at 4°C overnight and detected using HRP-conjugated

secondary antibodies.

[.  ELISA Assay
Levels of interleukin IL-6, IL-10, TNF-a and TGF-B were measured in cell supernatants using an enzyme-

linked immunosorbent assay technique (R&D systems) according to manufacturer’s instructions.

J. Cytospin Preparation
For analysis of cell morphology, 2.10° cell in 100uL PBS were used to prepare cytospin preparations on
non-coated slides, using the Cytospin 4 Shandon centrifuge (Thermofisher). The slides were stained
with May-Grunwald-Giemsa (MGG) following manufacturer’s instructions (Sigma). The slides were

imaged using an Olympus BX41 (Zeiss) inverted microscope.

K. Mice and Procedures
All animal experiments were performed in compliance with the local ethics committee. We worked
on male and female Townes-AA (HbAA), Townes-AS (HbAS) and Townes-SS (HbSS) mice on a 129/B6
mixed genetic background, obtained from the Jackson laboratory (strain #013071). Mouse genotypes
were confirmed by PCR, using protocols established by the Jackson Laboratories. All mice were

between 12 and 16 weeks-old at the time of the experiments.

Mouse BM cells were isolated from the femur and tibia using a method described previously (Grenier
et al., 2021). The bone marrow suspensions were filtered through a 70uM-pore-size cell strainer and
centrifuged for 400g for 8 minutes. Cells from the spleen were isolated by passing spleen tissue through
70um filters. The isolated splenocytes were incubated in 5mL of RBC cell lysis buffer for 5 min at room
temperature and washed twice with PBS. To measure lipid peroxidation, the samples were incubated

with 2uM of C11-BODIPY (Invitrogen) for 30 minutes at 37°C. Cells were washed twice with PBS and
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were then incubated with mouse FcR blocking reagent (Miltenyi) diluted 1/10 in FACS buffer for 20
minutes at 4°C, to block nonspecific binding sites. After washing twice with FACS Buffer, samples were
stained using anti-F4/80 BV421 for 30 minutes at 4°C. Cells were washed twice and immediately

analyzed by flow cytometry.

L. Statistical Analysis
Statistical analyses were performed using GraphPad PRISM 7 (Graphpad Software Inc.,San Diega,
California, USA). Values on graphs are depicted as mean + standard deviation (SD). Differences between
groups were assessed with Mann-Whitney test, unpaired Student t test, or one-way analysis of variance
(ANOVA) with post hoc test, as indicated in the legend of the figures. Statistical significance threshold

was set at a P value of 0.05.
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CONCLUSION AND PERSPECTIVES
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Our work demonstrated the occurrence of ineffective erythropoiesis in SCD and revealed a molecular
mechanism involving HSP70 cytoplasmic sequestration, triggered by its interaction with HbS polymers.
An important finding of our study is the protective role of HbF during terminal erythroid differentiation,
extending its well-known protective role in the circulation to the very early stages of the RBC
production process. Thus, we may expect that therapies that induce HbF expression may also improve
ineffective erythropoiesis by rescuing differentiating erythroblasts from cell death. Future studies
should investigate the impact of such treatments on terminal erythropoiesis in SCD by focusing on the
apoptosis and proliferation rates of erythroblasts as primary readouts. Such studies can be conducted
in vivo using the Townes mouse model and in vitro with the condition of applying partial hypoxia during
the terminal differentiation phase to mimic the BM environment. Furthermore, we may also expect
that therapies targeting HbS polymerization, to inhibit sickling and increase the lifespan of RBCs in the
circulation, may also have a beneficial effect during erythropoiesis. For instance, we think that the
significant hemoglobin increase induced by Voxelotor (GBT440), a molecule that increases hemoglobin
affinity for oxygen, in the phase 3 clinical trial (Vichinsky et al, NEJM 2019) may be partly attributable
to improved erythropoiesis and a better yield of RBC production. Mitapivat (AG348) is a pyruvate kinase
activator that increases hemoglobin affinity to oxygen by increasing ATP levels and decreasing those of
2,3-diphosphoglycerate (2,3 DPG). Like Voxelotor, Mitapivat was shown to rise hemoglobin levels in
SCD patients (Xu et el, Blood 2022) and we may also expect a positive effect on terminal erythropoiesis.
Studies focusing on the effect of these molecules during erythroid differentiation are being designed

in our laboratory.

Our research on patients with high levels of circulating erythroblasts reveals a distinct profile in this
patient population, characterized by accelerated terminal maturation in vitro, low HbF levels, and the
presence of all stages of terminal maturation in the circulation. Further investigations are necessary to
decipher the functional and biological relevance of these results, including whether these properties
are transient or specific to some patients. Such investigations will include a whole genome sequencing
approach to have a comprehensive overview of the genetic landscape of these patients, which may
reveal contributing factors involved in HbF gene expression. This work underscores the heterogeneity
in erythropoiesis among SCD patients and may help understand the clinical significance of circulating

erythroblasts in this pathology.

In the second part of this thesis, we compared two ex vivo erythropoiesis protocols and highlighted
their distinctions. Although the defects we have revealed take place in the terminal stage of
differentiation, one would expect the earlier stage of differentiation to be impacted by the
inflammatory environment of the bone marrow in SCD. On the other hand, we observed enucleation

defects in SCD patients compared to control individuals. Our comparative study gives valuable
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information on which protocol to use to address specific dysfunctions during the differentiation

process.

In the final part of this thesis, we demonstrated that EBI macrophages undergo ferroptosis following
increased phagocytosis of erythroblasts, with a shift to a pro-inflammatory phenotype of the surviving
macrophages, potentially impacting their function as a support for erythroid maturation; this may in
turn worsen ineffective erythropoiesis and contribute to inflammation of the bone marrow
environment. While the scope of this research focused on the central macrophage of the erythroblastic
island, as it is the closest cell to the erythroblasts, other cell populations may also be affected by
ineffective erythropoiesis in SCD. Therefore, a comprehensive examination of if and how ineffective
erythropoiesis affects additional components of the bone marrow microenvironment, including
osteoblasts and endothelial cells, would be of interest to gain a deeper understanding of SCD
pathophysiology. Furthermore, while our work focused on terminal erythroid differentiation, it is worth
noting that ongoing research in our laboratory aims to elucidate the potential impact of SCD on HSCs

and erythroid progenitors.

In summary, our study demonstrates the occurrence of ineffective erythropoiesis in SCD, offering
insights into its underlying mechanism and potential therapeutic avenues. Furthermore, it shows
evidence of cellular abnormalities within the erythroblastic island associated with a perturbed
inflammatory status of resident macrophages, paving the way to future studies focusing on the bone

marrow environment and hematopoiesis in this pathology.
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ABSTRACT

hile 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.

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.' 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.”*

While the pathobiology of circulating RBC has been extensively analyzed in
SCD, erythropoiesis is surprisingly poorly documented. In -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 a-
globin chains.** Ineffective erythropoiesis is the major cause of anemia in -tha-
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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.” 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.® 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.”

In the present study, we performed a detailed character-
ization of terminal erythroid differentiation in non-trans-
planted SCD patients using both i vivo and in vitro assay
systems to critically assess the extent of ineffective ery-
thropoiesis. We documented in both our i# 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/CNILMRO1). 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-LI] Health System
(New York, USA) under Institutional Review Board (IRB)
approval. Control blood bags from healthy donors were
obtained from the Etablissement Francais 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." For detailed protocols
please refer to the Online Supplementary Appendix.

For cultures treated with pomalidomide, cells were incubated

with 1 uM pomalidomide (Sigma) as previously described,"
starting from day 1 (D1) of phase II of culture. For y-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 (45 uM) and the -197 guide RNA
(gRNA) targeting both HBG1 and HBG2 y-globin promoters (5’
ATTGAGATAGTGTGGGGAAGGGG 3'; protospacer adjacent
motif in bold) or a gRNA targeting the Adeno-associated virus
integration  site 1 (AAVSL; 5 GGGGCCAC-
TAGGGACAGGATTGG 3'; protospacer adjacent motif in
bold).” Cleavage efficiency was evaluated in cells harvested 6
days after electroporation by Sanger sequencing followed by
tracking of indels by decomposition (TIDE) analysis."

Imaging flow cytometry analysis of human bone
marrow samples

Bone marrow samples were processed as previously
described." 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 pg 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-a-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."” 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% O.).""* 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, ie.,
normoxia and partial hypoxia (5% O.), starting at D3 of
the second phase, at which time hemoglobin synthesis
begins to increase markedly (Online Supplementary Figure
S1). The choice of 5% O. was made since it falls at the
high end of the reported oxygen tension range of the
hematopoietic niche (0.1-6% O.),"” and because it drives
HbS polymerization and cell sickling, as we previously
reported."” First, we performed video microscopy experi-
ments with nucleated SCD erythroblasts at D9 of culture
and confirmed their ability to sickle at 5% O: (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 Griinwald-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% O: 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 (E-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%,”* while
it was very variable for SCD cells reaching more than70%
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 a-globin aggregates is associated with cell death
during erythropoiesis in B-thalassemia major,” 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 IT 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 ditference 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; Omline 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 areas (Online
Supplementary Figure S2B; Ounline Supplementary Table S1)
that discriminate between the basophilic, polychromatic
and orthochromatic erythroblasts (Figure 3D; Ounline
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
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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-

CN CH PN PH

w2 EB mm LB " Poly mm Ortho mm Retics

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 um. (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) atday (D) 3, DS, D7, D9 and D11 of phase Il 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 Il of culture (left panel; scale bar: 10 um) 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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Figure 1. (continued from previous page) (E) Percentage of enucleation meas-
ured at D14 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 D1i1. (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 Il of culture. *P<0.05, **P<0.01;
Wilcoxon paired test and Mann-Whitney test (E and G).

HbF rescues dyserythropoiesis in SCD

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
E-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-
ficient™ 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.” 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 nommoxia 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-a-glo-
bin antibody we found co-immunoprecipitation of HSP70
and a-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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flow cytometry. Differentiating erythroblasts were deter-
mined using the CD49d and Band 3 staining pattem within
the GPA" population (Figure 5A), as previously described."
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

D9

D11

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 i 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,"*
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; Ownline 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 HbE, 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

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, DS, D7, D9 and D11 of phase Il of culture in
control erythroid precursors under normoxia (CN) or hypoxia
(CH), and in patient erythroid precursors under nomoxia
(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 Fells (F+) (red curve) of
control (CH) and patient (PH) cells under hypoxia. (C)
Percentage of Fcells measured at D7 and D9 of phase Il 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 y-globin promoters (HBG1 and
HBG2)? (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 y-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 SCD”** 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

HbF rescues dyserythropoiesis in SCD
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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)

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.” 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 i1 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.”” In healthy adults, HbF accounts
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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 Il of culture from control normoxia (CN), control hypoxia (CH), patient nomoxia (PN) and patient hypoxia (PH).
(B) Distribution of the nuclear intensity (upper panel) and cytoplasmic intensity (lower panel) of HSP70 at D7 of phase Il 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 Il 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+ poly icand orthe ic patient erythroblasts at D7 of phase Il of culture (n=6). (F) Dot plot representing
the modulation mask of fetal hemoglobin (HDF) (x-axis) and mean pixel HbF values (y-axis) used to discriminate between low and high Fcells. (G) HSP70
nucleus/cytoplasm ratio in low and high F-cells of patients’ orthochromatic erythroblasts at D7 of phase I of culture under hypoxia (n=6). Percentage of (H) Low F-
cells and (1) High F-cells in control (n=3) and patient (n=6) cells at normoxia and hypoxia at D7 of phase Il of culture (means + standard emor 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 hemoglobin® and is restricted to
a small subset of RBC (2%) called F-cells.** 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
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HbF rescues dyserythropoiesis in SCD

preferential survival of F-cells in the circulation are sug-
gested contributing factors.**** Our findings show that
Eigh 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 o-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 Il of culture showing colocalization (in yellow) of HSP70
(green) and o-globin (red); nucleus is in blue (n=3); scale bar: 10 um. (B) Proximity ligation assay (PLA) between HSP70 and o-globin at D7 of phase Il of culture. Red
spots indicate proximity (<40 nm) between both proteins. Spots were observed in PN and PH cultures, while no spots were seen inCN and CH. A representative image
of each culture is shown (n=3); scale bar: 10 um. (C) (Left) A histogram representing the intensity of APC signal generated by PLA, a gating of positive staining and
saturated staining is indicated. (Middie) 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 (Ieft) and mean fluorescence intensity
(right) of PLA-specific staining in erythroid precursors of patient normoxia (PN) and patient hypoxia (PH) at D9 of phase Il of culture (n=6). (E) Co-immunoprecipitation
assay of HSP70 with o-globin using circulating sickle cell disease (SCD) red blood cells incubated under normoxia (PN) or hypoxia (PH) for 1 hour. HSP70 and o-

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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4 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.” Furthermore, results using genetically modi-
fied CD34" cells strongly imply that overexpression of
HbF and concomitant down-regulation of HbS' in a spe-
cific and selective manner corrects the apoptosis
observed during erythroid differentiation, which is
therefore presumably a feature of HbS.
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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,* 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

Brightfield Nucleus Merge

- Control Patient
ek
*k
——

82
©
o
5
£
o
I

1

E 404 F

%0 Brightfield
» Nucleus
8
L 20
2

194 HbF

0 -

Poly Ortho

*P<0.05, **P<0.01; Mann-Whitney test (D and E).

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).
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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." 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,”** anti-sickling molecules such as
voxelotor*** or gene therapy aiming at expressing a ther-
apeutic B-globin.” 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 k globin induction by lidomide or CRISPR/Cas9 on terminal erythroid differentiation of sickle cell disease erythroblasts. (A)
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Percentage of cells expressing fetal hemoglobin (F-cells) at day (D) 7 and D of phase Il 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 Il of culture in patiert 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 Il of culture of culture (n=4). (D) Percentage of apoptotic cells at D7 and D of phase Il 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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Ineffective erythropoiesis in sickle cell disease:
new insights and future implications

Wassim El Nemer®®®, Auria Godard®®®, and Sara El Hoss®%®

Purpose of review

Sickle cell disease (SCD) is a hemolytic anemia caused by a point mutation in the B globin gene leading to
the expression of an abnormal hemoglobin (HbS) that polymerizes under hypoxic conditions driving red
cell sickling. Circulating red cells have been extensively characterized in SCD, as their destruction and
removal from peripheral blood are the major contributors to anemia. However, few reports showed cellular
abnormalities during erythropoiesis in SCD, suggesting that anemia could also be influenced by defects of

central origin.

Recent findings

El Hoss et al. demonstrated ineffective erythropoiesis (IE) in SCD and deciphered the molecular mechanism
underlying cell death during the hemoglobin synthesis phase of terminal differentiation. They showed that
HbS polymerization induces apoptosis of differentiating erythroblasts and that fetal hemoglobin rescues
these cells through its antipolymerization function.

Summary

IE is the major cause of anemia in B-thalassemia patients, and it is generally surmised that it contributes
little to anemia of SCD. Recent reports demonstrate the occurrence of IE in SCD patients and show
important alterations in the hematopoietic and erythroid niches, both in SCD patients and in the humanized
Townes SCD mouse model. This implies that therapeutic strategies initially designed to improve red cell
survival in the circulation of SCD patients would also positively impact erythropoiesis and bone marrow

cellularity.
Keywords

erythropoiesis, fetal hemoglobin, heat shock protein 70, sickle cell disease

INTRODUCTION

Sickle cell disease (SCD) is a genetic recessive inher-
ited disease and one of the most common severe
monogenic disorders worldwide. SCD is caused by a
point mutation in the B globin gene that substitutes
Glutamate into Valine at the 6™ position of the B
globin protein leading to the expression of an abnor-
mal hemoglobin (HbS) that polymerizes under hyp-
oxic conditions driving red blood cell (RBC) sickling
[1]. The clinical expression occurs in childhood, few
months after birth. SCD is a multisystem disease
characterized by hemolytic anemia, high suscepti-
bility to infections, recurrent painful vaso-occlusive
crises, stroke, acute chest syndrome, and organ fail-
ure, with the spleen being the first organ to be
affected [2,3]. RBCs in SCD are characterized by
decreased deformability and increased rigidity
because of dehydration and sickling, which results
in alterations of the blood rheology and the micro-
circulatory flow [2-6]. These alterations in the
mechanical properties shorten the life span of

1065-6251 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

peripheral RBCs, which is a major contributor to
anemia in SCD. Over the past years, a number of
studies showed abnormalities during terminal ery-
throid differentiation in SCD, suggesting that ane-
mia could also be impacted by defects of central
origin in this pathology. The fact that such abnor-
malities take place during the terminal phase of
differentiation is not surprising since the causal
mutation in SCD affects hemoglobin, whose expres-
sion is initiated during this phase. In the 1980s,
ferrokinetic studies suggested the existence of
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KEY POINTS

o Ineffective erythropoiesis is a clinical feature in sickle
cell disease (SCD), with a significant proportion of
differentiating erythroblasts undergoing apoptosis
between the polychromatic and the
orthochromatic stages.

o Fetal hemoglobin (HbF) plays an important
antiapoptotic role during terminal erythroid
differentiation in SCD.

o Antisickling therapeutic strategies designed to improve
red cell survival in SCD would positively impact
erythropoiesis and bone marrow cellularity.

ineffective erythropoiesis (IE) in SCD [7,8]. Later,
erythroblasts differentiated in vitro or isolated from
bone marrow (BM) of SCD patients were shown to
sickle under hypoxic conditions [9], bringing evi-
dence of cellular abnormalities occurring during the
erythroid differentiation phase. Such sickling was
also reported in the BM of the SAD mouse model, in
which late-stage erythroid precursors have altered
morphology and high levels of hemoglobin poly-
mers, with increased fragmentation of reticulocytes
during medullary endothelial migration [10]. In
2005, the study by Wu et al. showed evidence of
IE in transplanted SCD patients, with an imbalance
favoring the survival of the donor erythroid progen-
itor cells [11].

In 2020, the study by El Hoss ef al. demon-
strated the occurrence of IE in nontransplanted
SCD patients, both in vivo and in vitro, and identi-
fied the transition between the polychromatic and
orthochromatic stages as the critical timepoint
where cell death takes place. They showed that
IE is tightly linked to the partial hypoxic environ-
ment of the BM that drives HbS polymerization
leading to the cytoplasmic sequestration of heat
shock protein 70 (HSP70) preventing it from tran-
siting to the nucleus to protect GATA-1. They
revealed and demonstrated a new role for fetal
hemoglobin (HbF) in rescuing erythroid precur-
sors from apoptosis through its antipolymeriza-
tion function [12*].

ERYTHROPOIESIS AND
HEMOGLOBINOPATHIES

Human erythropoiesis is a complex multistep pro-
cess that takes place in the BM in adults, starting
from a multipotent hematopoietic stem cell (HSC)
and ending with an enucleated reticulocyte that
exits the BM and matures in the circulation to
become an erythrocyte [13]. Erythropoiesis starts

2 www.co-hematology.com

with an engagement phase, where HSCs give rise
to the common myeloid progenitors (CMPs) [13].
The CMPs differentiate into the bipotent megakar-
yocytic-erythroid progenitors (MEPs) [14]. Burst-
forming unit-erythroid (BFU-E) are the first commit-
ted progenitors to the erythroid lineage downstream
of the MEPs that further differentiate into colony
forming unit-erythroid (CFU-E) [14]. The CFU-E
then enter the second phase of differentiation, also
called terminal differentiation, where the proery-
throblast sequentially divides and differentiates into
early basophilic, late basophilic, polychromatic, and
orthochromatic erythroblast, with a cell doubling
between two consecutive stages and a total number
of 4 mitoses (1 proerythroblast giving rise to 16
orthochromatic erythroblasts). During the terminal
phase, hemoglobin is synthesized and nucleus con-
densation occurs, thus facilitating the enucleation
process [15].

Over the last decade, considerable technical
progress has been made to isolate and characterize
erythroid progenitors and erythroblasts at different
stages of development. A key step forward was
achieved by the group of Narla Mohandas by devel-
oping a flow cytometry method based on the analy-
sis of fluorescently labeled membrane proteins to
distinguish between erythroblasts in the four-termi-
nal differentiation stages. They showed that during
erythroid differentiation, the expression of the
major red cell proteins increased whereas the expres-
sion of adhesion molecules decreased. This led them
to set a combination of three critical fluorescent
markers [Glycophorin A (GPA), Band 3, and a4
integrin] to precisely follow and determine the ter-
minal differentiation stages [16]. This staining strat-
egy became the gold standard technique in the field,
and today it is considered essential in studies inves-
tigating IE, like in hemoglobinopathies where the
major defects occur during the terminal stages
of differentiation.

In hemoglobinopathies, abnormal or altered
expression of hemoglobin can directly impact the
terminal differentiation phase, like in g thalassemia
major (3-TM), where the absence of § globin drives
massive apoptosis at the polychromatic stage, which
indirectly impacts the early differentiation phase
leading to the expansion of early erythroid precur-
sors and erythroid progenitors [17,18]. The molecu-
lar mechanism underlying this cell death was
uncovered when the critical role of HSP70 in pro-
tecting GATA-1 from cleavage by Caspase-3 was
reported [19], followed by the demonstration of
HSP70 sequestration in the cytoplasm of erythroid
precursors in B-TM, preventing it from transiting to
the nucleus to protect GATA-1 and thus leading to
apoptosis [20].
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INEFFECTIVE ERYTHROPOIESIS IN SICKLE
CELL DISEASE, FETAL HEMOGLOBIN, AND
HEAT SHOCK PROTEIN 70

In El Hoss ef al., apoptosis of SCD erythroid precur-
sors was shown to take place under normoxic con-
ditions in vitro and to be exacerbated by partial
hypoxia that mimics the BM environment. Signifi-
cant levels of apoptosis under normoxia suggest that
HbS polymerization is not a prerequisite for cell
death and that other mechanisms can also contrib-
ute to IEin SCD. One mechanism could be related to
oxidation because HbS is known to exhibit acceler-
ated spontaneous auto-oxidation, 1.7-fold higher
than HbA [21]. Future studies should focus on inves-
tigating the potential role of oxidative stress in
apoptosis and cell senescence of SCD erythroblasts,
as ROS production may alter the cell cycle by acti-
vating a PML/p53 signaling cascade [22].

Under both oxygen conditions, and to differ-
ent extents, imaging assays showed proximity
between HSP70 and hemoglobin, suggesting a role
for hemoglobin in HSP70 trapping even in the
absence of HbS polymers. Such trapping could
be due to the pool of free a chains in the cyto-
plasm [23] subsequent to the imbalance between a
and B° chains because of the lower affinity of g%
chain to « chain as compared to B* [24]. This is
supported by the fact that co-inheritance of a-
thalassemia is a modulator of disease severity in
SCD [25], and based on El Hoss et al., one would
expect a positive impact of a-thalassemia in SCD
as early as the erythroid differentiation stage.

Although HbF was shown to play an antiapop-
totic role by rescuing differentiating erythroblasts
from cell death, there is a significant number of cells
with no HbF that complete the differentiation pro-
cess, both in vitro and in vivo. One explanation could
reside in different kinetics between HbS expression/
polymerization and HSP70 nuclear transit. This can
be due to a relatively less hypoxic microenviron-
ment for a number of erythroid clones slowing
down the polymerization process of HbS, thus
enabling enough HSP70 to transit to the nucleus
before being trapped in the cytoplasm. A differential
kinetics involving HSP70 nuclear transit can also
explain the differences between IE of B-TM and SCD,
the latter being less severe. As a matter of fact, in B-
TM, lack of B globin drives aggregation of a globin
chains shortly after they are expressed, trapping
HSP70 in the cytoplasm early during the globin
synthesis phase. In SCD, the molecular event that
initiates HSP70 trapping occurs later as HbS tet-
ramers are first soluble in the cytoplasm and need
to reach high concentrations for polymer formation
and subsequent HSP70 trapping (Fig. 1).

1065-6251 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

IMPACT OF INEFFECTIVE
ERYTHROPOIESIS ON THE ERYTHROID
AND THE HEMATOPOIETIC NICHES

Mammalian erythroid differentiation occurs in a
specific niche in the BM known as the erythroblastic
island (EBI). The EBI is constituted of one or two
central macrophages surrounded by differentiating
erythroblasts [26]. The central macrophage plays a
critical role in erythropoiesis, acting as an anchor to
the erythroblasts providing cellular interactions
and nutrients required for differentiation and pro-
liferation, in addition to a phagocytic function to
eliminate and recycle the extruded nuclei of ortho-
chromatic erythroblasts [27-29]. The erythroid
niche is located in hypoxic microenvironments
with an oxygen level of 1-7% [30,31]. EBI macro-
phages play an essential role in maintaining eryth-
ropoiesis both at steady-state and under acute stress
conditions [32,33]. However, the limited access to
these cells, as well as the lack of characterization of
their precise phenotypic profile, has hampered
progress in understanding their contribution to
erythropoietic disorders.

The study of El Hoss et al. showed a loss of cell
doubling between the polychromatic and the ortho-
chromatic stages in the BM of 5 SCD patients, with a
mean fold increase between these 2 stages of only
1.24 [12*]. This indicates that around 40% of poly-
chromatic erythroblasts are lost during the differen-
tiation process. Considering that under physiological
conditions the BM produces erythrocytes at a rate of
approximately 2 million cells per second, this would
mean that a minimum of 0.8 million cells is under-
going apoptosis every second in SCD erythropoiesis.
As the closest cells with a phagocytic function, one
would expect that the central macrophages of the
EBIs would have to rapidly engulf very high numbers
of apoptotic erythroblasts, which would negatively
impact their other functions and potentially disturb
erythroid differentiation.

Defects of the central macrophages could be
reflected by the presence of circulating nucleated
erythroblasts (CNEs) in peripheral blood. Damage or
stress to the BM is known inducers of CNEs. This is
especially the case in pathologies characterized by
IE, such as SCD or B-thalassemia, where the percent-
age of CNEs is correlated with disease severity [34].
These CNEs may result from impaired interaction
between macrophages and erythroblasts, which
would then be released prematurely in the circula-
tion. Thus, high numbers of CNEs in some SCD
patients could reflect altered EBI structures.

Furthermore, IE could also have an impact on
the overall BM environment in SCD. The autoxida-
tion of HbS can promote excessive ROS production
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FIGURE 1. Trapping of HSP70 in the cytoplasm of differentiating erythroblasts: illustration of differential kinetics of HSP70
cytoplasmic trapping in B-thalassemia major (3-TM) and sickle cell disease (SCD) erythroblasts as a function of globin
synthesis. In this example, 4, 8, 14 and 20 molecules of a-globin are gradually present in B-TM erythroblasts, corresponding
to 2, 4, 7 and 10 molecules of HbS in SCD cells. a-globin chains form aggregates as early as they are expressed, trapping
HSP70 in the cytoplasm, whereas it takes longer time for HbS to form polymers, as polymerization depends on the hypoxic
levels of the bone marrow microenvironment and on the intracellular concentration of HbS. HbS, abnormal hemoglobin.

that might contribute to creating a pro-oxidant
environment in the BM [35]. This is supported by
arecent study on SS Townes mice showing increased
oxidative stress during SCD erythropoiesis associ-
ated with disorganized and structurally abnormal
marrow vascular structure [36"]. The study also
showed defects of perivascular CXCL12-abundant
reticular mesenchymal stromal cells (CARs) in the
BM, suggesting alterations of the hematopoietic
niche, as CARs play a key role in the homeostatic
maintenance of HSCs and hematopoietic progenitor
cells within the BM. This is supported by another
recent study showing that the hematopoietic niche
of SCD patients is highly perturbed compared to
that of healthy individuals, with increased circulat-
ing CD34" cells, depletion in committed erythroid
progenitors, and increased concentration of
hematopoietic cells [37%]. In addition, chronic
inflammation and continual oxidative stress may

4 www.co-hematology.com

lead to a decrease in the numbers of Long Term-
HSCs and impede the potential of proliferation and
transduction of BM stem cells in patients with SCD
[38]. A direct consequence of this aberrant vascular
niche is an impairment of HSPC homing and
engraftment during HSC transplantation (HCT),
particularly in older SCD patients, where we expect
BM defects to be more pronounced than in younger
ones. As a matter of fact, the age at the performance
of HCT is the strongest predictor of event-free sur-
vival in HLA-identical sibling donor HCT [39-41].

IMPACT OF TREATMENTS ON
INEFFECTIVE ERYTHROPOIESIS IN SICKLE
CELL DISEASE

The demonstration of IE in SCD raises the question
of the impact of treatments on cell survival during
the terminal phase of erythroid differentiation. It is
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tempting to speculate that treatments targeting HbS
expression or polymerization would inhibit apopto-
sis and increase the reticulocyte count. Such treat-
ments can be classified into three categories: (1)
treatments inducing HbF expression, either by the
use of pharmacological agents, such as hydroxycar-
bamide (HC) [42], 5-aza-2'-deoxycytidine [43], or
the PDE9 inhibitor IMR-687 [447], or by gene ther-
apy [45], (2) treatments using inhibitors of HbS
polymerization such as Voxelotor [46,47], and (3)
gene therapy aiming at expressing a therapeutic B
globin, either in a gene addition approach [48], or by
correcting the endogenous mutation [49,50]. To
date, there are no studies investigating the impact
of such treatments on terminal erythropoiesis in
SCD patients, but the few data available in the
literature support our hypothesis. As a matter of
fact, Saunthararajah et al. reported that SCD patients
treated with S-aza-2'-deoxycytidine to induce HbF
maintained BM cellularity and increased the pro-
portion of erythroid cells [43], which we believe is a
consequence of erythroblast rescue from cell death
at the terminal stages of differentiation mediated by
HbF induction. Future studies should investigate
the impact of treatments on terminal erythropoiesis
in SCD by focusing on the apoptosis and prolifera-
tion rates of differentiating erythroblasts. Such
studies can be conducted in vivo using the Townes
mouse model, and in vitro with the condition of
applying partial hypoxia during the terminal dif-
ferentiation phase to mimic the BM environment.
Furthermore, in the particular case of gene therapy,
we believe that monitoring erythroid differentia-
tion in the BM of treated patients before and after
therapy is crucial in order to evaluate the impact of
the corrective therapy at a central level by correlat-
ing the data with the number of reticulocytes
released in the circulation.

CONCLUSION

The study of El Hoss et al. highlights a novel anti-
apoptotic role for HbF that positively impacts cell
survival as early as the erythroid differentiation
stage. This is consistent with high HbF expression
levels in circulating reticulocytes of SCD patients
that we expect to be higher than in patients with
hemolytic anemia other than hemoglobinopathies,
such as hereditary spherocytosis (HS), where HbF
expression does not bring a selective advantage
during the terminal erythroid differentiation stage.
It would be interesting to compare the levels of I-
reticulocytes between SCD and HS patients, for
example, as it would help assessing the proportion
of F-cells driven by stress erythropoiesis and the
proportion resulting from the positive selection of

1065-6251 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

F-poly/orthochromatic erythroblasts. Efforts should
also be made to investigate early erythroid differen-
tiation in SCD and the commitment of erythroid
clones to the F lineage.
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La drépanocytose est une maladie héréditaire autosomique récessive, caractérisée par des épisodes
douloureux de crises vaso-occlusives (CVO), une anémie hémolytique chronique et une défaillance
progressive des organes. Elle est connue comme I'une des maladies monogéniques les plus courantes
dans le monde (Weatherall et al., 2004). Dans cette pathologie, une mutation ponctuelle du 6éme
codon du gene de la B-globine entraine la synthése d'une hémoglobine anormale, I’"hémoglobine S
(HbS), qui polymérise en condition désoxygénée, provoquant la falciformation des globules rouges
(GRs) (Odiévre, Elion et al., 2011). Bien que I'anémie soit considérée comme périphérique dans la
drépanocytose, nos travaux récents démontrant l'existence d’une dysérythropoiése dans cette
pathologie suggerent une contribution centrale. Cette dysérythropoiese est caractérisée par la mort
d’une proportion importante d’érythroblastes lors de la différenciation terminale, plus spécifiquement
entre les stades polychromatique et orthochromatique (El Hoss et al., 2021).

Les objectifs de ma thése sont : 1) D’identifier les mécanismes moléculaires a l'origine de cette
dysérythropoiése dans la drépanocytose, 2) Sélectionner le protocole de culture ex vivo le plus adapté
pour étudier la différenciation érythroide terminale, 3) D’explorer I'impact de cette dysérythropoiése
sur le macrophage central de I'Tlot érythroblastique.

La séquestration cytoplasmique de la protéine chaperonne HSP70 par les agrégats d’a-globine est
associée a I'érythropoiese inefficace ayant lieu chez les patients atteints de B-thalassémie majeure
(Arlet et al., 2014). En effet, I'absence de HSP70 dans le noyau des cellules en cours de différenciation
a pour conséquence la destruction de GATA-1, entrainant ainsi I'arrét de maturation et la mort des
cellules au cours de I'érythropoiése terminale dans cette pathologie. Nous avons émis |’hypothése
gu’un mécanisme similaire pouvait également étre a I'origine d'une dysérythropoiese chez les patients
drépanocytaires. Afin d'étudier cette hypothese, nous avons effectué des expériences de
différenciation érythroide in vitro en utilisant des progéniteurs CD34* de patients ou de donneurs sains,
cultivés en condition de normoxie ou d'hypoxie partielle (5%). Nous avons ensuite réalisé des
expériences de western blot pour quantifier HSP70 dans des extraits cytoplasmiques et nucléaires de
cellules aux stades de différenciation tardifs. Dans ces expériences, nous avons observé qu'il y avait
moins de HSP70 dans le noyau et plus de HSP70 dans le cytoplasme des érythroblastes de patients sous
hypoxie par rapport a la normoxie, ce qui n'était pas le cas dans des échantillons provenant de
donneurs sains. Ces résultats indiquent que HSP70 est partiellement séquestré dans le cytoplasme des
cellules de patients drépanocytaires en conditions hypoxiques.

Afin de déterminer si cette séquestration était due a une interaction anormale de HSP70 avec les
polymeres de HbS présents en conditions hypoxiques, nous avons réalisé des expériences de «
Proximity Ligation Assay » (PLA). Ce test, basé sur des approches de microscopie, permet de détecter
les interactions entre les protéines grace a l|'utilisation d'anticorps secondaires marqués par des
oligonucléotides (sonde PLA) qui émettent un signal fluorescent lorsqu'ils sont a proximité I'un de
I'autre (< 40 nm). Dans ces expériences, nous avons observé un faible pourcentage de cellules PLA*
dans les cultures de donneurs sains (1-1,5%) a la fois en normoxie et en hypoxie, tandis que les cultures
de patients présentaient des valeurs plus élevées sous normoxie (4,5 — 18,5%) qui étaient
systématiquement et significativement augmentées sous hypoxie (9,5 — 36%). Ces résultats mettent en
évidence une proximité forte entre HbS et HSP70, suggérant leur interaction dans les cellules de
patients drépanocytaires, contrairement a I'hémoglobine adulte (HbA) et HSP70 dans les cellules de
donneurs sains. De plus, les cellules PLA+ chez les patients avaient une intensité moyenne de
fluorescence plus élevée sous hypoxie que sous normoxie, indiquant que I'hypoxie peut induire la
formation de complexes HbS-HSP70 plus conséquents, ce qui pourrait expliquer la séquestration
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cytoplasmique de HSP70 observée dans ces conditions. Nous avons ensuite effectué des expériences
de co-immunoprécipitation a partir de GRs de patients, et observé la co-immunoprécipitation de HSP70
et de I'a-globine uniquement lorsque les GRs avaient été placés sous hypoxie, confirmant ainsi la
présence de complexes formés par l'interaction des polymeres de HbS et HSP70. Nos résultats mettent
en évidence |'un des mécanismes moléculaires qui pourraient étre a I'origine de la dysérythropoise
dans la drépanocytose, ouvrant ainsi de nouvelles perspectives dans la compréhension et le traitement
de cette pathologie. Ces résultats ont fait partie d'un article publié dans Haematologica en 2021, que
je signe en deuxiéme position, ainsi que d'une revue publiée dans Current Opinions in Hematology en
2021 que je signe en deuxieme position.

Parallelement, nous avons utilisé la cytométrie en flux pour étudier I'érythropoiese chez des patients
présentant des niveaux élevés d'érythroblastes circulants, qui sont considérés comme des marqueurs
de stress médullaire. Nos observations ont révélé que les érythroblastes circulants chez ces patients se
trouvaient a différents stades de différenciation terminale et reflétaient les proportions que I'on peut
trouver dans la moelle osseuse. De plus, les cellules de ces patients, une fois différenciées ex vivo,
présentaient une maturation accélérée par rapport a celles de patients drépanocytaires ne présentant
pas d'érythroblastes circulants. Ces résultats soulignent la complexité et la variabilité de la
différenciation érythroide dans la drépanocytose et nécessitent une étude plus approfondie pour
caractériser les mécanismes moléculaires pouvant expliquer la présence de ces cellules dans la
circulation de certains patients.

Dans la deuxieme partie de ma thése, nous avons comparé deux protocoles d'érythropoiése ex vivo
couramment utilisés dans les laboratoires : un systeme de culture liquide a 2 phases (2P-LC) et un
systeme de culture liquide a 4 phases (4P-LC). Nous avons constaté que les deux protocoles pouvaient
reproduire les différentes étapes de I'érythropoiése. Cependant, le systeme 4P-LC permettait une
meilleure différenciation érythroide avec un taux plus élevé de réticulocytes, le rendant plus adapté
pour |'étude de la différenciation terminale. Ces résultats ont fait partie d'un article soumis dans
Experimental Hematology & Oncology en 2023, que je signe en premiere position.

Dans la derniere partie de ma thése, nous avons étudié I'impact de I'érythropoiese inefficace dans la
drépanocytose sur le macrophage de I'llot érythroblastique. En effet, nos résultats suggerent que dans
la moelle osseuse des patients drépanocytaires, seulement 60 % des érythroblastes parviennent a se
différencier jusqu'au stade orthochromatique, tandis que le reste des cellules entre en apoptose au
stade polychromatique (El Hoss et al., 2021). Dans ce contexte, nous postulons que le macrophage
central de I'lE, qui est une cellule phagocytaire et en contact direct avec les érythroblastes, pourrait
étre amené a phagocyter continuellement un nombre élevé d'érythroblastes apoptotiques riches en
hémoglobine, et a avoir par conséquent une concentration intracellulaire trés importante en fer. Cet
exces de fer dans les phagosomes pourrait perturber le fonctionnement normal du macrophage central
et entrainer son dysfonctionnement par un processus de mort cellulaire dépendant du fer, appelé
"ferroptose". Afin d'étudier cette hypothése, nous avons isolé des monocytes circulants du sang
périphérique de donneurs sains et les avons différenciés avec de la dexaméthasone et du M-CSF pour
générer des macrophages "IE-like" de type M2, exprimant les marqueurs de surface caractéristiques
du macrophage central de la moelle osseuse (CD14, CD16, CD163, CD206, CD169, MerTK). Nous avons
ensuite utilisé des GR comme source d'hémoglobine et montré qu'une phagocytose importante de ces
cellules entrainait chez ces macrophages une mort cellulaire accrue, ainsi qu'une augmentation de la
production d'especes réactives a I'oxygéne et de la peroxydation lipidique, marqueurs caractéristiques
de la ferroptose. Cette mort cellulaire s'est également accompagnée d'une augmentation de
|'expression de HMOX1 et SLC7A11, ainsi que d'une diminution de ACSL4, deux protéines impliquées

207



dans le processus de ferroptose. De plus, |'utilisation d'inhibiteurs de ferroptose, tels que la liproxtatin-
1 et la ferrostatin-1, a entrainé une diminution significative du phénotype ferroptotique observé chez
ces macrophages. Nous avons également montré que la phagocytose d'érythroblastes matures
apoptotiques induisait un phénotype ferroptotique dans les macrophages "IE-like" qui serait lié¢ a la
présence d'hémoglobine dans ces érythroblastes, puisque la phagocytose de cellules plus précoces et
sans hémoglobine, telles que des progéniteurs érythroides GPA-, n'avait pas d'impact sur la viabilité
des macrophages. Nous avons également confirmé ces résultats en répétant ces expériences avec des
cellules provenant de patients drépanocytaires.

De plus, nous avons réalisé des tests de RT-qPCR et d’ELISA, afin de caractériser le profil de libération
des cytokines et la polarisation des macrophages dans le temps. A la suite de nos expérience
d’érythrophagocytose, les macrophages « El-like » présentaient une diminution des marqueurs anti-
inflammatoires, tel que le CD163, CD206, et le TGF-B, avec une augmentation concomitante des
marqueurs pro-inflammatoires, tels que le CD86, le CD80, le TNF-a et I'lL-6. Ces résultats suggerent
que, en plus d’induire la mort des macrophages, un exces de fer a la suite d’'une érythrophagocytose
accrue peut également entrainer un changement de profil inflammatoire de ces cellules. Cela pourrait
entrainer la création et le maintien d’un environnement pro-inflammatoire dans la moelle osseuse qui
pourrait empirer I'érythropoiése inefficace présente chez les patients drépanocytaires.

Enfin, nous avons approfondi nos résultats par une approche in vivo en utilisant le modeéle transgénique
humanisé de souris Townes drépanocytaires. Dans ce modéle, nous avons observé une augmentation
de la fluorescence de C11-BODIPY dans les macrophages de la moelle osseuse des souris SS, par rapport
aux souris AS et AA. Ces résultats indiquent donc qu’il y a une augmentation de la peroxydation
lipidique chez les macrophages des souris drépanocytaires, qui est une caractéristique de la ferroptose.
De plus, le pourcentage de macrophage F4/80*, CD169*, VCAM*, considérés comme étant les
macrophages des flots érythroblastiques chez les souris, étaient diminué dans la moelle des souris SS
comparées aux souris AA et AS. Ces résultats préliminaires suggerent que la niche érythropoiétique est
perturbée dans la drépanocytose. De plus, nos résultats semblent indiquer que I'utilisation du modéle
Townes est pertinente pour I'’étude de la niche érythropoietique dans le contexte de la drépanocytose.
La caractérisation approfondie de I'érythropoiese dans ce modele permettra de compléter ces
résultats. A I'avenir, ce modéle murin nous permettra de tester I'effet de plusieurs traitements sur
I'amélioration du caractéere drépanocytaire.

En conclusion, cette étude met en évidence un mécanisme contribuant a I'érythropoiése inefficace
dans la drépanocytose, tout en soulignant la grande variabilité existante entre les patients, suggérant
I'implication d'autres facteurs. De plus, notre recherche met en évidence les répercussions que pourrait
avoir I'érythropoiese inefficace sur la niche érythroide. Notamment, elle pourrait entrainer la mort des
macrophages des flots érythroblastiques et les pousser a adopter un profil pro-inflammatoire, ce qui
pourrait davantage entraver |'érythropoiése et contribuer a I'anémie dans cette pathologie.
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