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CH, calponin homology

CTxB, cholera toxin B subunit

DAG, diacylglycerol

DHE, dehydroergosterol

EV, extracellular vesicle

FERM, 4.1 ezrin radixin moexin

GAPDH, glyceraldehyde 3-phosphate dehydrogenase
GP, generalized polarization

GPA, glycophorin A

GPC, glycophorin C

GPI, glycosylphosphatidylinositol

GSH, reduced glutathione

GSL, glycosphingolipid

GSSG, oxidized glutathione

H2DCFDA, 2’, 7’-dichlorodihydrofluorescein diacetate
H20., hydrogen peroxide

HC, high curvature

HE, hereditary elliptocytosis

HS, hereditary spherocytosis

Lg, liquid-disordered

Lo, liquid-ordered

LC, low curvature

lysoPL, lysophospholipid

mBCD, methyl-B-cyclodextrin

MV, microvesicle

NBD, 7-nitrobenz-2-oxa-1,3-diazol-4yl

NMDA, N-methyl-D aspartate
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NO, nitric oxide

PC, phosphatidylcholine

PDMS, polydimethylsiloxane

PE, phosphatidylethanolamine

PH, pleckstrin homology

PI, phosphatidylinositol

PIP, phosphoinositides

PIP2, phosphatidylinositol-4,5-bisphospate
PKA, protein kinase A

PKC, protein kinase C

PLA, phospholipase A

PLC, phospholipase C

PLL, poly-L-Lysine

PMA, phorbol 12-myristate 13-acetate
PMCA, plasma membrane calcium ATPase
PS, phosphatidylserine

RBC, red blood cell

Rh, Rhesus

ROS, reactive oxygen species

So, solid-ordered

S1P, sphingosine-1-phosphate

SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEM, scanning electron microscopy
SIRPaq, signal regulatory protein a

SL, sphingolipid

SM, sphingomyelin

SMase, sphingomyelinase

SOD1, superoxide dismutase

SPHK, sphingosine kinase

Tm, melting temperature

TRPC, transient receptor potential cation channels
VDAC, voltage-dependent anion-selective channel
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ABSTRACT

During the last decade, the host laboratory has explored the contribution of the
plasma membrane lateral heterogeneity in red blood cell (RBC) deformation. According to
their current model, three types of lipid domains coexist at the RBC surface: (i) the
cholesterol-enriched domains, which gather in high curvature areas upon RBC deformation;
(i) the GM1/phosphatidylcholine (PC)/cholesterol-enriched domains, whose abundance
increases with calcium entry upon RBC deformation; and (iii) the sphingomyelin
(SM)/PC/cholesterol-enriched domains, whose abundance increases with calcium efflux
after deformation. During my thesis, | evaluated whether those lipid domains could be
modified in abundance, composition and dynamics in two RBC fragility diseases caused by
impairment of the cytoskeleton, hereditary elliptocytosis and spherocytosis.

The RBCs from the patient suffering from hereditary elliptocytosis were more
circular and more fragile. Spectrin tetramerization was perturbed due to the exclusive
expression of the Pro260 variant of a-spectrin. The impairment of cytoskeletal protein
distribution was accompanied by a rise in the intracellular calcium content and the
alteration of calcium exchanges at the RBC surface. Moreover, both GM1/PC/chol- and
SM/PC/chol-enriched domains were altered in abundance, cholesterol enrichment and
response to calcium exchange stimulation. The intracellular calcium overload led to
phosphatidylserine exposure at the external plasma membrane leaflet and reactive oxygen
species overproduction, resulting into increased lipid peroxidation and activation of the
plasmatic acid sphingomyelinase. All those membrane lipid alterations contributed to
membrane lipid domain reorganization and dysfunction in elliptocytosis. Inhibition of the
plasmatic acid sphingomyelinase by amitriptyline increased the abundance of
SM/PC/cholesterol-enriched domains and partially restored the calcium content and the
RBC circularity and deformability.

The spherocytosis study included ten splenectomised patients from seven families
exhibiting SPTB or ANK1 mutations. In all patients, the mRNA of the allele carrying the
mutation was degraded by the nonsense-mediated mRNA decay mechanism. Three groups
of patients were defined based on clinical parameters and RBC morphology and
deformability features. Although B-spectrin and ankyrin mutations led to differential RBC
morphology, cytoskeletal organization defect and rigidity, cholesterol and total
phospholipid content loss as well as microvesicle release, none of these features did
correlate with the disease severity. Instead, the rise in intracellular calcium and ATP levels
represented two factors to consider upon evaluation of the disease severity. On one hand,
the intracellular calcium accumulation contributed to spherocytosis through the increased
exposition of phosphatidylserine at the RBC surface but not through increased oxidative
stress. Such calcium accumulation could result from the decreased abundance of the
mechanosensitive cation channel PIEZO1 and its activity through the impaired response of
the ganglioside GM1/PC/cholesterol-enriched domains to calcium influx stimulation by
Yodal. On the other hand, the rise in intracellular ATP content lowered the disease severity
by limiting the intracellular calcium content increase, possibly through direct stimulation of
the calcium efflux pump PMCA activity and/or maintenance of the membrane asymmetry
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and the functionality of the SM/PC/cholesterol-enriched domains. Based on the integration
of the intracellular calcium and ATP content modifications and the resulting alterations of
membrane transversal and lateral heterogeneity in lipid domains, the ten patients were
classified into three groups that perfectly matched with the disease severity score defined
by clinical parameters and RBC morphology and fragility.

In conclusion, this work uncovered the importance of calcium accumulation and the
resulting alterations of membrane transversal and lateral heterogeneity in both
elliptocytosis and spherocytosis. Hence, it indicated that clinical heterogeneity in
spherocytosis can be reflected in the calcium-dependent membrane defects. Finally, the
plasmatic acid sphingomyelinase could represent a possible target for the development of
new therapeutics in elliptocytosis.
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CHAPTER 1. INTRODUCTION

1. Plasma membrane lipid composition, biophysical properties

and organization
Plasma membranes are indispensable for life as they allow cells to maintain their
internal composition. In nucleated cells, membranes also separate the cytoplasm from
subcellular organelles which need to adapt their internal composition to their specialized
activities. Basically, membranes are lipid bilayers in which lipid tails from both leaflets face
up while lipid polar head-groups are oriented through the cytoplasm or the exterior of the
cell and in which proteins are embedded.

1.1. Membrane lipid composition and turn-over
Approximatively 5% of the eukaryotic cell genes are used to generate thousands of
different lipids [1]. Except for sterols, lipids possess a hydrophobic portion (the tail) made
of fatty acyl chains and a polar head-group. Diversity of head-groups, fatty acyl chain length
and saturation explain the enormous variety of lipids found in membranes. This large
diversity is nevertheless classified in three main groups: glycerophospholipids, sphingolipids
and cholesterol.

1.1.1. Membrane lipid composition

Glycerophospholipids are the principal components of the membrane bilayer. Their
basic structure is composed of two esterified fatty acyl chains attached to one glycerol
(Figure 1.1.). Generally fatty acids at the C1 are saturated or monosaturated while fatty
acids at the C2 are polyunsaturated. Predominant cell fatty acids contain 14-20 carbon
atoms (Table 1.1.). Every double bond drives a stable curvature to the acyl chain. The polar
head is attached to the C3 of the glycerol via a phosphoester bond and could be an
ethanolamine, a choline, a serine or an inositol, among others.
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Figure 1.1. Glycerophospholipids. A. Stick figures and space-filling models of the alcohol head-groups.
B. Stick figures and space-filling models of two fatty acids. C. An alcohol (the head-group), phosphate,
glycerol and two fatty acids combined to make a glycerophospholipid. D. Stick figure of a
glycerophospholipid and the space-filling model of phosphatidylcholine [2].

Double Bonds (Positions) ~ Table 1.1. Common fatty

0 acids of membrane lipids.
0 From [2].

1 (A9)

0

1 (A9)

2 (A9, A12)

3 (A9, A12, A15)
4 (A5, A8, All1, Al14)

Every polar head presents different electric charges, bestowing distinct properties to
the lipid. For instance, phosphatidylethanolamine (PE) and phosphatidylcholine (PC) are
neutral whereas phosphatidylinositol (Pl) can be modified by esterification of the hydroxyl
functions of the inositol with one to five phosphates, creating heavily charged
polyphosphoinositides [2]. Another factor to consider is the lipid global shape depending
on the size of the head and the saturation and length of the tail. For instance, PC possesses
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a nearly cylindrical molecular geometry, leading to self-organisation as a planar bilayer,
while PE assumes a conical molecular geometry because of the relatively small size of its
polar head-group, imposing a curvature to the membrane [1].

Sphingolipids, the second major lipid class, are named based of the sphingosine, a
nitrogenous base with an unsaturated fatty acid chain (Figure 1.2.). A second fatty acid is
attached by an amide bond to the C2, forming a ceramide while the polar head is attached
to the hydroxyl function of C1. The polar head-group can be i) a phosphocholine, forming
SM, the major sphingolipid; or ii) carbohydrates, forming the less abundant but highly
diversified glycosphingolipids (GSLs). Among these, glucosylceramide represents the
simplest, with one glucose as polar head. Gangliosides, which include the GM1, are GSLs
with terminal sialic acids. Sphingolipids generally have saturated (or trans-unsaturated)
tails, thereby forming taller, narrower cylinders than PCs of the same chain length.

A. Sphingosine B. Glycosphingolipids C. Sphingomyelin ;.00 (choline or

o ethanolamine) Choline
Y

Derived from Phosphate
serine Sugar(s) -0-P-0
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Figure 1.2. Sphingolipids. A. Stick figure and space-filling model of sphingosine. B. Diagram of the
parts of a glycosphingolipids. C. Stick figure and space-filling model of sphingomyelin [2].

Sterols are the least polar membrane components. Cholesterol, the sterol found in
mammalian cells, is composed of four carbon cycles forming a rigid hydrophobic core linked
to a short hydrocarbon tail and to a polar hydroxyl group, responsible for the slightly
amphipathic character of the molecule (Figure 1.3.).
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Figure 1.3. Cholesterol. A. Stick
figure. B. Space-filling model. C.
Disposition of cholesterol in a
lipid bilayer with the hydroxyl
(red) oriented toward the
surface [2].

Huge differences in membrane composition can be found between prokaryotes and
eukaryotes, but also within eukaryotes. These differences are presented in table 1.2.
(adapted from [3]). Notice the higher enrichment in cholesterol in the human red blood cell
(RBC) membrane as compared to other membranes. Since cholesterol plays a dominant role
in the regulation of membrane organization, changes in cholesterol levels should have
differential consequences in different cell types.
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Polar lipids Sterols®  Other Ref.

Molar % PC PE Pl PS PA PG CL SLs

E. coli 82 Tr. 6 12 [4, 5]

S. cerevisiae 25 10 9 3 5 2 10-20 30-40 [5-7]
MIPC  erg

Human RBCs 24 6 tr. 3 Tr. 19 48 Tr. [5, 8]
SM chol

Human platelets 18 20 1 12 16 32 [9,
SM chol 10]

Fibroblast cell 43 16 8 6.5 1.5 12 13 [11]

line (NIH 3T3) SM chol

Chinese hamster 25 21 nd 7 12 35 [12]

ovary cells . SM chol

(CHO)

Schwann cell 27 9 6 2 18 38 [13]

line (NF1T) SM chol

Undifferentiated 24 9 2 6 16 42 [14]

L6 myoblasts SM chol

Human alveolar 30 21 21 7 8 13 [5,

macrophages SM chol 15]

Table 1.2. Lipid composition of the plasma membrane in different cells. PC, phosphatidylcholine; PE,
phosphatidylethanolamine; Pl, phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid;
PG, phosphatidylglycerol; CL, cardiolipin; SLs, sphingolipids; MIPC, mannosyl-inositol
phosphorylceramide; SM, sphingomyelin; erg, ergosterol; chol, cholesterol. The most abundant lipid
of these categories is indicated in italics. n.d., not detected. Tr., traces. From [3].

1.1.2. Membrane lipid metabolism

Living cells are to regulate and remodel their membrane lipid composition thanks to
specialized enzymes [16, 17]. This underlines the fact that phospholipids are not only
membrane components but also cellular intermediates playing multiple roles in cell
development, metabolism and signalling [18]. For example, even though the concentration
of phosphatidic acid (PA, the common precursor of glycerophospholipids) is maintained at
very low intracellular levels, it contributes to membrane curvature maintenance and acts as
signalling lipid regulating glycerophospholipid biosynthesis [16]. Due to its negative charge,
it also contributes to the activation or the recruitment of proteins with polybasic regions
[19]. Sphingolipids also control many membrane-associated cellular processes including
endocytosis and signal transduction [20-23].

Phospholipases comprise four major classes based on the type of catalysed reaction
[18]. Phospholipase A cleaves either the sn-1 acyl chain (PLA1) or the sn-2 acyl chain (PLAy)
of phospholipids, releasing a free fatty acid and a lysophospholipid (LPL). Based on their
primary structure, enzymatic and subcellular localization properties, PLA> can be subdivided
into 3 categories: i) calcium dependent cytosolic PLA2 (cPLA2); ii) calcium dependent
secretory PLA2 (sPLA:); and iii) calcium independent intracellular PLA2 [18]. cPLA: is
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activated in response to an increase in intracellular calcium and releases arachidonic acid,
the precursor for eicosanoids. On the other hand, lysoPLs present an inverted conical shape
and support membrane vesiculation and vesicle fusion [19]. Phospholipase B cumulates the
enzymatic activities of PLA1 and PLA; as it can release indifferently the fatty acyl chain in sn-
1 or sn-2 [18]. Phospholipase C (PLC) catalyses the hydrolysis of PIP2, producing two second
messengers: inositol 1,4,5-triphosphate (IPs, known to induce calcium release from
intracellular calcium stores) and diacylglycerol (DAG, able to bind calcium dependent C2
domains and activates protein kinase C). DAG kinase and lipase can then convert DAG into
potent bioactive messengers such as PA and arachidonic acid, respectively [19].
Phospholipase D (PLD) hydrolyses the phosphodiester bond of phospholipids, in particular
PC, resulting in the production of a free choline and PA.

Ceramides are synthesized de novo in the endoplasmic reticulum but can also be
produced directly at the membrane by hydrolysis of SM into ceramide and phosphocholine.
This reaction is catalysed by sphingomyelinases (SMases) which include neutral and acid
SMases depending on the pH at which their enzymatic activity is optimal. Acid SMases
(aSMases) are either lysosomal or secreted. Ceramide can then be de-acylated by
ceramidases to sphingosine. The generation of ceramide and sphingosine mediate cell
death, senescence and/or cell cycle arrest [24]. Secreted aSMases are found in synovial,
salivary and cerebrospinal fluids, as well as in tears, urine and blood [25]. Outside an acidic
environment, the membrane lipid composition could alter the Km of aSMase, allowing
enzyme activity at higher pH [26]. The biological functions of aSMases have been extensively
studied, although mostly in pathological conditions, and are associated with acute and/or
chronic inflammation [25]. Thus, increased secreted aSMase in plasma is suggested to be
proinflammatory [27].

Lipids can also be phosphorylated by kinases which can change the reactivity and
localization of the lipid and can be used in sighal transmission. Phosphatidylinositol kinases
phosphorylate phosphatidylinositol species, generating phosphatidylinositol 3,4-
biphosphate (PI(3,4)P2), phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)Ps) and
phosphatidylinositol 3-phosphate (PIsP) among others. The phosphorylation state of
phosphatidylinositol plays a major role in cellular signalling [28]. Another example is the
metabolic conversion of sphingosine to sphingosine-1-phosphate (S1P) by the sphingosine
kinase (SPHK) [29]. SPHK1 is found in the cytosol and is translocated to the membrane upon
activation while sphingosine kinase 2 (SPHK2) is located mainly in the nucleus. A small
portion of SPHK1 is secreted constitutively into the extracellular space. S1P acts not only
intracellularly as a second messenger, but also extracellularly as a ligand for its membrane
receptors [29]. Circulating S1P serves as key regulator of lymphocyte trafficking, endothelial
barrier function and vascular tone [29].
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1.1.3. Membrane lipid organization: a brief history

In 1926, Gorter and Grendel proposed that cell membranes are organized in a lipid
bilayer (Figure 1.4.A). It was proved by determining RBC membrane surface area by electron
microscopy and comparing it to extracted RBC membrane lipids spread out at an air-water
interface. Comparison of both measurements revealed that the surface area of the lipid
monolayer was approximately twice that occupied by the RBC membrane, in perfect
agreement with their lipid bilayer prediction [30]. Yet, lipid bilayers alone could not explain
plasma membrane mechanical properties and the role of proteins. As proteins are more
hydrophilic than phospholipid head-groups, Davson and Danielli proposed that proteins
coat the bilayer to reinforce its resistance (Figure 1.4.B) [31]. In the 1950s improved
resolution of electron microscopy was enough to study membrane structure, revealing that
membranes present two hard lines (assimilated as proteins) separated by a soft space
(assimilated as lipid bilayer) [32]. However, this model seemed contradictory with the large
diversity of membranes in term of constituents that was being discovered at the time [33].
Moreover, membrane proteins are not very soluble in water, contesting the point of view
of hydrophilic proteins protecting the bilayer [2].
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Figure 1.4. Evolution of the concepts of membrane structure and organization. A. Basic bilayer with
double hydrophobic-hydrophilic interface (model of Gorter & Grendel). B. Multilayer model of the
bilayer coated with hydrophilic proteins (model of Davson & Danielli). C. Peripheral vs integral
membrane proteins (Singer & Nicolson fluid mosaic model, 1972). D. Contemporary model with
peripheral and integral membrane proteins embedded in a dynamic phospholipid bilayer. Adapted
from [2].

Later, electron microscopy images of membranes cleaved by cryofracture showed
the presence of proteins inside the lipid bilayer [34]. Chemical labelling of membrane
proteins indicated that numerous proteins span the bilayer, exposing different parts of the
polypeptide to the aqueous phase located on both sides of the membrane. This disposition
maximizes the contact between hydrophilic part of proteins and phospholipids with water,
at the same time furnishing a hydrophobic part away from water. Labelling experiments, x-
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ray diffraction and calorimetry indicated that membrane proteins diffuse into the bilayer,
the rate of which depend on viscosity. Based on these results, Singer and Nicolson
presented in 1972 their fluid mosaic model of cell membrane structure in which proteins
are embedded in a homogenous lipid bilayer and free to diffuse laterally (Figure 1.4.C) [35].
In this model, lipids only play a passive structural role. However, abundant evidence
indicates that lipids do not homogeneously distribute in the membrane but present
multilevel of heterogeneity (Figure 1.4.C). Transversal asymmetry, which corresponds to
differential composition between both leaflets (section 1.3.), and lateral asymmetry inside
one leaflet (section 1.4.), can be distinguished. Both heterogeneities influence biophysical
membrane properties (see below).

1.2. Membrane biophysical properties
Biophysical membrane properties depend on lipid and protein membrane
composition and on the strength of membrane anchorage to the underlying cytoskeleton.
Three properties are described i) fluidity (section 1.2.1.), ii) curvature (section 1.2.2.) and iii)
thickness (section 1.2.3.).

1.2.1. Membrane lipid phase behaviour and fluidity

Lipid bilayer phase behaviour is the response of the lipid bilayer to the relative
mobility of the individual lipid molecules (i.e. fluidity). These phases have specific properties
depending on the presence of cholesterol and the length of lipid tails and their degree of
unsaturation. At physiological temperature, fatty acids with 18 or more carbons form a solid
phase (So) unless they contain double bonds that create a permanent bend and promote a
disordered liquid state (L4) by creating free space within the bilayer (Figure 1.5.). Tight
packing of saturated acyl chains in the S, state limits lateral diffusion while disruption of
packing allows additional flexibility. On the other hand, short acyl chains favour liquid state
[1, 36]. Cholesterol seems to have a differential effect, favouring an ordered liquid phase
(Lo) by disrupting the order of the gel state (So) while increasing the mechanical rigidity and
decreasing the lateral diffusion coefficient if added to a L phase [37]. As a consequence of
phase behaviour, a membrane that contains mostly SM with or without cholesterol is
thicker (=4-5nm) than a membrane composed of PC and cholesterol (=4nm), itself thicker
than a membrane of short PC alone (=3nm) [38]. Sphingolipids like SM are appropriate for
the formation of Lo phases as saturation is prevalent in their acyl chains and because the
stabilizing effect of their hydroxyl function allows the formation of hydrogen bonding
between their head-groups [39]
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Figure 1.5. Simplified schematic representation of membrane lipid phases. S, order parameter of a
segment of acyl chain; Dy, translational diffusion coefficient.

When phases coexist, an interface is created in between. As both phases present
different properties (e.g. thickness), it generates an energy per unit length at the interface
(i.e. the line tension). Line tension plays a central role in the regulation of lipid domain size.
Domain size and mismatch in bilayer thickness at the phase boundary are directly correlated
[40]. Moreover, external perturbation of lipid domain shape is shortly followed by a return
to its initial circular phase [41], minimizing the boundary length and the energy lost.
Furthermore, alteration cholesterol from the bilayer by treatment with cholesterol oxidase
leads to irregular domain shape followed by domain disappearance [41].

To probe membrane order in living cells, a classical method consists of inserting into
the membrane the fluorescent probe Laurdan. Its spectroscopic properties are influenced
by both the composition and dynamics of its surrounding environment. Its emission
spectrum is =440nm in ordered membranes but switches to =490nm in disordered

membranes. On images generated by bi-photon microscopy, “generalized polarization”
1440—-1490
(GP=———
144041490
A high GP value reflects high lipid ordering and therefore low membrane fluidity.

) can be measured for each pixel based on both fluorescence intensities [42].

Atomic force microscopy (AFM) can be used to measure the elasticity of the cells.
AFM consists of a cantilever with a sharp tip (probe) at its end taping the sample surface.
The interaction force between the tip and the sample surface changes the amplitude of the
cantilever’s oscillation. The vertical and lateral deflection, vibration phase and amplitude of
the AFM probe upon interaction with the sample are used to determine surface topography,
friction and elastic property imaging [43, 44]. By this method, Young’s modulus can be
calculated, reflecting elastic deformation at the surface, i.e. stiffness. The higher the
modulus, the stiffer the membrane [44].
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1.2.2. Membrane curvature

The ability of cellular membranes to bend and adapt their shape is critical for a
variety of cellular functions including membrane trafficking, fission, fusion, differentiation,
motility and signal transduction [45]. Passive and active curvature generation mechanisms
can be described based on i) membrane composition and asymmetry, ii) partitioning of
shaped transmembrane proteins, iii) reversible insertion of hydrophobic protein motifs, iv)
scaffolding by oligomerized hydrophilic protein domains and, v) scaffolding by the
cytoskeleton with forces generated by polymerization and by molecular motors (Figure 1.6.)
[46].
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Figure 1.6. Mechanisms underlying membrane curvature. Curvature can be generated by (a)
asymmetric lipid distribution; (b) intrinsic shape of transmembrane proteins or their complexes; (c)
pushing or pulling the membrane by polymerisation of cytoskeletal filaments or by cytoskeletal
motors; (d) scaffolding; and (e) insertion of amphipathic helices [47].

The intrinsic shapes of membrane phospholipids define the global curvature of the
bilayer. As already mentioned, depending on head-group, length and saturation, lipids
present cylindrical (PC and PS), conical (PE and PA) or inverted-conical (LPL and PI) shapes
[1, 17]. Curvature is generated by the creation of lipid asymmetry between the two
membrane leaflets (by the action of flippases; see section 1.3.), by the application of forces
or mechanical constraints to the membrane forcing the lipids to reorganize [48, 49] or
through the effect of lipases which generate lipids with distinct intrinsic shape (see section
1.1.2.).

Transmembrane proteins with conical shapes promote membrane curving. For
example, the nicotinic acetylcholine receptors are not uniformly distributed throughout the
depth of the junctional folds of axons but are concentrated at the upper surface near the
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axonal membrane, at least partly resulting from the inverted-conical shape of the receptor
[50]. In addition, many integral membrane proteins oligomerize, resulting in induction of
membrane curvature by a crowding mechanism [51]. Another example is the bacterial
potassium channel KvAP. Using a micropipette to induce artificial curvature to protein-
enriched giant unilamellar vesicles, it was shown that KvAP is heterogeneously distributed
with greater enrichment in more highly curved membrane areas [52].

Insertion of amphipathic helices into the bilayer can also induce curvature. The best
example is the endocytic protein Epsin which contains an Epsin N-terminal homology
(ENTH) domain possessing an a-helical superstructure and a PIP2-binding region [47]. PIP;
binding is the first step in membrane bending. Upon binding, the N-terminal domain forms
an amphipathic a-helix which inserts in the inner leaflet, inducing membrane curvature [53].
Similar amphipathic helices are present in many proteins but vary in length and in affinity
for charged lipids [54]

Nanoscopic proteins might also assemble into larger structures with an intrinsic
shape affecting membrane curvature at the microscopic level. Coat proteins such as
clathrin, COPI and COPII stabilize membrane curvature during vesicle budding. Caveolins
constitute another important set of curvature-related scaffold proteins that are necessary
for the formation of flask-shaped, cholesterol-rich invaginations of the plasma membrane
called caveolae [55].

Finally, the cytoskeleton can be a direct inducer of membrane curvature. The
polymerization of cytoskeleton subunits into filaments can push or pull the membrane into
filopodia or lamellipodia [46].

1.2.3. Membrane thickness

To minimize energy loss, the hydrophobic thickness of the protein should be equal to
that of the lipid bilayer [56, 57]. Most of the time, the protein tends to localize in a part of the
bilayer where the hydrophobic thickness is favorable. If, for some reason, the protein does not
find a match, the annulus lipids surrounding it could adjust to the protein, as lipid bilayers are
dynamic and smooth structures. The protein can also be forced to alter conformation or tilt to
hide the hydrophobic part of its transmembrane domain in the hydrophobic part of the bilayer.
If the mismatch is too important, the protein can aggregate to decrease the energy loss [57,
58]. The hydrophobic mismatch could be used as a way to sort the protein as a function of the
length of its hydrophobic part and then address it to different compartments and parts of the
membrane. Van Galen and collaborators showed that changes in the trans-Golgi network
bilayer thickness by disruption of the SM homeostasis leads to a different functional enzymatic
domain organization and different sorting of transmembrane proteins [59]. Also x-ray
diffraction studies of membrane-embedded crystals of the plasma membrane calcium ATPase

27



(PMCA) revealed that variations in membrane thickness of about 2.5A allow large tilting
movements of the protein transmembrane helices [60, 61].

The bilayer thickness can also modulate the activity of transporters or receptors. For
instance, the calcium ATPase exhibits the highest activity in membranes containing
phospholipids with a chain length of about 18 carbons [62]. The chain length dependence of
the activity of the plasma membrane Na*,K*-ATPase is quite different as the optimal chain
length is C22 in the absence of cholesterol but C18 in the presence of cholesterol [62]. However,
this difference could also be linked to the charges of the bilayer and not only to the membrane
thickness [63, 64].

1.3. Membrane transversal asymmetry

The composition of lipids in the two plasma membrane leaflets is not identical. This
transversal asymmetry was first found during the 1970’s in RBCs by several methods
including enzymatic or chemical modifications of lipids [65, 66] and by sodium dodecyl
sulfate-digested freeze-fracture replica labelling (SDS-FRL) [67]. SM and GSLs are mainly
found in the external leaflet while PS, PE, Pl or PA are present in the cytosolic leaflet (Figure
1.7.) [68], leading to a neutrally charged outer leaflet vs a negatively charged inner leaflet.
Moreover, the fatty acyl chains in the outer leaflet are somewhat more saturated than those
in the inner leaflet [69]. As consequences of differential lipid composition, the cytoplasmic
leaflet of human RBC is more fluid than the extracellular leaflet, as indicated by electron
spin resonance with spin-labelled lipids and lateral diffusion measurements by
photobleaching with fluorescent lipids [70-72].

Figure 1.7. Asymmetric transbilayer

100% phospholipid distribution in human RBC.

I Outer leaflet
B nner leaflet

Determination by freeze-fracture replica-

labelling immunoelectron microscopy in
combination with lipid-binding proteins to
examine transbilayer distribution of various
phospholipids in RBCs. PC,
phosphatidylcholine; SM, sphingomyelin; PE,
phosphatidylethanolamine; PS,
phosphatidylserine; PI, phosphatidylinositol;
PIP,, phosphatidylinositol-4.5-bisphosphate
[67].
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The difference in composition could not be explained by spontaneous translocation
across the leaflets. Indeed, this process, named “flip-flop”, is governed by the size, the
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charge and the polarity of the lipid. The high energy barrier imposed by resistance to the
passage of polar head-groups through the hydrophobic core of the bilayer could explain the
difficulty for the lipids to cross it. For instance, the transbilayer movement of a GSL would
take one day (10'*° s'!) as compared to seconds for DAG, ceramide and cholesterol [1, 73].
For sphingolipids, the difference in composition between leaflets takes place during their
biosynthesis. Sphingolipids are synthetized in the luminal leaflet of the Golgi apparatus and
brought by vesicular traffic to the outer leaflet [1, 74]. Glycerophospholipids such as PE, PC
and PS are synthetized in the endoplasmic reticulum where they are homogeneously
distributed between the two leaflets. Their reorganization takes place at the membrane via
ATP-dependent transbilayer lipid translocators, confining them to the plasma membrane
inner leaflet. Among these enzymes, flippases and floppases can be distinguished (Figure
1.8.). Flippases transport lipids of the outer leaflet to the inner one while floppases do the
opposite. Phospholipid transfer may lead to local or extended cell shape changes through
bending of the lipid bilayer. The steady-state asymmetry can be disrupted by the activation
of phospholipid scramblases, a group of homologous ATP-independent calcium-dependent
bidirectional lipid translocators [73].

Physiologically, PS translocation to the outer leaflet, normally restricted to the inner
one, plays a role in RBCs upon aging and stress, inducing their phagocytosis and degradation
by spleen macrophages [75]. In addition, premature PS exposure by sickle and thalassaemic
RBCs results in a shortened RBC life span and is associated with hemolytic anaemia (see
sections 4 and 5).
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Figure 1.8. Simplified schematic representation of the maintenance of the asymmetric distribution
of phospholipids in the membrane. ATP-dependent flippases and floppases move lipids only in one
direction and they are lipid-specific while scramblases move lipids bidirectionally.

Currently, the repartition of cholesterol between leaflets is still a matter of debate
[69]. Cholesterol flip-flop between leaflets is fast due to its low polarity and small size which
could suggest a homogeneous distribution between leaflets [76]. However, it is not possible
to conclude that the repartition is homogeneous as interactions with other confined
lipids/proteins could promote preferential segregation of cholesterol into one of the leaflets
[69, 77]. On one hand, SLs and cholesterol are enriched in lipid rafts present in the outer
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leaflet [20] and monolayer freeze-fracture autoradiography on RBCs labelled with
radioiodinated concanavalin A indicated that ~60% of cholesterol is present in the outer
leaflet [69, 78]. On the other hand, the preferential accumulation of cholesterol (up to 75%)
in the inner leaflet was seen in RBCs by quenching of dehydroergosterol fluorescence and
fluorescence photobleaching of NBD-cholesterol [79]. It was also suggested that some
cholesterol may also occupy the inter-leaflet midplane of the bilayer [69]. Interestingly,
cholesterol has been shown to inhibit phospholipid scrambling, an unsuspected function
which could be critical for cell deformation [80].

1.4. Membrane lateral heterogeneity

As protein-to-lipid ratio of purified stripped membranes is close to the unity on a
mass basis, their large difference in molecular weight makes =50 lipid molecules per
membrane protein a reasonable general estimate, underlining that membrane lipids
actually cover most of the plasma membrane [81, 82]. It seems reasonable that due to
intrinsic lipid complexity, cell membranes are arranged in far more intricate structures than
simple homogenous fluid bilayers. Lateral heterogeneity was, however, for a long time a
matter of intense debate. Limited availability of reliable fluorescent probes, poor lipid
fixation, imaging artefacts due to membrane protrusions/projections and utilization of
highly disruptive methods of isolation were criticized. Moreover, lipid domains have
sometimes been reported under non-physiological conditions, potentially explaining the
discrepancies between the results obtained by different research groups. Two types of lipid
domains, transient nanometric domains (section 1.4.1) and stable submicrometric lipid
domains (section 1.4.2) will be briefly discussed here.

1.4.1. Transient nanometric domains

In 1987, Kai Simons and Gerrit Van Meer discovered that GSLs are enriched in the
apical membrane, making it thick and robust. Lipid segregation between apical and
basolateral membranes is maintained due to tight junctions [83]. Sorting is made possible
by the clustering of GSLs in the Golgi apparatus before being conveyed to the apical surface.
Strikingly glycosylphosphatidylinositol (GPI)-anchored proteins are also sorted exclusively
to the apical membrane in polarized cells [84]. Moreover, it was already known that GPI-
linked proteins are resistant to solubilization with non-ionic detergents such as Triton X-
100, along with GSLs and SM [85]. Whether the GPI-linked proteins and GSLs are indeed
associated in the detergent insoluble-material was addressed experimentally by Brown and
Rose, as the reference method for the isolation of lipid rafts as detergent resistant
membranes (DRMs) [39, 86]. Then, Simons and van Meer proposed that GPI-linked proteins
and GSLs follow the same sorting pathway to apical domains, associating to form “patches”
in the Golgi apparatus. The term of “lipid rafts” was introduced and defined later [87].
However, the raft concept has been extensively criticized due to their artificial isolation as
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“DRMs” as possible sources of artefacts. For instance, the use of detergents may reorganize
membrane components, as proved for Triton (known to promote formation of ordered
domains in model membranes [88]). Moreover, visualization of lipid rafts by microscopy
was lacking due to their nanometric size, instability and heterogeneity.

To eliminate any misinterpretations, lipid rafts were redefined during the Keystone
Symposium of 2006 as “small (20-100nm), heterogenous, highly dynamic, sterol- and SLs-
enriched domains that compartmentalize cellular processes. Small rafts can sometimes be
stabilized to form larger platforms through protein-protein and protein-lipid interactions”
(Figure 1.9.) [89, 90]. These domains create a thicker Lo phase inside a Lq phase. This
membrane thickening could help the recruitment of specific proteins with the same
hydrophobic length [63].
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Figure 1.9. The lipid raft hypothesis. Rafts are enriched in sphingolipids (GSLs and SM), cholesterol
(Chol), lipid-anchored proteins and some transmembrane proteins. TM, transmembrane; GPI,
glycosylphosphatidylinositol; GSLs, glycosphingolipids; SM, sphingomyelin; PC, phosphatidylcholine;
Lo, ordered phase; Lg, disordered phase.

Recently several emerging biochemical and biophysical techniques using natural
systems such as giant plasma membrane vesicles derived from cells have provided support
for the presence of these domains in cells, [91]. Also, the conservation of lipid rafts between
prokaryotes and eukaryotes has also been shown [91, 92]. Moreover, super-resolution
microscopy allowed the visualization of lipid-mediated protein clustering [91]. Very
recently, using single molecule localization microscopy that achieves remarkable spatial
resolution of =10nm, Yan et al were able to observe the formation of raft-like nanodomains
in the membrane of living mammalian cells [93]. More information about recent techniques
to study membrane organization can be found in [91, 94, 95] or by consulting our review [3]
(Abstract in Annex 3).
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In addition to rafts, other nanoscale domains (i.e. <100nm in diameter) have been
described in the plasma membrane of eukaryotes such as caveolae [55] and tetraspanin-
rich domains [96]. Caveolae are specialized nanodomains able to form stable membrane
invaginations of 60-80nm enriched in sphingolipids and cholesterol. Two protein families
are essential to their formation and function, caveolins and cavins. Caveolae are numerous
in endothelial cells and adipocytes but are absent in RBCs. Tetraspanins are structural
proteins bearing four transmembrane domains, which control the formation of membrane
tubules. As they oligomerize, they can recruit various proteins to establish functional
domains.

1.4.2. Stable submicrometric domains

Besides nanosized lipid domains, morphological evidence for stable (min vs sec)
submicrometric (i.e. >200nm in diameter vs 20-100nm) lipid domains was first suggested by
dynamic studies. For instance, by fluorescence recovery after photobleaching, Edidin et al
pointed out a restriction to lateral diffusion of a fluorescent PC analog inserted in the
fibroblast plasma membrane [97]. Also Kusumi et al showed that phospholipids diffuse
more slowly in the fibroblast membranes than in artificial bilayers as they are confined for
=11ms in a defined area before hopping to adjacent compartments [98]. In the past
decades, several groups have provided evidence for submicrometric domains in a variety of
living cells, from prokaryotes, to yeast and animal cells (Figure 1.10.). For more information,
see [3] (Abstract in Annex 3).

B. Subtilis S. Cerevisiae Platelet CHO macrophage
Laurdan Filipin (chol) DilC18 BODIPY-SM Laurdan

Figure 1.10. Visualization of plasma membrane submicrometric lipid domains by
fluorescence/confocal imaging. (a) B. Subtilis labelled with Laurdan at 37°C [99]. (b) S. Cerevisiae
stained with filipin (ergosterol) [100]. (c) Platelets labelled with DilC18 and examined at 15°C [101].
(d) CHO cell labelled with BODIPY-SM, pretreated with latrunculin B and examined at 4°C (to prevent
both endocytosis and membrane protrusions) [102]. (e) Living RAW264.7 macrophage labelled with
Laurdan and examined at 37°C, then reconstructed to a 3D image from 50-100 images [103]. All scale
bars, 2um. Adapted from [3].
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2. Red blood cell life cycle

RBCs are the most abundant cell type in the blood (4-6x10° RBCs/uL). Their principal
function is the oxygen transport which is optimized by their small size and biconcavity
allowing a greater surface for rapid diffusion. In mammals, RBCs lose their nucleus and
organelles. The space liberated by the nucleus is occupied by hemoglobin responsible for
oxygen transport due to four heme groups.

2.1.  Erythropoiesis

2.1.1. Erythroid differentiation stages
Erythropoiesis (from the Greek erythros: red and poiesis: to make) is the process by
which RBCs are produced. During adult life, erythropoiesis -and hematopoiesis in general-
mostly takes place in the bone marrow, a semi-solid tissue found within the central cavities
of axial and long bones.

Bone marrow consists of hematopoietic cells, adipose tissue and supportive stromal
cells (Figure 2.1.) [104]. The marrow is served by numerous blood arteries opening up into
venous sinuses near the bone, which lead back to a central longitudinal vein. The
hematopoietic microenvironment consists of a reticulin skeleton and adventitial reticular
cells which furnish a proper environment for cell differentiation [104]. Erythroid progenitors
are organized in a hematopoietic subcompartment called “erythroid island”. Each island is
made up of a central iron-containing macrophage surrounded by maturing erythroid
precursors at various stages of development [105].

Adventitial
v, reticular cell

Central
longitudinal Figure 2.1. Bone
B marrow structure
asement

membrane [106].

A Endothelial
' cells

Erythroid
island
(macrophage)

Fat
cell

33



The central macrophage extends cytoplasmic protrusions and its function is to
regulate erythroid proliferation, differentiation, enucleation and to clear the pyrenocytes
resulting from the enucleation process [107].

Hematopoietic stem cells are a self-renewing population, common ancestors of all
blood cells. The most immature lineage-committed erythroid progenitors are termed burst-
forming unit erythroid (BFU-E) which then differentiate into colony-forming unit-erythroid
(CFU-E) (Figure 2.2.). These progenitors are defined by their ability to form colonies of
mature erythroid cells in semi-solid media [108].
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Figure 2.2. Schematic representation of erythroid differentiation. HSC, hematopoietic stem cell; BFU-
E, burst-forming unit erythroid: CFU-E, colony-forming unit erythroid; Pro-E, proerythroblast [109].

The proerythroblast is the earliest recognizable erythroid precursor, arising directly
from the CFU-E under the influence of erythropoietin (EPO). As the maturation process
advances to erythroblasts and reticulocytes, cells divide and accumulate iron and
hemoglobin while decreasing in size due to decreased RNA content and progressive nuclear
condensation. The degree of hemoglobin and RNA content is reflected by cytoplasmic
staining which progressively switches from basophilia (blue; acidic cytoplasm due to the
nucleic acids) to polychromatophilia [108].

Enucleation is the final step of maturation and results in the formation of two cell
types. The first population consists of reticulocytes, that contain most of the cytoplasm and
hemoglobin as well as the proteins needed to form the cytoskeletal network. The second
population consists of pyrenocytes (“extruded nuclei”) that contain the condensed nucleus
surrounded by a lipid bilayer and a thin layer of cytoplasm. Pyrenocytes expose PS at their
surface, providing an “eat me” signal, and are rapidly ingested by surrounding macrophages
[108]. Enucleation is a complex process involving multiple steps including i) nuclear and
chromatin condensation, dependent on the acetylation status of histones H3 and H4; ii)
establishment of cell polarity through microtubule action; iii) formation of a contractile
actomyosin ring, in as in cytokinesis but in an asymmetric way; and iv) coalescence of lipid
rafts between reticulocytes and pyrenocytes [108, 110]. During this process, erythroid
membrane and cytoskeletal proteins and other cellular machineries are selectively sorted
between reticulocytes and pyrenocytes. For instance, Band3, ankyrin, 4.1R, glycophorin A
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(GPA), glycophorin C (GPC), RhAG and spectrins segregate to the nascent reticulocyte while
B1 integrin, fibronectin receptor and transferrin receptor are selectively lost [111, 112].
Although, the mechanisms of protein sorting are still largely unknown, they appear to be
involve the spectrin/ankyrin/4.1R cytoskeleton, as revealed by the aberrant protein sorting
in mice lacking ankyrin or 4.1R [113].

Once enucleation is complete, the reticulocytes join the circulation and finish their
maturation (for 1-2 days) by losing 20-30% of their cell surface, adopting a biconcave
morphology with improved viscoelasticity [114] and eliminating any remaining membrane-
bound cytosolic organelles through an autophagy/exosome-combined pathway [108, 110]
[115, 116]. Maturation is also accompanied by intense membrane remodelling. Indeed,
cytosolic actin and tubulin are lost and other proteins such as GLUT4, Na*/K* ATPase, GPA
and CD47 are reduced in abundance [114, 117].

2.1.2. Regulation

As the primary stimulus, a low O: level into the blood flow stimulates the kidneys -
and to a lesser extent the liver- to secrete the hormone erythropoietin (EPO) via the binding
of hypoxia-inducible transcription factor 2 (HIF2) to hormone response element (HRE)
sequences on the EPO promoter. This hormone in a domino effect stimulates the bone
marrow to produce erythrocytes. EPO seems less important for the terminal stages of
differentiation of the mature erythroblast but is essential for BFU-E maturation into CFU-E.
Indeed, EPO receptor expression is tightly restricted to cells between the late BFU-E and
CFU-E cell stages [118, 119].

Other factors that positively regulate erythropoiesis include insulin, insulin-like
growth factor, activin and angiotensin Il. By contrast, transforming growth factor B,
inflammatory cytokines such as y-interferon and tumour necrosis factor a among others, all
have negative effects on erythropoiesis [119, 120]. The precise relevance of these pathways
for in vivo erythropoiesis remains to be established. A recent study highlights the
importance of S1P signalling to modulate terminal erythroid differentiation. Indeed,
sphingosine kinase activity regulates key mitophagy genes and SPHK1 inhibition disrupts the
clearance of mitochondria in late erythroblasts. Moreover, supplementation of S1P in vitro
promotes erythroid differentiation [121].

2.2.  Energy supply
During its intravascular lifespan, the erythrocyte requires energy to maintain a
number of vital functions. These include: i) maintenance of glycolysis (see below); ii)
maintenance of the electrolyte gradient between plasma and red cell cytoplasm through
the activity of ATP-driven membrane pumps (see section 2.4.); iii) synthesis of glutathione
and other metabolites (see section 3.1.2.); iv) maintenance of hemoglobin iron in its
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functional reduced ferrous state (see section 2.3.); v) protection of metabolic enzymes,
hemoglobin and membrane lipids and proteins from oxidative damage (see section 3); and
vi) preservation of phospholipid asymmetry (see section 1.3.) [122].

RBCs are devoid of mitochondria and are thus unable to use fats and generate energy
from Krebs cycle. Production of ATP is via anaerobic glycolysis. As normal erythrocytes do
not have glycogen, ATP production depends only on a continuous supply of glucose freely
entering the cell by facilitated diffusion through the glucose transporter GLUT1 (~200
000/cell; ~10% of the total protein mass [123]).

RBC metabolism requires ATP as a source of energy and NADH and NADPH as
cofactors. Approximately 90% of glucose is catabolized anaerobically to pyruvate or lactate
by glycolysis. The net gain is two ATP molecules and two NADH molecules for one glucose.
NADH produced can be used to reduce methemoglobin to hemoglobin by the NADH-
dependent enzyme methemoglobin reductase (see section 3). As RBCs are subjected to a
high degree of oxidative stress from oxygen transport, the cells use glutathione to scavenge
reactive oxygen species. Glutathione reductase regenerates functional glutathione by using
NADPH as electron donor. The only non-mitochondrial source of NADPH is the pentose
phosphate shunt which produces two molecules of NADPH. The pentose phosphate
pathway catabolizes about 10% of the entered glucose.

To ensure an effective production of energetic molecules, a metabolic complex is
assembled next to the membrane. In summary, the RBC uses a membrane-associated
glycolytic complex to create a localized pool of metabolites (glucose, ATP and protons).
Glucose enters the RBCs via GLUT1 glucose transporter and is metabolized via the
neighbouring membrane-bound glycolytic complex. The protein Band3, also known as anion
exchanger 1 (AE1), has turned out to be a multipurpose protein around which cytoskeleton
(section 2.4.3.) and metabolic enzymes are gathered, adding to its primary role of
chloride/bicarbonate exchange (section 2.3.1.). It possesses three functional domains: i) the
N-terminal cytoplasmic domain which is the key attachment site for the membrane
skeleton, glycolytic enzymes and deoxyhemoglobin; ii) the transmembrane domain which
forms the red cell anion-exchange channel; and iii) the cytoplasmic C-terminal domain
which has a binding site for carbonic anhydrase Il [124]. The enzymes associated with the
metabolic complex include phosphofructokinase, aldolase, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and enolase. They stay inactive when bound but are activated
when displaced either by hemoglobin binding to the N-terminal segment or by
phosphorylation of 2 tyrosines within the binding sites [125]. Interestingly, ATP is
sequestered within the cytoskeletal-membrane complex, probably due to B-spectrin,
ankyrin, Band3 and GAPDH [126]. When formation of the metabolon complex is impeded,
glycolytic flux increased up to 45% compared with untreated cells [127]. Lactate produced
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by glycolysis is removed from the cell by the monocarboxylate transporter 1 (MCT1) in a
proton-dependent manner. The ATP produced can be used locally by ATP-driven pumps
such as the Na*/K*-ATPase [128].

2.3. Functions

2.3.1. Oxygen and carbon dioxide transport
The low solubility of Oz in water, and by consequence in the blood, is bypassed by
the production of specialized proteins —hemoglobins- which transport =98% of total Oz
present in blood.

Hemoglobin is composed of four subunits, each with a globin chain associated with
a heme group (Figure 2.3.A). The heme group is a porphyrin ring —a heterocyclic ring-
containing the Fe in the +2 redox state (ferrous) which can reversibly bind oxygen. If the
iron ion is in Fe(lll) state, the product —methemoglobin- cannot bind oxygen. In adult,
hemoglobin A is predominant (=97%) and is a tetramer of 2 a-chains and 2 B-chains (a2f2).
These subunits are structurally very similar, with a molecular mass of =16kDa (=64kDa for
the complete protein), and are encoded by HBA1, HBA2 and HBB genes [119].
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Figure 2.3. Hemoglobin, heme and interaction with oxygen. A. Hemoglobin and heme structures
[129]. B. Standard human oxygen-hemoglobin dissociation curve. pO,: oxygen pressure. Left shift:
increase affinity of O, for hemoglobin; Right shift: reduction of the affinity [130].

The binding of oxygen is a cooperative process. Deoxygenated hemoglobin has T or
tense conformation which has a weak affinity for oxygen and tends to liberate it. As O2 binds
to one globin, the tetramer conformation shifts from the T state to the R state —relaxed
state- promoting the binding of oxygen to the remaining three heme-globin chains.
Therefore, the oxygen binding curve of oxygen to hemoglobin is sigmoidal (Figure 2.3.B).

R state is favoured in high pH, low pCO2 and low 2,3-BPG (2,3-biphosphoglyceric acid,
a derived from glycolysis) concentrations which promote the fixation of O> when the blood
circulates in the pulmonary alveoli. The T state is favoured by an acidic pH (Bohr effect),
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high CO2 concentration (Haldane effect) and high concentration of 2,3-BPG, favouring the
liberation of O2 when the blood circulates throughout the tissues. Moreover, increasing
temperature lowers the affinity of hemoglobin for Oz and shifts the oxygen dissociation
curve to the right.

Besides oxygen, hemoglobin ligands also include competitive inhibitors (CO) and
allosteric ligands (CO2 or NO). Carbon monoxide (CO; from smoking or exhaust gas)
competes with oxygen at the heme binding site with a high affinity, forming a
carboxyhemoglobin. CO2 is bound to amino groups of the globin chains, forming
carbaminohemoglobin. Nitric oxide (NO) can also be transported by hemoglobin by a
specific thiol group in the globin protein, forming a S-nitrosothiol. S-nitrosothiol dissociates
into free NO and thiol again when hemoglobin releases Oa.

When RBCs are hemolyzed in the circulation, hemoglobin binds to haptoglobin and
free heme is fixed by hemopexin to restrict the oxidant effect. The degradation of heme
forms biliverdin, then the yellow bilirubin. Insoluble, it is bound in the blood by albumin and
transported to the liver where it is processed in glucuronic acid and secreted by the intestine
with bile [109].

CO:2 is twenty times more soluble in plasma than Oa. This property explains why CO2
diffuses effectively despite weak variations of the partial pressure. CO; is transported in
three ways: i) 7% dissolved in the blood; ii) 23% bond to free hemoglobin on exposed amino
groups, forming carbaminohemoglobin (see above); and iii) 70% in the RBCs converted in
carbonic acid (H2CO3s) by carbonic anhydrase present at the membrane cytoplasmic surface
linked to the band3 anion transport protein. H2CO3 then spontaneously dissociates to form
bicarbonate ions (HCOs) and protons (H*). The protons bind to the deoxygenated
hemoglobin. Cell membranes are generally impermeable to charged ions but RBCs possess
the anion exchanger protein Band3 which pumps out HCOs in exchange for one chloride
ion (CI). It is known as the Hamburger phenomenon or the chloride shift. Consequently, CI-
concentrations are lower in venous blood than in arterial blood. The opposite occurs in the
pulmonary capillaries in the lungs, as pO2 rises and pCO: falls, releasing the proton from
hemoglobin. It increases free H* concentrations within RBCs and shifts the equilibrium
towards CO; and water formation from bicarbonate [129].

2.3.2. Secondary functions
RBCs can act as a regulator of blood flow. Indeed, upon passing through the
microcirculation, RBCs may sense tissue oxygen conditions via the degree of deoxygenation
of hemoglobin and couple this information to the release of vasodilatory compounds, such
as ATP or nitric oxide (NO) [131]. At first it may be surprising that RBCs release ATP as it is a
cellular energy supply. However, a large variety of cells, including RBCs, are capable of
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releasing small amounts of ATP [132]. Extracellular ATP binds and activates the purinergic
P2y receptors on vascular endothelial cells and induces the synthesis and release of NO [133,
134]. NO is a well-known vasodilator, which causes relaxation of the surrounding smooth
muscle cells. RBCs release ATP under a variety of external stimuli, including hypoxia and
hypercapnia but also mechanical, pH and osmotic stresses [133]. Studies with erythrocytes
from individuals with cystic fibrosis have suggested that ATP release requires the cystic
fibrosis transmembrane conductance regulator (CFTR). However, the involvement of CFTR
in RBCs has not been clearly demonstrated [135, 136]. ATP release from human RBCs may
involve the gap junction protein pannexin 1, which forms an ATP-permeable channel in the
RBCs [131, 137]. A recent study highlights that PIEZO1, a mechanically activated cation
channel, regulates shear-induced ATP release from RBCs [138].

2.4.  Red blood cell biconcavity
The RBCis a biconcave disc with a =8um-diameter and a =2um-thickness, adapted to
a 90fL volume and a surface area of 140um?, with high and low curvature areas. The
discocyte shape allows the RBC to deform, fold and squeeze against the endothelial walls
of capillaries, exposing maximal surface area thus offering minimal diffusional distances for
rapid Oz2 and CO2 exchanges across the capillary walls. Maintenance of the biconcavity is
essential for optimal viability and functionality for an extended circulatory lifespan [139].

2.4.1. RBC shape and volume control

Under physiological conditions, the RBC biconcave discoid (discocyte) shape allows
the RBC to minimize bending energy. A variety of agents can reversibly modify this shape at
constant area and volume. For instance, high salts, high pH, ATP depletion and proximity to
a glass surface (negatively charged) induce a series of crenated shapes, called echinocytes
and characterized by convex rounded protrusions or spicules (Figure 2.4.). If the action of
these agents is prolonged, the spicules become smaller and more numerous before budding
off irreversibly, forming extracellular vesicles. The resulting RBC is smaller and more
spherical (spherocyte). On the other hand, low salts and low pH induce concave shapes
called stomatocytes [140]. Sheetz and Singer were the first to propose an explanation based
on the relaxed area difference AAo between the two membrane leaflets [141]. Any effect
that could expand the outer leaflet compared to the inner leaflet (and increasing the AAo)
would then tend to form convex structures on the cell surface (i.e. spicules) while an
expansion of the inner leaflet area relative to the outer leaflet (decreasing AAo) favours
concavities (i.e. stomatocytic shapes) [140, 141]. However, this model does not consider
the shape control by membrane-bound proteins (e.g. spectrin, ankyrin or Band3), which
was reflected by RBC shape aberrations upon mutation of these proteins (see section 5).
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Figure 2.4. Representative shapes from the main
stomatocyte-discocyte-echinocyte sequence. From
top to bottom: stomatocyte I, Il and I; discocyte; and
echinocyte |, II, lll. Left, scanning electron microscopy.
Right, minimum-energy shapes with variations in AAg
[140].

Combining theoretical prediction with spherical harmonic series expansions of
theoretical cell surfaces and 3D imaging of live cells, it was demonstrated that the
cytoskeleton is important for stabilizing the RBC shape against perturbations such as
asymmetric changes in lipid bilayer composition. In the absence of a membrane skeleton,
the discocyte form is the minimum energy shape only for a very small range of AAg, while in
the presence of cytoskeleton, this range is =100-fold larger [142].

Maintenance of a constant volume in the face of extracellular and intracellular
osmotic perturbations is critical for RBCs. Under normal physiological conditions, the
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osmolarity of the extracellular fluid is kept constant (=285mOsm) and cell volume is most
commonly perturbed by changes in intracellular, rather than extracellular, osmolarity.
Water moves through the RBC membrane sufficiently fast for its volume to be established
as the result of the osmotic difference between its internal and external solutions. As
hemoglobin cannot cross the membrane, the cell has a tendency to swell [143]. To thwart
this effect and keep a steady volume, the cytoplasmic content of K*, Na* and Cl" ions is tightly
controlled [144] due to ion pumps, ion channels, symporters and antiporters (Figure 2.5.)
[145, 146]. K* concentration in cytosol is high (=150mM compared to =5mM in the
extracellular liquid) whereas Na* concentration is low (=15mM compared with =150mM in
the plasma) [147]. This difference is maintained by the Na*/K*-ATPase which actively
transports 3 Na* ions out of the cell and 2 K* into the cell. Plasma membrane Ca?*-ATPase
plays the same role and drives calcium out of the cells to keep low intracellular
concentrations (=30-60nM compared to =1.8mM in the plasma) [148]. This is especially
important as calcium is a universal and ubiquitous signalling molecule and its intracellular
concentration is carefully monitored.

Gradient-driven passive transporters
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Figure 2.5. Model of ion transport pathways in the human erythrocyte. Gradient-driven transport
pathways: AE1, anion exchange protein 1 (or Band3); NKCC1 Na*K*Cl-cotransporter 1; KCC, K*-CI-
cotransporter; VDAC, voltage-dependent anion channels; NHE1, Na*-H* exchanger 1; VRAC, voltage-
regulated anion channels. Gradient-driven leak pathways not otherwise identified and indicated by
the arrows. PIEZO1 is a mechano-activated cation channel. Other erythrocyte membrane channels are
the water channels aquaporins (AQP1 and AQP3) and KCNN4 (or Gardos channel), a calcium-activated
K* channel. Active transporters: calcium-ATPase and Na*K*-ATPase. NMDAR, N-methyl D-aspartate
receptor, participating in calcium entry. Other transport pathways (CO,, urea, glucose) are not shown
[149].

2.4.2. RBC membrane lipid organization
The RBC plasma membrane is a model of choice to study lipid lateral and transversal
organization as artefacts can be ruled out. Indeed, RBCs exhibit a smooth membrane, do
not have vesicular trafficking and have minimal lipid metabolism. Moreover, it is the best-
characterized membrane for both lipid and protein composition. Finally, it is easily available,
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abundant and rapidly isolated by centrifugation. Membrane lateral asymmetry will only be
considered here as transversal asymmetry has already been explained in section 1.3.

2.4.2.1. Detergent resistant membrane-based studies

DRMs were actually first described for the RBC membrane after treatment of ghosts
with cold Triton X100 followed by sucrose density gradient fractionation [85], even if DRMs
had not been defined at that time. The detergent resistant fraction was enriched in SM and
GSLs and associated with the spectrin skeleton. By electron microscopy, DRMs were proven
to be derived from original ghosts and not simply aggregates of dispersed lipids and
proteins. RBC DRMs were then shown to be enriched in stomatin and flotillins [150]. In both
ghosts [151] and erythrocytes [152, 153], DRMs appear to be connected to the membrane
cytoskeleton through electrostatic interactions [154]. However, most of the studies are
fraught by contamination of blood granulocytes, resulting in proteolysis [39]. To overcome
difficulties, leucodepletion of blood samples and utilization of carbonate supplemented
medium was proposed [39].

By analysing the mesomorphic state of DRMs by electron paramagnetic resonance
(EPR) spectroscopy with spin labelled lipid molecules, the lipid bilayer of DRMs isolated from
human RBCs was found to display a higher ordered state compared with the RBC plasma
membrane, which is compatible with the existence of Lo domains in the RBC membrane, as
hypothesized for raft domains [152]. The cholesterol molar ratio is approximately =55mol%
in DRMs vs =45mol% in the RBC plasma membrane. Moreover, DRMs obtained after
cholesterol depletion are more in So phase, in accordance with So/Lo/Ls phase knowledge
(see section 1.2.1.) [155].

2.4.2.2. Microscopy-based studies

First evidence

Submicrometric domains at the RBC surface were first acknowledged using
fluorescence microscopy after labelling with fluorescent NBD-phospholipid analogs. For
instance, Rodgers and Glaser reported the existence of large lipid domains in the membrane
of rabbit erythrocytes and ghosts [156]. However, the NBD-lipids used could have had their
own partitioning properties as the bulky fluorochrome NBD is attached to the 2-position of
the glycerol moiety [3].

Other laboratories then observed stable domains enriched in gangliosides GM1 [157,
158] or GM3 [67], SM [67] or ceramide [159]. The GM1 domains were observed by two
different approaches. The first induced patches experimentally due to the use of the
multivalent non-toxic pentameric B subunit of cholera toxin in fixed RBCs (Figure 2.6.a)
[158]. Both multivalence of the probe and paraformaldehyde fixation can lead to artefactual
lipid redistribution, and by consequence are serious limitation for lipid organization studies.
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The second study circumvented the labelling and fixation methods by membrane insertion
of a fluorescent lipid analog in live RBCs (Figure 2.6.b) [157]. The fluorochrome chosen was
the 4,4-difluoro-5.7-dimethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY) which, unlike NBD,
has the advantage of high quantum vyield and photostability, thus requiring insertion at
lower concentration and imaging at lower laser power [160]. Uniform distribution of the
probe was observed at room temperature and cooling at 4°C was needed to evidence
domains, precluding physiological relevance of such domain [157].

Using the same family of analogs, Montes et al used BODIPY-SM to analyse hot-cold
hemolysis by PIcHR2, a phospholipase C/sphingomyelinase from Pseudomonas aeruginosa,
known to hydrolyse SM to phosphocholine and ceramide. The formation of ceramide-
enriched domains as a result of PIcHRz activity was observed (Figure 2.6.c), suggesting that
the formation of those rigid domains leads to membrane fragility and hemolysis [159].

Cholera toxin B BODIPY- BODIPY-
BODIPY-GM1
Subunit (GM1) Sphingomyelin ceramide

p L
PIcHR,

Figure 2.6. Fluorescence microscopy images of lipid domains in red blood cells. a. Human RBC
treated with cholera toxin B subunit (CTB) plus anti-CTB and fixed with paraformaldehyde [158]. b.
Living RBCs labelled with BODIPY-GM1 and cooled to 4°C to induce visible domains [157]. c. Human
RBC stained with BODIPY-sphingomyelin before and after 10 min of treatment with PIcHR, The smaller
pink arrow points to ceramide-enriched domains [159].

Development of new specific probes

As highlighted, the interpretation of results from these studies must be taken with
caution as they used disruptive and/or non-physiological methods to analyse membrane
lipid organization. However, stable lipid domains have been observed and characterized by
our laboratory on living RBCs. They were first revealed on spread RBCs by vital fluorescence
and/or confocal imaging using trace insertion at the external membrane leaflet of BODIPY-
SM, PC and GM1 (Figure 2.7.) [102, 161, 162]. Since the substitution of the fatty acid chain
by a fluorochrome remained a potential problem, the study was then extended to the
visualization of endogenous membrane lipids by exogenous protein probes.
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Figure 2.7. Gathering of SM, PC, GM1 and cholesterol in submicrometric domains at the RBC outer
plasma membrane leaflet. Living RBCs spread onto poly-L-lysine pre-treated coverslips and labelled
with either BODIPY-SM, -PC, -GM1 or mCherry-Theta-D4 to reveal endogenous cholesterol [163].

To label endogenous SM, natural toxins are available. Amongst these is Lysenin,
produced by coelomic fluid of the worm Eisenia Foetida. However, after binding to
membrane SM, Lysenin oligomerizes and forms pores in the membrane, leading to cell
target lysis. Lysenin possess two distinct domains, an N-terminal domain responsible for the
Iytic activity and a C-terminal domain responsible for SM binding [164]. Kobayashi and
colleagues validated a minimal truncated form of Lysenin, corresponding to the C-terminal
domain, devoid of lytic activity but preserving the ability to specifically bind to SM. This form
is called NT-Lysenin (for non-toxic Lysenin) [165, 166].

Cholesterol labeling is more challenging. Indeed, fluorescent sterols are available,
but their membrane orientation and/or distribution behaviour have been found to deviate
from native cholesterol [167]. Dehydroergosterol (DHE) is a natural fluorescent analog of
cholesterol but is difficult to insert into membrane and is rapidly photobleached [168]. The
fluorescent antibiotic filipin is sometimes used but it tends to aggregate membrane
cholesterol, thereby perturbing its organization, and is toxic at high concentration [169].
Besides these probes, cholesterol-dependent cytolysins appear more promising. Those
include streptolysin O of Streptococcus pyogenes, pneumolysin of Streptococcus
pneumoniae, listeriolysin O of Listeria monocytogenes or perfringolysin O (or Theta toxin)
of Clostridium perfringens. Their structure and pore formation mechanisms are very similar
[170]. Theta toxin structure was the first to be resolved and displays 4 domains (D1-D4) rich
in B-sheets [171]. The C-terminal domain of D4 possesses a motif rich in tryptophan
responsible for membrane cholesterol recognition. As for Lysenin, the D4 domain as
minimal segment able to recognize cholesterol without promoting cytolysis, was isolated by
the group of Kobayashi [172, 173].

Upon coupling with the fluorescent protein Dronpa (suitable for super-resolution
microscopy), NT-Lysenin and Theta revealed SM- and cholesterol-enriched domains on fixed
Hela cells [174]. In our laboratory, we used NT-Lysenin and Theta-D4 coupled with the
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fluorescent protein mCherry to label living RBCs spread on poly-L-lysine coated coverslips
(Figure 2.7.) or maintained in suspension (in plastic chambers or in three-dimensional gels)
and revealed submicrometric domains for both SM and cholesterol [175, 176] (see Annexes
1 and 2 for abstracts).

Combining BODIPY-lipids and toxin fragments, we were then able to map the RBC
outer plasma membrane leaflet, showing the coexistence of at least three types of domains:
i) those mostly enriched in cholesterol (=8/hemi-RBC), present in RBC high curvature areas;
ii) those co-enriched in GM1/PC/cholesterol, less abundant(=1.5/hemi-RBC) and associated
with RBC low curvature areas; and iii) those co-enriched in SM/PC/cholesterol, also found
in RBC low curvature areas but quite less abundant (=0.5/hemi-RBC) (Figure 2.8.) [163, 177]
(see Annexes 4 and 6 for abstracts).

@ cholesterol @ phosphatidylcholine Figure 2.8. Our current model for the
mapping of lipid domains at the outer
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Lipid domain biophysical properties

To analyse the lipid domain biophysical properties, the fluorescent probe Laurdan is
useful (see section 1.2.1.). By RBC co-labelling with Laurdan and fluorescent lipid probes
specific for SM, PC or cholesterol, we revealed that cholesterol-enriched domains in high
curvature RBC areas exhibit a higher lipid order than the SM- and PC-enriched domains
associated with the RBC low curvature areas. More surprisingly, all domains display a lower
lipid order than the surrounding membrane. Although this observation is in opposition with
the general idea that lipid domains are more ordered than the bulk membrane, it could
result from the high cholesterol content and the strong membrane:cytoskeleton anchorage
found in RBCs [163, 178] (Annexes 5 and 6 for abstracts). Atomic force microscopy (AFM) is
also useful to study the biophysical properties of the RBC membrane. In collaboration with
D. Alsteens (UCLouvain, LLN), we showed that the RBC membrane presents numerous
submicrometric (=200nm) and nanometric (<100nm) protrusions with heights ranging
between 5 to 100nm. These protrusions are softer than the rest of the membrane [179], in
agreement with the Laurdan studies.
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2.4.3. RBC cytoskeleton organization
The first simple model of RBC membrane skeleton, proposed in 1979 [180] based on
SDS-page, suggested that spectrin tetramers are connected to the membrane by ankyrin-
and 4.1R-based complexes (Figure 2.9.A). The basic structure (section 2.4.3.1.) and
membrane anchorage proteins were already well-identified (section 2.4.3.2.).

2.4.3.1. Spectrin network

Spectrin, first described by Marchesi and Steers in 1968 [181], is the construction
block of the RBC cytoskeleton. Spectrin tetramers form a protein meshwork laminating the
inner leaflet of the membrane (Figure 2.9.B). The spectrin meshwork presents a regular
pentagonal or hexagonal architecture in which every side consists of spectrin tetramers of
200nm long [47] as seen in electron micrographs of purified spectrin tetramers or spectrin
filaments in fully stretched skeletons. However, filaments of native, unstretched skeletons
are much more compact and simple calculations show that the average distance between
actin filaments (i.e., the length of a spectrin tetramer) is only 60 to 70 nm in vivo [182-184].

Figure 2.9. Evolution of the cytoskeleton model from the first proposal and now. The first model of
the red cell membrane skeleton, published in 1979 [180]. B. Simplification of the actual model [2]. The

spectrin meshwork laminates the inner leaflet forming a regular hexagonal architecture and is

anchored to the membrane by two anchorage complexes, based on 4.1R and ankyrin.

A- and B-spectrins are encoded by SPTA1 and SPTB genes, respectively. Both share a
similar structural organization which consists of a succession of repeating units of
approximately 106 amino acids. These units are now referred to as spectrin repeats and are
made up of three a-helices [185]. A-spectrin contains 20 repeat units and one incomplete
motif (Figure 2.10. yellow) while B-spectrin has 16 complete repeats and one partial
segment (Figure 2.10. blue). Both incomplete segments interact with each other to restore
the triple helical repeat structure while forming the spectrin tetramer [184, 185]. A- and B-
spectrins associate in opposite directions leaving a specialized functional domain at the
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“head” end for spectrin dimer-tetramer association. In spectrin a dimers, the longer a
chain folds back on the end of B-spectrin (closed dimer) but nearly 95% of the spectrins are
in the tetramer forms [186]. Tetramers dissociate and reform under physiological
conditions, and this is greatly accentuated when the membrane is distorted by shear forces.
This mechanism may be an evolutionary accommodation to permit the enormous
distortions that the RBC undergoes in the microvasculature [182].

Spectrin tetramers are linked to i) the actin protofilament which forms a junctional
complex with the ends of spectrin dimers, 4.1R and adducin proteins; and ii) the plasma
membrane via two non-redundant anchorage complexes based on the peripheral proteins
4.1R and ankyrin [187]. At its N-terminus, B-spectrin contains two calponin homology (CH)
domains which form an actin-binding domain (ABD) also able to link 4.1R. The CH1 domain
is constitutively active but the CH2 domain is “unmasked” by PIP2 which then promotes 4.1R
binding (Figure 2.10. left and below inset) [185, 188]. Repeats 14 and 15 of B-spectrin bind
ankyrin, which means that each tetramer potentially binds two ankyrins (Figure 2.10.
center) [185].
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Figure 2.10. Structure of spectrin with sites of interaction for proteins and lipids. Spectrin repeats are
represented by rounded rectangles. PS, phosphatidylserine; PIP,, phosphatidylinositol 4,5-
biphosphate; CH, calponin homology domain [182].

The C-terminal domain of a-spectrin consists of two EF-hand motifs (calcium-
dependent and calcium-independent) related to calmodulin. The function of these calcium-
binding motifs remains unknown [182]. It must be noted that the short unstructured C-
terminal region of B-spectrin contains phosphorylation sites. Although the function of these
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sites is not known, it could be linked to the mechanical properties of the RBC membrane
[189].

2.4.3.2. Cytoskeletal anchorage
As the spectrin network is linked to the membrane through two non-redundant
anchorage complexes, named ankyrin and 4.1R complexes according to their adaptors
(Figure 2.11.). Links between the cytoskeleton and the membrane are based both on direct
interaction with the lipid bilayer and transmembrane proteins or indirect interaction
through adaptor proteins. Some cytoskeletal proteins possess more than one type of
linkage, as shown above with spectrin interactions.

A. 4.1R complex ankyrin complex B.

/
/ 1
tropomodulin |
actin
protofilament

Figure 2.11. Anchorage of the membrane to the spectrin cytoskeleton by two complexes centered
around protein 4.1R and ankyrin. A. Simplified representation of the complexes. GPC, glycophorin C;
GPA, glycophorin A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase [190]. B. Transmission
electron microscopy of the spectrin network at the inner face of the membrane. Red circles, 4.1R
complexes; yellow circles, ankyrin complexes [191].

Ankyrin-based complexes

Ankyrin-R (the erythroid ankyrin) is encoded by the ANK1 gene. The protein contains
three structural and functional domains. Firstly, the N-terminal domain has 24 “ankyrin”
repeats, grouped functionally into 4 subdomains of 6 repeats (Figure 2.12. left) [185].
Ankyrin repeats are short helix-loop-helix structures which fold together to form an open,
spiral structure that encircles and binds Band3 tetramers [182]. Secondly, the central
domain contains the spectrin-binding domain with one ZU5A subdomain. ZU5A binds to the
junction of the 14™ and 15 spectrin repeats within B-spectrin (Figure 2.12. center). Third,
the C-terminal (regulatory) domain is thought to modulate the binding functions of the
other two domains (Figure 2.12. right).
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Apart from the anion exchanger Band3, other proteins are present in the ankyrin
complexes among which: i) glycophorin A, a type 1 transmembrane protein which has a
chaperone-like activity for Band3 [185]; ii) CD47, a transmembrane protein “marker-of-self”
with an extracellular 1gG domain which prevents RBC clearance; and iii) protein 4.2, a
peripheral membrane protein that binds to the cytoplasmic domains of Band3, Rhesus (Rh)
complex and CD47 [185].
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Figure 2.12. Schematic representation of the erythroid ankyrin structure. The membrane domain
contains 24 ankyrin repeats with two binding sites for Band3. The spectrin domain contains three
subdomains, of which ZUSA contains the binding site for spectrin. The C-terminal domain is the
regulatory domain [182].

Linkage of Band3, protein 4.2, Rh complex and CD47 to ankyrin seems to be required
for efficient sorting of membrane proteins during maturation of the RBCs [113]. During
enucleation, if the ankyrin-attachment is absent, Band3 and the Rh complex are missorted
and lost [113]. On the other hand, RBCs lacking Band3 also lack protein 4.2 and GPA [192]
and RBCs lacking protein 4.2 lack CD47 [193].

4.1R-based complexes

4.1R is the most abundant form of protein 4.1 in RBCs and is encoded by EPB41. On
SDS-PAGE, 4.1R appears at 80kDa as two closely spaced bands (known as a and b forms)
due to progressive age-dependent deamidation of two asparagine residues [185]. 4.1R
contains several domains (Figure 2.13.). Firstly, the FERM domain (4.1. ezrin radixin moesin)
folds with three globular lobes arranged as a cloverleaf-like structure. The FERM domain
has binding sites for transmembrane proteins (Band3), calmodulin, PS and PIP, and its
activity is regulated through phosphorylation [194]. Secondly, the FERM adjacent (FA)
domain is a substrate for phosphorylation by protein kinases A (PKA) and C (PKC). Thirdly,
the spectrin-actin binding domain (SABD) is in the middle of the molecule. Fourthly, the C-
terminal domain binds some membrane proteins. Interspersed between these domains are
unconserved regions U1, U2 and U3 whose roles are not well understood. Ul has been
reported to bind calcium/calmodulin.
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Protein 4.1R binds to both spectrin and actin and generates a high-affinity ternary
complex [182]. Like the ankyrin complex, the 4.1R complex is centered on the
transmembrane protein Band3. Other proteins involved comprise: i) GPC; ii) glycophorin A;
i) glucose transporter 1; iv) stomatin ; v) dematin; vi) blood group proteins Kx/Kell and
Duffy; and vii) F-actin and associated proteins [182].

Actin filaments are key constituents of the 4.1R complexes. RBCs contain short,
double-helical filaments of nonmuscle B-actin, termed “protofilaments”, with highly
uniform lengths of *37nm [195, 196]. It is known that mice lacking proteins regulating F-
actin polymerization develop hemolytic anaemias with misshaped red cells and clumped or
irregular skeletons [182]. RBC actin filaments are stabilized along their lengths by two
tropomyosin molecules (TM5b and TM5NM1) and capped at their ends by two
tropomodulin-1 molecules and an af-adducin heterodimer (Figure 2.14.). RBC actin
filaments provide additional sites for the spectrin-actin network to anchor to the bilayer,
via their connections with 4.1R, Band3 and GPC [196].

Figure 2.14. Simplified representation
of the actin nodes. Spectrin tetramers
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network interconnecting short actin
filament nodes, which are capped by
tropomodulin 1 (Tmodl) and of-
TMsb/TMsNMt1  adducin and stabilized along their
~ sides by TM5b and TM5NM1, two
(o) spactrin  tropomyosins [196].
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2.5.  Red blood cell deformation

Along their journey, RBCs travel approximately 250km passing through capillaries,
arteries and organs to optimally fulfil their primary function [197]. This requires a high
membrane plasticity, which is tested 12000 times during the life of RBCs when crossing
the spleen. Arterial blood arrives in splenic cords (or Billroth cords) of the red pulp of the
spleen, which form an open blood system. From the cords, the RBCs pass into the venous
sinuses demarcated by a discontinuous endothelium. Abnormal or old RBCs have difficulty
in crossing this passage and stay blocked in the cords where they are phagocytosed (Figure
2.15.) [198].

splenic cord

erythrocytes

& ‘ ’ macrophage

venous sinus

endothelium

Figure 2.15. Venous sinuses in the red pulp of the spleen. Left, schematic representation of a venous
sinus in the cords of the red pulp. Blood from the cords collects in the sinuses which consist of a lining
of endothelial cells positioned in parallel. Ageing or abnormal RBCs that are no longer able to pass
through the slits are phagocytosed. Right, scanning electron microscopy image of one RBC passing
through an endothelial split of a sinus [187].

RBC deformability is made possible due to the finely controlled cytoplasmic viscosity,
the unique cytoskeleton and the geometry. Firstly, the cytoplasmic viscosity is determined
by the intracellular hemoglobin concentration, which is finely regulated between 30-
35g/dL. By tightly regulating hemoglobin concentration, RBCs minimize cytoplasmic viscous
dissipation during deformation. In RBCs with more than 37g/dL of hemoglobin, the recovery
of the RBC initial shape after bending deformation is markedly decreased [187, 199].
Secondly, the RBC possesses a unique cytoskeleton of spectrin filaments attached to the
membrane by two anchorage complexes (section 2.4.3.). This anchorage is particularly
strong, conferring to RBCs a =20-fold higher adhesion energy than in typical fibroblasts
[200]. Thirdly, the RBC exhibits a unique biconcave geometry characterized by a higher
membrane surface:volume ratio as compared to a sphere of the same volume (membrane
surface excess of =40%) (section 2.4.). Moreover, membrane composition and organization
have been proposed to play a role in deformation (Section 2.4.2.).
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The molecular basis responsible for RBC deformation (section 2.5.1) and the possible
contribution of membrane organization adaptation in this process are detailed below
(section 2.5.2).

2.5.1. Molecular mechanism of RBC deformation

2.5.1.1. Calcium entry

Upon mechanic stress, for instance when RBCs pass through small capillaries (<5um
of diameter) or inter-endothelial slits in the spleen (0.5-1um in diameter), a reversible and
transient calcium influx occurs [136, 201-204] (Figure 2.16.). Several possible pathways of
calcium entry have been identified in RBCs, including non-selective voltage-activated cation
channel [205], the P/Q voltage-dependent calcium channel Cav2.1 [206], the transient
receptor potential cation channel subfamily C 6 (TRPC6) [207], voltage-dependent anion
channel (VDAC) [208] or N-methyl D-aspartate receptors (NMDA-receptors) [209]. The
more recent discovery of PIEZO1, a mechano-sensitive non-selective cation channel
abundant in RBCs, initiated studies on the link between the channel, mechanical stress and
volume changes through the Gardos channel. The first studies performed on animal models
[210, 211] and in pathophysiological conditions [212] suggested that PIEZO1 is the major
mechano-sensitive channel that allows calcium entry after RBC mechanical stimulation. This
was confirmed in human RBCs [213] even if other mechano-sensitive transporters could not
be excluded as possible secondary mechanism of calcium entry.
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Figure 2.16. Hypothesis for the calcium-signalling mechanism when RBCs pass through thin
capillaries [213].

PIEZO1 is a large homotrimeric pore-forming cation channel, allowing for influx of
cations as sodium and calcium upon mechanical activation. Mechanically-induced
macroscopic PIEZO1 currents are activated in the psecond timescale and closed in the
millisecond range in the continued presence of the stimulus [214]. The center “core”
domain contains the C-terminal segments of each subunit and the peripheral domains form
a “blade” structure [214, 215]. PIEZO1 mutations cause dehydrated stomatocytosis (or
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xerocytosis), a hereditary disorder in which RBCs are characterized by increased
permeability to cations and subsequent dehydration [149].

2.5.1.2. Intracellular calcium targets
The transient calcium increase induces RBC deformation by i) promoting cell
transient dehydration through activation of the Gardos channels, ii) generating rapid
reversible changes in the cytoskeletal flexibility and iii) promoting calcium efflux through
PMCA.

The Gardos channel, also known as KCNN4, is a voltage-independent potassium
channel activated by increased intracellular calcium. The activation of the channel leads to
potassium loss, followed by chloride ion and water loss and transient cell dehydration [148].

There are numerous calcium-dependent proteins involved in cytoskeleton
remodelling, including i) calmodulin; ii) proteins containing C2 domains (e.g. PKC,
phospholipases, phosphoinositide 3-kinase); iii) flippases and scramblases; iv) p-calpain;
and iv) the C-terminal domain of a-spectrin. Calmodulin is a small protein comprising two
globular EF hands which bind calcium. It is recruited to the plasma membrane upon calcium
binding and regulates cytoskeletal stability. The interaction of 4.1R with calcium-calmodulin
reduces the affinity of 4.1R with all interacting partners [148]. On the other hand, adducin
tetramers are capping the formation of actin protofilaments. These filaments are disrupted
after interaction of adducin with calcium-calmodulin [216]. Also, calcium-calmodulin
induces the dissociation of Na*/H* exchanger 1 (NHE1) from the ankyrin complexes and 4.1R
protein, which leads to activation of the ion transporter and dysregulation of cell volume
[148]. Calcium-calmodulin can also activate PMCA.

Calcium-dependent activation of PKC causes its translocation to the plasma
membrane, where it phosphorylates several proteins such as i) PMCA; ii) 4.1R (in the
domain flanked by the spectrin-actin binding domain and a domain for interaction with
transmembrane proteins), weakening the interaction of 4.1R with B-spectrin by =30% [217];
and iii) a-adducin, leading to decreased affinity for F-actin among others [148].

In addition, the calcium-dependent flippase inhibition and scramblase activation
promote the loss of asymmetry between the leaflets of the membrane [148] (see section
1.3.).

The calcium-dependent cysteine protease p-calpain (calpain-1) in RBCs cleaves
cytoskeletal and membrane proteins after calcium activation. Targets of activated p-calpain
are PMCA, Band3, 4.1R, 4.2 and calpain itself [218]. At normal calcium levels it should not
be activated. However, a 40kDa activator protein increases its affinity for calcium.
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2.5.1.3. Calcium extrusion

In RBCs, calcium efflux is mediated by PMCA, a plasma membrane P-type calcium
ATPase ubiquitously expressed and considered as a housekeeping protein. It contains by
ten transmembrane domains, two intracellular loops containing binding sites for ATP and
phosphorylation. The C-terminal domain contains a binding domain for calcium-calmodulin,
phosphorylation sites and a PDZ binding domain [148, 219]. In the absence of calcium, the
C-terminal domain binds the principal domain of the pump to keep it closed and block ATP
binding [219, 220]. An increase in intracellular free calcium is sensed by PMCA in response
to interaction between the calcium-calmodulin complex and the C-terminal extremity [219].
Moreover, activated PKC can then phosphorylate a conserved serine residue to further
activate the pump. The limiting factor to the transport capacity of PMCA is ATP availability
[184, 219]. PMCA function is temperature-sensitive with =30-fold reduction in turnover rate
for every 10°C drop [148, 221].

2.5.2. Membrane reorganization
In section 2.4.2 was summarized data supporting our current model on the
coexistence of lipid domains at the RBC surface: i) domains mostly enriched in cholesterol,
the most abundant (=8/hemi-RBC) and associated with high-curvature membrane areas; ii)
domains co-enriched in GM1/PC/cholesterol, les abundant (=1.5/hemi-RBC) and found in
low curvature areas; and iii) domains co-enriched in SM/PC/cholesterol, also found in the
low curvature areas but less abundant (=0.5/hemi-RBCs) [163, 177] (Annex 6).

To evaluate whether such lipid domains could contribute to RBC deformation upon
mechanical stimulation, RBC deformation was stimulated while concomitantly observing
the membrane lipid organization. This was achieved by analysing labelled RBCs immobilized
in polymethylsiloxane (PDMS) chambers that can be stretched for one minute and then left
to recover their initial shape. This approach was successful since a rapid and transient
increase in intracellular calcium was observed after the stretching (Figure 2.17.B., grey
symbols). Regarding lipid domains, several observations were made: i) cholesterol-enriched
domains gather in high-curvature membrane areas (Figure 2.17.A), ii) GM1-enriched
domains increase in abundance concomitantly to the transient increase in intracellular
calcium (Figure 2.17.B., blue symbols), and iii) SM-enriched domains also increase in
abundance but later, i.e. when intracellular calcium decreases (Figure 2.17.B., orange
symbols).
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Figure 2.17. RBC mechanical stretching is accompanied by a transient calcium increase and leads to
differential effects on lipid domain distribution and abundance. A. Cholesterol-enriched domain
gathering in high curvature areas after stretching [177]. B. SM- and GM1-enriched domain and calcium
content modifications upon RBC destretching at the indicated times [163].

We then explored the potential relationship between lipid domain reorganization
upon RBC stretching and PIEZO1 and/or PMCA activation. The modulation of the abundance
of GM1-enriched domains shown in PDMS chambers was confirmed upon specific PIEZO1
activation (with Yodal) or inactivation (with GsMTx4), [163]. Moreover, SM-enriched
domains increased in abundance upon forced RBCs calcium depletion (through the use of
the extracellular calcium chelator EGTA) [163, 177]. Based on all these data, we suggested
that the three types of lipid domains present at the RBC surface contribute to deformation
by differential mechanisms, summarized in Figure 2.18.
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Figure 2.18. Evidence-based hypothetical model of the contribution of lipid domains to RBC
deformation. Under mechanical stress, GM1/PC-enriched domains (blue/green) increase in
abundance, potentially contributing to calcium influx while cholesterol-enriched domains (red) gather
in the high-curvature membrane areas. At the same time, cell volume decreases via activation of the
Gardos channels and RBC flexibility increases via uncoupling between membrane and the
cytoskeleton at the 4.1R complexes [213]. The cell volume is restored after the end of the stress
application by calcium efflux, which could require the contribution of SM/PC-enriched domains
(orange/green) [163].
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3. Red blood cell senescence

RBC aging is a multifactorial event accompanied by multiple processes occurring at
various rates driving the circulating RBCs from adolescence to senescence within
approximately 120 days [222]. The resulting “markers of senescence” are then recognized
by macrophages and clearance of RBCs is promptly initiated [222, 223]. Premature
clearance is a hallmark of various disorders associated with anemia, in which one or multiple
markers of senescence appear prematurely [222]. Those markers include excessive
oxidative stress, and cation leak followed by dehydration, decrease in RBC size and loss of
RBC membrane through vesiculation and metabolic abnormalities [222]. Those multiple
changes lead to increased cellular density.[182].

In the following chapters are addressed several key parameters involved in RBC
senescence, among which oxidative stress (section 3.1.) and other modifications (section
3.2.). Some mechanisms of clearance are then discussed (section 3.3.). RBC vesiculation is
introduced later in section 5.

3.1.  Oxidative stress

Changes in the balance between production of pro-oxidants and their removal by
antioxidative enzymes and scavengers is intimately related with cell aging [224]. Gradual
accumulation of irreversibly oxidized and denatured proteins and lipids then leads to
modification of enzyme activity, loss and reorganization of several proteins and alterations
in plasma membrane lipid composition [225]. As de novo synthesis of both proteins and
lipids is absent in mature RBCs, the antioxidative defenses in RBCs must be optimal to
ensure the RBC ability to continue its function the longest time possible.

3.1.1. Reactive oxygen species sources

Reactive oxygen species (ROS) are oxygen-centered molecules that include non-
radical species such as hydrogen peroxide (H202) and radical species possessing an unpaired
electron, such as superoxide anion (¢O2’), hydroxyl radical (¢OH") and nitric oxide (NO). Oz
undergoes transformations depending on the availability of NO, superoxide dismutase
(SOD) and H202[224]. «0Oz is transformed by superoxide dismutase 1 (SOD1; see below) to
H202 while interaction of 02" with NO leads to formation of peroxynitrite (ONOO"). H20: is
not especially toxic to the cell but it can pass through membranes and this feature is
potentially important because the extracellular environment possesses few antioxidant
defense mechanisms. Moreover, H202 can then oxidize ferrous ion (Fe(ll)) to ferric ion
(Fe(Il1)), OH and *OH" (Fenton reaction). The latter is highly reactive with a half-life of a few
nanoseconds [226]. Another way to produce ¢OH is via the reaction of H,0, and O, (Haber-
Weiss reaction). This process is generally more complex and includes intermediate
formation of transient metal/peroxide complex [227].
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RBCs age-related oxidation is largely a membrane-localized event, because free
radical generators are mostly localized within the membrane or attached to membrane
proteins from the cytosolic side [224]. In RBCs, three main sources of ROS are described: i)
autoxidation of hemoglobin; ii) NADPH oxidase activity; and iii) NO synthase. ROS are
continuously produced in small amounts in healthy RBCs, mostly by autoxidation of
oxyhemoglobin (HbOz) to methemoglobin. The RBC intracellular hemoglobin concentration
is high enough for a small rate of autoxidation to produce substantial levels of ROS [226].
Autoxidation of HbO: results from the oxidation of the ferrous ion (Fe(ll)) to ferric iron
(Fe(ll1)) by Oz and includes the release of a superoxide anion (¢Oz’). Iron ions are becoming
accessible in the pre-membrane space during the process of oxidation and denaturation of
membrane-bound haemoglobin occurring with aging of RBCs [224]. NADPH oxidase is a
membrane enzyme complex catalysing the oxidation reaction of NADPH by O» to produce
NADP*, H* and O>". In RBCs from patients suffering from sickle cell disease, ROS content is
elevated due to overactivation of NADPH oxidase through PKC and Rac GTPase signalling
[228]. NO synthases are present in endothelium and the NO produced diffuses in the
endothelium into the vascular smooth muscle but also into the blood. NO participates to
haemoglobin oxidation as it reacts with oxyhemoglobin to form methemoglobin and nitrate
or binds with strong affinity to deoxyhemoglobin to form nitrosylhemoglobin [229].

3.1.2. Red blood cell antioxidant defenses
RBCs possess an efficient enzymatic machinery to process and detoxify reactive
oxygen and nitrogen species, including specialized enzymes (SOD1, catalase, glutathione
peroxidase, peroxiredoxin 2 and glutaredoxin 1) working in association with ROS scavengers
(Glutathione, vitamin C, vitamin E). The activities of some of those antioxidant enzymes
decline during aging (SOD1 and catalase) [224] or in RBCs from patients suffering from
chronic hemolytic anemias (e.g. glutathione peroxidase in sickle cell disease [230]).

SOD1 catalyses the dismutation of 02 to H202. The Zn? present in the protein
appears to stabilize it while the Cu?*is required for enzyme activity [231]. SOD1 contributes
to the protection of RBCs against ROS by scavenging free radicals and preventing
methemoglobin formation [226]. In addition, catalase breaks down H.0: produced
externally to form H20 and Oz [232]. In view of their elevated catalase activity, RBCs have
been proposed to function as mobile ROS scavengers, protecting other cell types from
oxidative damage [233]. RBCs also possess high levels of peroxiredoxin 2, a thiol-dependent
peroxidase reducing H202 and other hydroperoxides [234], thereby dimerizing by forming
disulfide bonds [235]. The regeneration of peroxiredoxin 2 requires thioredoxin reductase,
the concentration of which is low in erythrocytes [236]. The association of peroxiredoxin 2
with the membrane preserve it from lipid peroxidation [237].
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The glutathione is a tripeptide (y-glutamyl-cysteinyl-glycine) that reduces disulfide
bonds formed within cytoplasmic proteins to cysteines by serving as an electron donor. In
the process, glutathione (GSH) is converted to its oxidized form, glutathione disulfide
(GSSG). Because the direct reaction between H.0: and GSH is very slow, glutathione
peroxidase reduces H202 by oxidizing GSH to GSSG [226]. Oxidized GSSG is reduced back to
GSH by the glutathione reductase using one NADPH as reducing agent. The NADPH pool is
maintained by the pentose phosphate pathway (see section 2.2.). The glutathione S-
transferase constitutes a second line of defense against ROS. This enzyme is involved in
detoxification of xenobiotics through GSH conjugation. It can also reduce lipid peroxyl
radical and detoxify lipid peroxidation end products [238]. In unstressed human RBCs, the
concentration of GSH is usually more than tenfold the concentration of GSSG [236]. The
GSSG to GSH ratio determines the intracellular redox potential and an increase in the ratio
is indicative of oxidative stress. To prevent a major shift in the redox equilibrium when an
oxidative stress arises to overcome the ability of the cell to reduce GSSG to GSH, GSSG can
be actively exported out of the cell by the ATP/GTP-dependent transporter (RLIP76) and
multidrug resistance protein 1 (MRP1) [239, 240].

N-acetylcysteine, the acetylated variant of the amino acid L-cysteine and precursor
of GSH, is converted in the body into metabolites able to stimulate GSH synthesis,
promoting detoxification. N-acetylcysteine supplementation has been proven useful to
improve the quality of RBCs stored for transfusion [241] and to mitigate oxidative stress
associated with neurodegenerative disorders in rat models [242] and in individuals with low
levels of glutathione [243].

Apart from its role as cofactor in enzyme reactions, vitamin C (or ascorbic acid, AA)
is another major scavenger of ROS. As for GSH, vitamin C acts as a reducing agent and is
then oxidized to dehydroascorbic acid. AA is then resynthesized at the expense of GSH in a
reaction catalysed by a variety of enzymes, such as glutaredoxin [244]. As mature RBCs do
not have specific AA transporters, it is obtained by transporting dehydroascorbic acid by
GLUT1 transporters and then reduced inside the cell [245]. AA is effectively used as additive
in transfusion units to preserve RBCs from hemolysis and in patients with iron deficiency
anaemia [246-248]. However, in vivo AA supplementation increased hemolysis in patients
with sickle cell anemia [249].

Vitamin E (or a-tocopherol), a potent peroxyl radical scavenger in RBCs, is a chain-
breaking antioxidant. Due to its lipophilicity, vitamin E accumulates in RBC membranes and
plays a central role in preventing the propagation of free radicals within lipids [237, 250].
Peroxyl radicals react 1000 times faster with vitamin E than with polyunsaturated fatty
acids. The vitamin E-radical created reacts with vitamin C, thereby oxidizing the latter and
returning vitamin E to its reduced state [250]. Although the interaction of vitamins E and C
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via this “recycling” pathway is well recognized [250], evidence in humans for the fat-soluble
antioxidant function of vitamin E is limited.

3.1.3. Oxidative stress targets
The superoxide anion, H20. and hydroxyl radical can damage RBC membrane
proteins and lipids. The coordinated action of all antioxidant systems makes RBCs very
resistant to oxidation. Nevertheless, senescence, antioxidant defenses impairment and/or
conditions increasing oxidants production lead to protein and lipid oxidation and
subsequent RBC dysfunction [237].

3.1.3.1. Hemoglobin
Hemoglobin, the most abundant protein in RBCs, is the main generator of ROS, the
main target of oxidative damage and also a scavenger of free radicals [224]. Detoxification
of free radicals by haemoglobin is associated with the production of methemoglobin and
oxidation of a cysteine residue in position 93 of the B-chain [224, 251]. Methemoglobin does
not bind nor transport oxygen as the sixth coordination position of the heme iron is
occupied by *OH" or water [252] (Figure 3.1.).

To maintain functional hemoglobin, most of the methemoglobin is reduced back to
Fe(Il) hemoglobin by NADH-dependent cytochrome B5 reductase [226, 252]. The congenital
deficit of NADH-dependent cytochrome B5 reductase leads to methemoglobinemia [253].
The slow denaturation of methemoglobin produces hemichrome. During this process, the
H20 at the sixth coordination site is replaced by an amino acid (typically histidine) from a
distal part of the globin chain for instance [254], producing “reversible hemichromes” which
can be reduced back to deoxyhemoglobin. “Irreversible hemichromes” are produced by
significant distortions in the tertiary structure of hemoglobin [252]. Gradual accumulation
of hemichromes in circulating erythrocytes is proposed to occur as they age and to associate
with the cell membrane via the Band3 N-terminal domain (see below). Precipitates of
hemichromes called Heinz bodies can be observed in RBCs from patient suffering of a-
thalassemia or after administration of oxidant drugs. The release of the heme moiety can
arise when the polypeptide chains is dissociated from the total hemichromes, which leads
to initiation of oxidative damage to adjacent membrane components [252].
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Figure 3.1. Chemical state of Fe in the center of the heme. Iron has 6 potential coordination sites,
four of which are occupied by porphyrin nitrogens (N) whereas the fifth coordination site (below the
plane of the ring) is occupied by N of the His in position F8 in the globin chain. The sixth coordination
site (above the plane of the ring) is occupied by H,0, *OH- or His from the globin chains [254].

3.1.3.2. Polar lipids

Lipid peroxidation is the oxidative degradation of lipids. A free radica

|u

steals” an
electron from membrane lipid, usually made of polyunsaturated fatty acids as they contain
multiple double bonds. The fatty acid radical formed is not stable and reacts readily with
oxygen, creating a peroxyl-fatty acid radical which in turn reacts with another free fatty acid.
It leads to the formation of one lipid peroxide and a new fatty acid radical able to propagate
and continue the cycle. The chain reaction is stopped when the fatty acid radical reacts with
another radical or a radical scavenger such as vitamin E present in the membrane [255]. The
secondary or decomposition products of lipid peroxidation are reactive aldehydes such as
malondialdehyde (MDA) or 4-hydroxy-2-nonenal. These end products can readily react with
proteins, DNA and phospholipids which cause deleterious effects [256]. For instance, MDA
can cross-link phospholipids and proteins, which causes impairment of membrane-related
functions. MDA can also affect Band3 anion transport and the function of its associated
enzymes, GAPDH and phosphofructokinase [226].

3.1.3.3. Cholesterol
Oxysterols are oxidized derivatives of cholesterol with one or more additional
oxygen-containing functional groups (hydroxyl, carbonyl, carboxyl or epoxy). The most
abundant oxysterols in the human body are 27-, 24(S)-, 7a- and 4B-hydroxycholesterol and
are generated by cholesterol hydroxylases (part of the cytochrome P450) in the
mitochondria or the endoplasmic reticulum. Oxysterols may also arise through a non-
enzymatic pathway, due to the attack by free radical [257]. The most common oxysterols
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produced during the non-enzymatic pathway, named cholesterol autoxidation, are 7f-
hydroxycholesterol and 7-ketocholesterol (Figure 3.2) [255-257].

02 27-hydroxycholesterol
7u-hydroxycholesterol 7-ketocholesterol ‘227-0¥~|-chol)

(7a-OH-chol) (7-keto-chol)

02

HO' 'OH
7[3-hydroxy2i‘nolesterol 25S-cholestenoic acid 24S-hydroxycholesterol
(m.oHH.chol) (25S-COOH-chol) (24S-OH-chol)
H

020H

4p-hydroxycholesterol  3b,5a,6b-trihydroxycholestane 25-hydroxycholesterol
(43-OH-chol) (3p,5,6-30H-chol) (25-OH-chol)

Figure 3.2. Chemical structures of cholesterol and some common oxysterols [258].

Oxysterols have a peculiar three-dimensional shape that is responsible for their poor
membrane packing. Their effects on biophysical membrane properties depend on the
position of the oxygen substitution [259]. Oxysterols can act as ligands for numerous
receptor proteins, including liver X receptors, sterol-regulating element-binding proteins,
oxysterol-binding proteins, oestrogen receptor, Niemann-Pick disease proteins and the
Hedgehog system [259, 260]. Therefore, oxysterols are implicated in several
pathophysiological mechanisms including atherosclerosis, lung and liver diseases, cancer
and neurodegeneration [259, 261-263].
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3.1.3.4. Membrane transporters

Calcium ATPase contains one or more reactive sulhydryl groups susceptible to
oxidation, which leads to inactivation of the transporter and subsequent increase in
intracellular calcium [264-266]. Band3 could also be a target of oxidation, especially when
it has already formed complexes with oxidized and denatured hemoglobin, hemichromes
[224]. Diamide, a thiol group oxidant, induces disulfide cross-linking of poorly glycosylated
Band3. Oxidation seems to be a trigger for activation of Src tyrosine kinases and inhibition
of tyrosine phosphatases, resulting in tyrosine hyperphosphorylation in the Band3 N-
terminal domain and facilitating formation of high molecular mass Band3 aggregates [267].
Tyrosine phosphorylation reduces the affinity of Band3 for ankyrin, causing destabilization
of the Band3:cytoskeleton interaction and increasing lateral mobility of the protein in the
membrane [268].

3.2.  Other modifications

Apart from the oxidation modifications, other mechanisms contribute to the
densification seen in RBC aging. For instance, the activities of key glycolytic enzymes such
as hexokinase, pyruvate kinase and glucose-6-phosphate dehydrogenase decrease
progressively with red cell density, i.e. RBC age [224]. Glucose transport and metabolism
also decrease [269]. Intracellular ATP levels drop in parallel [224], thereby impairing i)
membrane transversal asymmetry, ii) antioxidant enzyme machinery, and iii) maintenance
of the intracellular ion concentration.

Among accumulated ions upon aging is calcium. Besides distorted calcium
homeostasis due to PMCA oxidation (see section 3.1.3.4), PMCA activity was shown to be
reduced in dense RBCs fraction [270, 271]. Work on TRPC6 -/- RBC progenitors and in mice
RBCs suggested that this channel could promote calcium entry in calcium-induced suicidal
death [207]. Gradual increase in intracellular calcium leads to activation of the Gardos
channel, which causes leakage of K* and subsequent cell dehydration [225]. At higher
concentration, calcium also activates p-calpain, transglutaminase-2 and some caspases that
can degrade/cross-link cytoskeletal proteins. Calcium also inhibits phosphotyrosine
phosphatases increasing Band3 phosphorylation [225]. Increased intracellular calcium was
proposed to trigger apoptosis-like events in mature erythrocytes [272]. Two underlying
signalling pathways have been reported: i) formation of prostaglandin E2 leading to
activation of calcium-permeable cation channels, and ii) phospholipase A2-mediated
release of platelet-activating factor activating a sphingomyelinase, leading to the formation
of ceramide [272].
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3.3.Red blood cell clearance

Despite the cumulative events of senescence (described above), the RBC removal
signals do not seem to gradually accumulate in RBC. On the opposite, they appear as rapid
and non-linear cascades of events at the terminal stage of the aging process, probably
shortly before RBCs are removed by macrophages [223]. Since RBCs lack the ability to
synthesize new proteins, signals that mark senescent RBCs for clearance must arise from
proteins already present in the membrane or by the acquisition of plasma-derived opsonins
directed against these markers [223, 273] as exposed below.

3.3.1. Band3-based mechanisms

Aged RBCs are cleared from circulation by macrophages from the reticuloendothelial
system, which recognize senescent cells in an IgG-dependent manner. The
reticuloendothelial system involves the mononuclear phagocytic cells in the spleen but also
in the liver and lymph nodes. Moreover, the densest fraction of RBCs separated from whole
blood has 10-fold more surface-bound IgG than younger cell fractions [274, 275]. These
autoantibodies, called natural antibodies or naturally occurring (auto)antibodies, are
specific for Band3 and are omnipresent in serum [275, 276]. 1gGs on high-density RBCs co-
localize with membrane aggregates composed of Band3, partially denatured hemoglobin
(hemichromes) and the immune system protein component complement C3 [274, 277].

As explained above, the N-terminal region of Band3 competitively binds hemoglobin
and a number of glycolytic enzymes [187]. Band3 exists in healthy RBC membranes as
dimers and tetramers [278] and in senescent cells as aggregates associated with high
concentrations of autoantibodies [274]. Hemichromes bind to the Band3 cytoplasmic
domain with higher affinity than native hemoglobin [279] inducing Band3 clustering. This
clustering is also promoted by lipid peroxidation [280], Band3 hyperphosphorylation and
autoxidation [267]. Band3 clustering induces increased autoantibody binding and
phagocytosis in vitro [281-283]. Current models propose protein clustering as the event
preceding IgG deposition, through two molecular mechanisms in which a new antigenic site
is revealed in Band3. In the first model, Band3 dimers are unable to bind senescence
autoantibodies [283] and the senescence antigen is formed by association of Band3 dimers
into clusters [283]. Therefore, clustering of Band3 is required for opsonization. In the second
model, hemichrome induces Band3 cluster formation, which initiates autoantibody binding
by exposing cryptic antigens due to conformational rearrangement of Band3 molecules
after clustering [284]. How the clustering of Band3 results in exposure of this cryptic
sequence is unknown [273]. Clustered Band3 and associated IgGs create a site of dense
opsonization but might not be able to induce opsonisation without concomitant C3b
complement deposition [285-288].
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3.3.2. Phosphatidylserine exposure

In healthy RBCs, phosphatidylserine (PS) is normally restricted to the inner leaflet of
the RBC membrane. The increase of PS exposure at the outer leaflet is proposed to be an
“eat me” signal for phagocyte recognition, resulting in a non-inflammatory clearance of the
dying cell [223]. If exposure of PS at the RBC surface is a widely accepted signal to trigger
removal of senescent erythrocytes [289, 290], supporting data are lacking. Indeed, human
RBCs in vivo have increased amounts of membrane-bound IgGs but are not enriched at all
in PS-positive cells [291]. Furthermore, density separated fractions of erythrocytes labelled
with the outer PS-specific probe Annexin V do not reveal increased labelling in old
erythrocytes [289]. Arguments in favour of this theory are mainly based on pathological
situations, including sickle cell anemia, thalassemia and spherocytosis [290]. In addition, the
lower activity of aminophospholipid flippases/floppases in old RBCs [291], probably partially
due to a lack of ATP, suggests a greater tendency of old RBCs to externalize PS. Moreover,
calcium homeostasis perturbation (see above section 3.2.) could activate the scramblase,
also contributing to PS externalization. Thus, PS exposure could represent a terminal event
followed by very rapid removal [291], potentially explaining the lack of data.

3.3.3. CD47 as molecular switch for RBC phagocytosis

CD47 (integrin-associated protein) present at the surface of RBCs protects the cell
from being phagocytosed. On one hand, when RBCs in the circulation encounter
macrophages, CD47 actively prevents engulfment by binding to SIRPa on macrophages. It
provides a “do not eat me” signal. On the other hand, loss of CD47 though vesiculation was
proposed as mechanism to tag senescent RBCs for clearance. Indeed, microvesicles (MVs)
isolated from blood stored for 21-31 days are enriched in CD47 while the resultant RBCs
lack CD47 and are therefore removable by spleen red pulp macrophages. This hypothesis
was based on data obtained from stored RBCs and may not be representative of in vivo
aging [292].Recently, Burger et al suggested that CD47 may act like a molecular switch from
suppression to promotion of phagocytosis [293]. This switch appears mediated by a CD47
conformational change that switches the molecule from an inhibitory to activating signal by
adding thrombospondin-1 to the CDA47-SIRPa interaction thereby prompting cell
phagocytosis [293].
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4. Red blood cell membrane fragility diseases

RBC hereditary diseases lead to chronic hemolytic anaemia and can be classified in
two groups based on mutations in: i) globin genes (sickle cell disease and thalassemias), or
ii) membrane or cytoskeletal proteins, with two sub-categories depending on whether the
mutation affects RBC mechanical properties (spherocytosis, elliptocytosis) or the passive
flux of cations through the membrane (stomatocytosis). Here the focus will be on
spherocytosis and elliptocytosis.

4.1.  Clinical management of hemolytic anemia

4.1.1. Diagnosis

Typical chronic hemolytic anaemias are physically associated with fatigue, pallor,
jaundice and splenomegaly, the extent of each depending on the severity of the disease.
Diagnosis is based on clinical and family history, physical examination and laboratory data
[294]. The later comprise blood smear analysis, RBC morphology determination (mean
corpuscular volume MCV), full blood cell count, reticulocyte count and determination of
mean corpuscular hemoglobin concentration (MCHC) and bilirubin concentration. Patients
with a family history of chronic anaemia or typical biological manifestations do not require
additional tests. When diagnosis is not clear, the recommended supplementary tests are: i)
the eosin-5’'-maleimide (EMA) binding test, based on flow cytometry measurement of mean
red cell fluorescence after RBC specific transmembrane protein labelling with EMA dye [295,
296]; and ii) the cryohemolysis test, easy but exhibiting low sensitivity and based on the
increased susceptibility of fragile RBCs to rapid cooling from 37°C to 0°C under hypertonic
conditions [296]. Finally, analysis of major RBC membrane proteins via SDS-PAGE represents
invaluable support for the identification of different subsets of patients and when the
clinical phenotype is more severe than predicted from the RBC morphology. However,
diagnosis does not require further investigation by molecular analysis of the affected genes
[294].

4.1.2. Treatment

The “routine” treatment and follow-up depend on the severity of the disease. In
severe forms of anaemia (6-8g/dL hemoglobin), patients could need regular blood
transfusions or EPO treatment. Moreover, folate supplementation is highly recommended
[294]. A medical visit once a year is sufficient for stabilized children. Parents should be
warned about the risk of parvovirus B19 infection (enhancement of pallor, asthenia,
dyspnea, fever and classical skin eruption). Vaccination against hepatitis B is recommended
in addition to the usually recommended vaccinations, since patients with severe anaemia
may need regular transfusions [295].
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Splenectomy is very effective in reducing hemolysis in hereditary spherocytosis.
Indeed, less deformable RBCs are trapped in the spleen causing a mild splenomegaly.
Splenectomy should be considered only after 6 years-of age and preceded with vaccination
against encapsulated bacteria (such as Neisseria meningitidis, streptococcus pneumonia and
hemophilus influenza) [295, 297].

4.1.3. Complications
Chronic hemolysis may lead to the formation of bilirubinate gallstones, which is the
most frequent complication. Interval ultrasonography to detect gallstones is recommended
to prevent complications in the biliary tract (biliary obstruction, cholecystitis and
cholangitis) [297]. Hemolytic and aplastic crisis lead to jaundice, increased splenomegaly
and decreased hematocrit, generally associated with viral infection, such as parvovirus B19
infection of erythropoietic progenitor cells [297].

4.2.  Hereditary elliptocytosis

Hereditary elliptocytosis (HE) is a collection of disorders characterized by the
presence of elliptical-shaped erythrocytes in a peripheral blood smear and associated with
variable clinical manifestations. The worldwide incidence of HE is estimated at 1 per 2000-
4000 individuals. However, prevalence could be much more as 90% of the cases are
asymptomatic and are fortuitously discovered when undergoing screening for an unrelated
condition. Nevertheless, where malaria is endemic, some subtypes of HE are significantly
more prevalent (1:100) [298, 299]. An uncommon subtype of HE is hereditary
pyropoikilocytosis in which patients present severe anaemia.

The clinical presentation of HE is heterogeneous, ranging from asymptomatic carrier
to severe transfusion-dependent anaemia. Asymptomatic carriers can potentially become
symptomatic during pregnancy and vitamin B12 deficiency. Symptomatology may vary
among members of the same family sharing the same molecular defects and in the same
individual over time [300].

Blood smear evaluation is essential both for diagnosis and classification. Peripheral
blood smears classically present few to 100% elliptocytes, from elongated “bacillus-like”
shapes to more oblong cells (Figure 4.1.A) [295]. Some silent carriers can show normal
erythrocyte morphology [300]. HE with moderate to severe compensated hemolysis show
elliptocytes, poikilocytes, spherocytes and cell fragments, which can produce a marked
decrease in mean corpuscular volume (MCV). In HPP, elliptocytes, poikilocytes, RBC
fragments, (micro)spherocytes, triangulocytes and other bizarre-shaped cells can be
observed (Figure 4.1.B) [295, 299]. Some of the fragmented RBCs are counted as platelets
by the hematology analyser and as such overestimate the platelet count. Another feature
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of HPP RBCs is their increased sensitivity to thermal fragmentation at a lower temperatures
(45° to 46°) than normal (49°) [295].

A B

r: > ’ E o™ L)

> U L= @ U

1 ) *‘\ = (\i ~ At 243 \ i
>(:')< JC?/- /( )Jf‘f*\(;? \\" A & : ‘j

-~ f\ VY S .

J D _ e f ¥ o

\”\ \’?\ A A X L '

Figure 4.1. Smear of blood from patients suffering from hereditary elliptocytosis and
pyropoikilocytosis. A. Elliptocytosis: classical elliptic (red arrows) and oblong cells (blue arrows). B.
Pyropoikilocytosis: elliptic (red arrows), ovalocytic (blue arrows) and fragmented cells (black arrows)
[295].

4.2.1. Genetic defects
HE is mainly inherited in an autosomal dominant fashion, with rare cases of de novo
mutations, whereas HPP patients exhibit autosomal recessive inheritance. Homozygous or
compound heterozygous individuals for HE variants experience mild-to-severe hemolysis
with moderate-to-marked anaemia (HPP). The genes mutated in HE are SPTA1 (a-spectrin),
SPTB (B-spectrin) or EPB41 (protein 4.1R) (Table 4.1.) [295, 298].

Disease Phenotype Phenotype Gene Protein Inheri-

symbol MIM number location name tance

HE1 Hereditary 611804 EPB41 Band 4.1R AD
elliptocytosis type 1 1p35.3

HE2 Hereditary 130600 SPTA1 Spectrina  AD
elliptocytosis type 2 1g23.1

HE3 Hereditary - SPTB Spectrin B AD
elliptocytosis type 3 14923.3

HPP Hereditary 266140 SPTAl Spectrina AR
pyropoikilocytosis 1923.1

Table 4.1. Classification of elliptocytosis according to the OMIM database. AD, autosomal dominant;
AR, autosomal recessive. Adapted from [299].
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4.2.1.1. Spectrin mutations

In a-spectrin, more than 25 mutations have been reported and most of them are in
the first a0 incomplete repeat and al-4 repeats (see Figure 2.10. in section 2.4.3.1.) [300].
Four mutations have been observed in codon 28 within this first incomplete repeat,
suggesting that it is a hotspot for mutation [301-305]. A subset of mutations is located
around the SH3 domains near repeats 8-9: spectrins Jendouba, Oran and St Claude [306-
309]. Most mutations are missense mutations even if some insertions and deletions are also
observed [308-313].

To note, low expression polymorphism of SPTA1l has also been described in
association with HE/HPP. The most documented example is the spectrin a‘t*Y (“low
expression allele, Lyon”) with 42% heterozygosity and 9% homozygosity in European
Caucasian populations [295], and =20% heterozygosity in all ethnic groups studied so far
[314, 315]. A C>T substitution in an acceptor splice site 12 nucleotides before the splice
junction caused exon 46 (18 nucleotides) to be skipped in 50% of the transcripts [316]. The
a-chains missing the corresponding 6 amino acids are unable to dimerize [317, 318].

Spectrin o't

also carries a functionally neutral polymorphism (Leu1857Val) [319]. Spectrin
atYalone causes minimum damage in both heterozygous and homozygous states since the
spectrin a chains are produced in excess (3- to 4- fold compared with B-chains). However,

LY on the other

HE patients heterozygous for mutations in a-spectrin on one allele and a
could present a more severe phenotype than expected, i.e. HPP, or on the contrary improve

the elliptocytic phenotype [295, 300].

Molecular epidemiologic studies indicated that a-spectrin defects are more
prevalent in black ethnic populations than in Caucasian populations. Some mutations are
widely distributed in Africa while others are characterized in Caucasians. For instance, the
Leu260Pro mutation is frequent in southern Benin and Togo amongst two ethnic groups
(Fon and Yoruba) and the Leu207Pro mutation is observed in ethnic groups from West Africa
[320]. Certain HE mutations could give an advantage against the propagation of malaria
[321] explaining the preservation of the mutations in these populations.

Concerning B-spectrin, fewer mutations are found and are restricted to the
incomplete B17 repeat [301, 322-336]. Most of the B-spectrin abnormalities are frameshift
mutations [330-333], nonsense mutations or abnormal splicing [322-325, 336] leading to
premature chain termination.

4.2.1.2. 4.1R mutations

4.1R mutations are less common than spectrin mutations but quantitative and
qualitative defects in protein 4.1 due to mutations have been reported. Four families exhibit
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a total deficiency of the protein (Algeria, Annery, Lille and Madrid) [337-340] as the first
codon is affected by the mutation leading to abolition of the initiation codon [337, 338] or
destruction of the transcript by nonsense-mediated mRNA decay [339, 340]. The other
mutations are all located in the exon coding for the FERM-domain [341-344].

4.2.2. Pathophysiology

The main defect in HE erythrocytes is a mechanical weakness or fragility of the
erythrocyte membrane cytoskeleton due to defective connections of cytoskeletal proteins
with the membrane at 4.1R junctional complexes [299]. Prolonged or repetitive cellular
deformation in the circulation leads to abnormal rearrangement of skeletal proteins that
prevent normal recovery of the biconcave shape [300]. This is consistent with the fact that
HE erythrocyte precursors are round, progressively becoming more elliptical with aging
after release into the circulation [345]. There is a great interest in HE-associated mutations,
especially in spectrins, to study the organization of the spectrin meshwork in RBCs. The
actual observations are summarized below.

4.2.2.1.  Spectrin mutations

Mutations in the tetramerization site

The tetramerization site comprises a-spectrin partial repeat 0 (N-terminal; one helix;
Figure 4.2. orange) and B-spectrin partial repeat 17 (C-terminal; two helices; Figure 4.2.
blue) [346]. The N-terminal helix from a-spectrin in the first dimer associates with the two
helices in B-spectrin repeat 17 to form an “atypical” complete spectrin repeat. Most of the
mutations in a-spectrin and B-spectrin are found at this tetramer self-association contact
site. Residues 17-20 (before partial repeat O of the a-spectrin N-terminal domain) and
residues 46-52 (junction region between partial repeat 0 and the first repeat) undergo
conformational changes upon binding to B-spectrin [347, 348]. The interface interaction is
driven by the clustering of the hydrophobic side chains and is stabilized by electrostatic
interactions [348]. The helix of the a-spectrin N-terminal domain consists of residues 21-45.
Mutations found in this domain are all missense mutations and the mutant proteins do not
show any misfolding or structural destabilization [349, 350]. Indeed, the effects of most
mutations are not due to conformational perturbations of the protein but are instead due
to the loss of specific interactions in which particular residues participate [347, 351]. For
instance, R34 interacts by electrostatic interactions with E2022 and E2029 in helix A of
partial repeat 17 of B-spectrin. R34 also forms a hydrogen bond with E2029 and the aliphatic
portion of the amino acid can participate in hydrophobic interactions at the spectrin
tetramerization site; the P34 mutation creates a cavity which abolishes electrostatic
interactions and also disrupts the hydrogen bond and van der Waal’s forces [352]. L49 forms
a hydrophobic cluster with V2041, V2044, L2047 and 12048 of the partial domain of B-
spectrin to stabilize tetramers [348, 353] while R28 has been proposed to make an
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electrostatic interaction with E2069 [348]. The conclusion is quite different for B-spectrin
mutations. Substantial perturbation of the conformation of both partial repeat 17 and
adjacent repeat B16 were reported for 3 mutations in the C-terminal repeat 17 of B-spectrin
[354].

Figure 4.2. Schematic
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Mutations next to the tetramerization site

Since the formation of spectrin tetramers appears to require progressive distortions
of the spectrin molecule and since both spectrin subunits appear to contribute to its
flexibility, factors that alter the flexibility of the C-terminal region of B-spectrin and the N-
terminal region of a-spectrin could potentially have important effects on spectrin
association [355]. Interestingly, most pathological mutations involve the putative linker
regions between the spectrin repeat units by disrupting stabilizing interactions that exist
between repeats [356, 357]. This highlights the importance of the interplay between
repeats to stabilize the adjacent repeats and, by so doing, the whole multidomain protein.
For instance, it was already shown that the Leu260Pro mutation could modify the
equilibrium between spectrin “open” dimers and “closed” dimers, favouring the latter,
which decreases tetramerization (Figure 4.2.) [186].

4.2.2.2.  4.1R mutations

Less is known about the alteration of cytoskeleton when a mutation of EPB41 is
present. Interestingly, loss of protein 4.1R is accompanied by loss of other proteins such as
GPC, by abnormal sorting during enucleation [113]. Electron microscope studies of
homozygous 4.1(-) Madrid red cell membranes, i.e. with complete deficiency of 4.1R
protein, reveal a disrupted skeletal network with perturbation of the intramembrane
molecules [358], suggesting that protein 4.1R plays an important role in maintenance not
only of the skeletal network, but also of the integral proteins of the membrane structure.
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Mutations observed in the FERM domain could disrupt the association of 4.1R with
membrane proteins (such as Band3) and lipids (such as PS or PIP;), and thereby lead to
detachment of the 4.1R junctional complex from the membrane.

4.3.  Hereditary spherocytosis

Hereditary spherocytosis (HS) is the most common inherited hemolytic anemia
characterized by round-shaped, less deformable RBCs. The prevalence is 1:1000-5000 in the
Caucasian population. The prevalence in people of other ethnic backgrounds is unknown
but it is much less common, even if often described in Eastern Asia [359]. HS refers to a
group of heterogeneous inherited anaemias showing a broad spectrum of clinical severity,
from asymptomatic to severe transfusion-dependent forms, even within the same family
[299].

The number of spherocytes present in peripheral blood smears depends on the
severity of the disease: from very few in 25 to 35% of mild cases to abundant in the more
severe forms [295]. Various shape abnormalities can be observed: i) “mushroom”-shaped
red cells, a feature of Band3 defects (Figure 4.3.A. green arrow) [360]; ii) acanthocytes, more
present in B-spectrin defective RBCs (Figure 4.3.B. red arrows); while iii) ovalocytes and
stomatocytes associated with few spherocytes in 4.2 defects [361].

Figure 4.3. Smear of blood of patients suffering from hereditary spherocytosis. A. Band3 defect. B.
B-spectrin defect. Mushroom cell, green arrow; dense and hyperchromic spherocytic red cells, black
arrows; acanthocytes, red arrows; basophilic red cell due to hematopoietic stress, blue arrow [295].

4.3.1. Genetic defects
Typically, HS is inherited in an autosomal dominant fashion in 75% of cases, while
the 25% remnant cases are inherited in autosomal recessive fashion or de novo mutations
[295, 298, 299]. Autosomal dominant HS is often associated with primary mutations in the
genes encoding ankyrin (ANK1), Band3 (SLC4A1) or B-spectrin (STPB) (Table 4.2.). Recessive
mutations occur due to homozygous mutations in protein 4.2 (EPB42) gene or homozygous
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or compound heterozygous for a-spectrin (SPTA1). Most of the mutations described are
“private” or sporadic occurrences, i.e. they are specific to one family or a few families.

Disease  Phenotype Phenotype Gene location  Protein Inheri-
symbol MIM name tance
number

HS1 Hereditary 182900 ANK1 Ankyrin-1 AD
spherocytosis type 1 8pl11.21

HS2 Hereditary 616649 SPTB Spectrin B AD
spherocytosis type 2 14923.3

HS3 Hereditary 270970 SPTA1 Spectrin a AR
spherocytosis type 3 1g23.1

HS4 Hereditary 612653 SLC4A1 Band3 AD
spherocytosis type 4 17921.31

HS5 Hereditary 612690 EPB42 Band 4.2 AR
spherocytosis type 5 15g15.2

Table 4.2. Classification of spherocytosis according to the OMIM database. AD, autosomal dominant;
AR, autosomal recessive. Adapted from [299].

In ANK1, frameshift and nonsense mutations are the most common types of
mutations in Caucasian patients, while promoter mutations are found mainly in Asian
patients [362]. Mutation results either in unstable ankyrin transcripts, which are destroyed
by nonsense-mediated mRNA decay or truncated peptides [298]. To note, frameshift
mutations are mostly present in exons 1 to 26, especially in the Band3 binding domain of
ankyrin 1 while nonsense mutations are mostly present at the 3’terminal side in the
spectrin-binding domain and the regulatory domain [359]. Missense mutations were also
described and may disrupt normal ankyrin-protein interactions [363, 364].

Monoallelic expression of B-spectrin occurs frequently in HS due to SPTB mutations
in dominant inheritance forms [323, 365-368]. These mutations are private and unique to
family, with the exception of B-spectrin Houston [369] which has been found in several
unrelated patients. Amongst the mutations, truncated B-spectrin chains due to nonsense
[329, 370, 371], missense [367, 372, 373] and frameshift mutations [329, 365, 370, 371,
374] have been identified. Some patients have missense mutations, such as spectrin Atlanta
(W182G) [369] and spectrin Kissimmee (W202R) [373], which are located in the highly
conserved region of B-spectrin involved in the interaction with protein 4.1 and actin. These
mutations can then alter the binding of spectrin to actin and 4.1R anchorage complexes
[306].

The silent polymorphic allele of"** (“low expression Prague”) accounts for nearly 3-
5% of SPTA1 alleles among white people [375]. Allele a ¥"”* carries the C>T transition at
position -99 of intron 30 causing missplicing and frameshift in about 80% in pre-mRNAs

LEPRA ; LEPRA

[295]. Amongst non-dominant HS, a is prevalent [376]. An individual homozygous a
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LEPRA

allele or compound heterozygous allele (co-inheritance of a with another pathogenic

HS allele) results in severe HS [377].

Many SLC4A1 (Band3) mutations have been described in HS and account for 30% of
HS Caucasian patients [364, 378]. Missense, frameshift and nonsense mutations are most
commonly found but splicing abnormalities and nucleotide duplications have been
described [316]. In the coding regions, mutations are clustered in exons 4 and 5, 9 and 10,
and 17-19, which appear to be “hot spots”. Missense mutations tend to be localized in the
region corresponding to the C-terminal cytoplasmic domain while frameshift and nonsense
mutations are densely localized in the region corresponding to the cytoplasmic domain at
the N-terminus. Mutations in the cytoplasmic domains of Band3 can interfere with its
binding to other proteins, resulting in a functional defect. Conserved arginine residues are
frequent sites of mutation: R490C, R518C, R760Q, R808C, R808H, R870W [298, 378]. These
extremely conserved sites are positioned at the integral boundaries of transmembrane
segments, and substitution possibly interferes with co-translational insertion of Band3 in
the membranes of the endoplasmic reticulum during synthesis of the protein [379]. HS due
to Band3 mutations is generally milder than HS caused by ankyrin or spectrin mutations
[295, 298].

EPB42 mutations have been mostly found in Japanese populations [380-384] and are
mostly missense mutations. Most patients are homozygotes or compound heterozygotes of
missense mutations. Only heterozygote missense mutations are asymptomatic with nearly
normal protein 4.2 content in the RBC [385].

4.3.2. Pathophysiology

Two factors are involved in the pathophysiology of HS: intrinsic qualitative and
quantitative RBC membrane defects contrasting with an intact spleen that selectively
retains, damages and removes defective RBCs [361]. Although the main molecular defects
are heterogeneous, the weakening of vertical linkages between the membrane skeleton
and the lipid bilayer is postulated to be a common feature in all cases, which leads to
destabilisation of the lipid bilayer and the release of skeleton-free lipid vesicles [386]. Two
mechanisms have been proposed. The first is based on defects in spectrin, ankyrin or
protein 4.2, which, by reducing skeletal density, release Band3-containing MVs. Spectrin
deficiencies lead to a decreased density of the skeletal network underlying the lipid bilayer
[316], suggesting that unsupported areas of the lipid bilayer are susceptible to be released
in MVs. The second mechanism is based on defects in Band3, resulting in Band3-free
portions of the membrane susceptible to blebbing [386]. Whatever the mechanism, the
reduction in membrane surface area leads to the formation of spherocytes with reduced
deformability [361]. Interestingly, decreased surface area is a feature of both the
reticulocytes and mature RBCs in HS [387]. Splenic conditioning can exert additional damage
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when abnormal erythrocytes are stuck in Billroth cords, in which the environment is more
acid, low in glucose and ATP concentrations. The contact with high macrophages
concentration and the resulting high local concentrations of oxidants contribute to reduce
the RBC survival [361].

Densitometric quantification of membrane proteins separated by SDS-PAGE and
western blotting analysis allows the classification of HS into different subsets: i) spectrin
deficiency due to SPTB or SPTA1 mutation, ii) combined deficiency of spectrin and ankyrin
generally due to ANK1 mutation, iii) deficiency of Band3 and 4.2 protein, due to SLC4A1
mutation, and iv) deficiency of 4.2 due to 4.2 gene mutation[388]. Several other features
have been observed, including lower AQP1 content [389], excessive sodium influx [390],
increased activity of Na*/K*-ATPase [390], accelerated ATP turnover and glycolysis [316,
391], increased adhesion to laminin and thrombospondin [392] and loss of Band3 and GPA
during enucleation [113].
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5. Red blood cell microvesicle release

These last decades, the field of transcellular signaling was revolutionized by the
emerging concept of signal transmission through extracellular vesicles (EVs). For a long
time, vesicles seen in intercellular spaces by electron microscopy were thought to be
artifacts or inert cellular fragments resulting from damaged cells in the vicinity.
Nonetheless, all cells, from bacteria to plants and animal cells, seem to have the ability to
produce EVs [393, 394]. However, there is still no real consensus regarding EV classification
and nomenclature [395], probably due to the variety of EV size, composition, origin and
targets but also to difficulties related to their isolation and analysis. Most reviews classify
EVsin three groups: exosomes, MVs and apoptotic bodies (Figure 5.1) [396-399]. Exosomes
are the smallest EVs (50—-150 nm in diameter) that are released upon multivesicular bodies
exocytosis. MVs are produced by direct local deformation and budding of the plasma
membrane leading to vesicles of more heterogeneous and bigger size (100 nm—1 um in
diameter). It should be noted that these vesicles are often given other names, including
ectosomes, microparticles, shedding vesicles or oncosomes (in the particular case of cancer
cells). Apoptotic bodies (1-5 um in diameter) are generated by blebbing of cells undergoing
apoptosis. However, this classification should be taken with caution as most of the currently
used techniques only allow to separate small EVs enriched in exosomes from large EVs
enriched in MVs [400]. Yet, other studies have evidenced by imaging the budding from the
plasma membrane of vesicles with size closer to that of exosomes [401-403]. In this review
we will focus on plasma membrane-derived vesicles whatever their size.
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Figure 5.1. Characteristics of the three main classes of extracellular vesicles. MVB,
multivesicular body; PM, plasma membrane [404].

EVs have been shown to contribute to a large variety of pathophysiological processes
including red blood cell (RBC) senescence [405], coagulation [406], inflammation [406, 407],
migration [408], tumorigenesis [409] and infection [410]. As they are found in body fluids
(e.g., blood, urine, cerebrospinal fluid, milk), they are easily accessible and might represent
useful diagnostic biomarkers and/or targets for therapeutic applications (reviewed in
[411]). In this review, we will focus on vesicles derived from the plasma membrane of RBCs,
platelets, immune cells, nervous cells and tumor cells. Before providing detailed
information regarding their biogenesis, we here below present a short non-exhaustive
overview of their pathophysiological effects.

RBCs undergo multiple changes during their 120-day lifespan in the circulation,
including the decreased activity of multiple enzymes, the gradual accumulation of oxidative
damages, the redistribution of ions, the loss of membrane by vesiculation as well as cell
volume, density and deformability alterations (for reviews, see [224, 412, 413]). MV
generation constitutes a central mechanism in the RBC homeostasis and is responsible for
the loss of ~20% of the plasma membrane while the hemoglobin concentration increases
by ~14% [414, 415]. MVs have been proposed to contribute to RBC senescence by two
opposite mechanisms. On one hand, they protect RBCs from premature elimination via
transport of molecules that could induce recognition by the reticuloendothelial system such
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as non-functional hemoglobin, Band3 oxidation and aggregation and oxidized proteins [415]
(Figure 5.2a). On the other hand, they appear to contain CD47, a “self-marker” that prevents
the recognition and clearance of RBCs by macrophages. Elimination of CD47 from the RBC
membrane through selective shedding could then promote the removal of old RBCs [292]
(Figure 2b). Studies on mice suggest that MVs from RBCs are removed very fast from the
circulation by the reticuloendothelial system [416] because they can have deleterious
effects on other cells. For instance, MVs bear at their external leaflet PS, which acts as an
“eat me” signal for macrophages but also promotes coagulation, as PS enhances
prothrombinase activity and other coagulation factors (Figure 5.2a,c). Moreover, RBC-
derived MVs induce an excessive production of reactive oxygen species (ROS) in neutrophils
and could be responsible for exhortation of the “respiratory burst”, i.e., the rapid release of
ROS necessary to answer to an infection [417] (Figure 5.2d). Finally, they contain
hemoglobin, which allows them to bind nitric oxide modifying thereby its bioavailability for
vascular homeostasis regulation [418] (Figure 5.2e). However, these effects have been
shown with MVs isolated from blood storage. Although the biological content should reflect
the functional properties of circulating MVs, further investigations in vivo are needed to
confirm this hypothesis. Nevertheless, the properties described above could partly explain
reduced post-transfusion efficacy and increased risk of adverse reactions in patients after
transfusion [419, 420].
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CHAPTER 2. AIMS AND STRATEGIES OF THE STUDY

During the last decade, the host laboratory has explored the contribution of plasma
membrane lateral heterogeneity and biophysical properties for RBC deformation. To do so,
the group developed and validated a series of complementary fluorescent probes
compatible with confocal vital imaging (e.g. trace insertion in the plasma membrane of
exogenous fluorescent lipid analogs or artificial probes and labelling of endogenous lipids
with fluorescent toxin derivatives) and specific to the main outer plasma membrane lipids,
i.e. sphingomyelin (SM), phosphatidylcholine (PC), ganglioside GM1 and cholesterol. The
laboratory also validated several technics to mimic RBC deformation. Using these
approaches, submicrometric lipid domains that differ in abundance, lipid composition,
temperature dependence, lipid order, curvature association and spatial relationship were
detected. The current model highlights the coexistence at the RBC surface of three types of
lipid domains that play differential roles. The first type of domains is present in RBC high
curvature membrane area, is enriched in cholesterol and can gather during RBC
deformation. The two other types of lipid domains are associated with the RBC low
curvature areas: (i) those enriched in GM1/PC/cholesterol whose abundance increases
upon calcium entry during RBC deformation; and (ii) those enriched in SM/PC/cholesterol
whose abundance increases upon calcium efflux and RBC shape restoration after
deformation. Those findings, to which I contributed, have been published in 2018 (Conrard
et al, Cell Physiol Biochem 2018; Annex 6) and suggested that the low curvature-associated
lipid domains could provide platforms for the recruitment and/or activation of the
mechanosensitive cation channel PIEZO1 and the plasma membrane calcium efflux pump
PMCA.

At the end of their 120-days lifetime and upon storage at 4°C before transfusion, the
RBCs become less deformable and lose part of their membrane by microvesiculation. The
host laboratory has shown that, during the RBC storage, the high curvature-associated
cholesterol-enriched domains are preferentially lost, potentially representing preferential
sites for membrane microvesiculation. This observation was the starting point of a review
entitled “Plasma membrane lipid domains as platforms for vesicle biogenesis and
shedding?” to which | am first author (Pollet et al, Biomolecules 2018; Annex 7).

Based on the observations that lipid domains contribute to RBC deformation but are
instead lost upon storage, we postulated that they could be impaired in RBC fragility
diseases. The goal of my thesis was therefore to evaluate whether lipid domains could be
modified in abundance, composition and dynamics in hereditary elliptocytosis (HE) and
spherocytosis (HS), and by which mechanism. Those two diseases are caused by impairment
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of the horizontal and vertical linkages between the membrane and the underlying
cytoskeleton, respectively. HE is characterized by the progressive transformation of the RBC
discoid shape into elliptic shape whereas HS exhibits small spherical less deformable RBCs.

Due to the low prevalence of symptomatic patients with HE, | was limited to one
patient suffering from a severe form of elliptocytosis (pEl) and her asymptomatic mother
(pEIm). Two mutations in the a-spectrin-coding SPTA1 gene were identified by NGS
sequencing, the Leu260Pro (or Nigerian) variant, shared by the patient and her mother, and
Argl811%*, a premature stop codon for which the mRNA is likely degraded by the nonsense-
mediated mRNA decay mechanism. The patient therefore exclusively expresses the Pro260
variant of SPTAL. We analyzed the consequences of this mutation in RBCs from pEl and pElm
by characterizing their morphology (scanning electron microscopy and blood smears),
deformability (hemoglobin release in hypo- and hypertonic medium), cytoskeletal and
membrane protein distribution (confocal and transmission electron microscopy) and
content (western blotting and proteomics). We also examined the calcium exchanges at the
RBC surface as well as the lipid domain abundance and response to calcium exchange
stimulation (live cell confocal imaging). We found that the pEl RBC size and circularity were
decreased and deformability was impaired. The cytoskeletal and membrane proteins were
altered. The RBC intracellular calcium content was increased and calcium influx and efflux
upon RBC deformation were both slowed down. Although the high curvature-associated
cholesterol-enriched domains were not modified, the low curvature-associated
GM1/PC/cholesterol- and SM/PC/cholesterol-enriched domains were altered in
abundance, cholesterol-enrichment and response to calcium exchange stimulation. To
address the mechanism behind, we looked whether the lipid domains could be (i) directly
altered in composition or biophysical properties by SM hydrolysis into ceramide through
the plasmatic acid sphingomyelinase; and/or (ii) indirectly modified by the intracellular
calcium accumulation and the resulting increased activity of protein kinase C, NADPH
oxidase and scramblase. We found that the reactive oxygen species accumulated in pEI RBCs
and resulted into increased lipid peroxidation and overactivation of the plasmatic acid
sphingomyelinase. In addition, the phosphatidylserine exposure at the RBC surface was
increased, indicating perturbation of the plasma membrane transversal asymmetry. Our
data revealed that alterations in membrane lipid composition and transversal and lateral
heterogeneity in lipid domains through plasmatic acid sphingomyelinase, oxidative stress
and lipid scramblase activation contribute to the pathophysiology of elliptocytosis. This
study also suggested targets for therapeutics. This first investigation is included in a
research paper as first author (Pollet et al, In preparation; Chapter 3, section 1).

The spherocytosis study included ten splenectomised patients from seven families
exhibiting SPTB or ANK1 mutations. In all patients, the mRNA of the allele carrying the
mutation was degraded by the nonsense-mediated mMRNA decay mechanism. Three groups
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of patients were defined based on clinical parameters and RBC morphology and
deformability features. Although B-spectrin and ankyrin mutations led to differential RBC
morphology, cytoskeletal organization defect and rigidity, cholesterol and total
phospholipid content loss as well as microvesicle release, none of those features did
correlate with the disease severity. Instead, the rise in intracellular calcium and ATP content
represented two factors to consider upon evaluation of the disease severity. On one hand,
the intracellular calcium accumulation contributed to spherocytosis through the increased
exposition of phosphatidylserine at the RBC surface but not through increased oxidative
stress. Such calcium accumulation could result from the decreased abundance of the
mechanosensitive cation channel PIEZO1 and its activity through the impaired response of
the ganglioside GM1/PC/cholesterol-enriched domains to calcium influx stimulation by
Yodal. On the other hand, the rise in intracellular ATP lowered the disease severity by
limiting the intracellular calcium rise, possibly through direct stimulation of the calcium
efflux pump PMCA activity and/or maintenance of the membrane asymmetry and the
functionality of the SM/PC/cholesterol-enriched domains. Based on the integration of the
intracellular calcium and ATP content modifications and the resulting alterations of
membrane transversal and lateral heterogeneity in lipid domains, the ten patients were
classified into three groups that perfectly matched with the disease severity score defined
by clinical parameters and RBC morphology and fragility. These data highlighted the
importance of the interplay between lipid domains and the cytoskeleton for RBC
morphology and deformability and indicated that clinical heterogeneity in HS are reflected
in the calcium-dependent membrane defects. Observations are included in a second
research paper as co-first author (Pollet, Cloos et al, In preparation; Chapter 3, section 2).
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1.1. Abstract

Hereditary elliptocytosis is a red blood cell (RBC) disease mainly caused by mutations
in spectrin, leading to cytoskeletal destabilization. Although patients with heterozygous
mutation in a-spectrin (SPTA1) are asymptomatic, morphological changes and hemolysis
are observed upon reduced production of functional a-spectrin. The molecular mechanism
is unknown. We analyzed the consequences of a a-spectrin mutation in a patient almost
exclusively expressing the Pro260 variant of SPTA1 (pEl) and her asymptomatic mother. In
pEl, RBC size and circularity are decreased and deformability is impaired. Membrane
association and lateral distribution of cytoskeletal and membrane proteins are altered. The
two populations of membrane lipid domains associated with RBC low curvature areas are
modified in abundance, cholesterol content and response to calcium exchange stimulation.
This results from three features. Firstly, the plasmatic acid sphingomyelinase is upregulated,
leading to increased ceramide-enriched domains. Secondly, the intracellular calcium
content is strongly increased, inducing downstream (i) PKC-dependent cytoskeletal and
membrane protein phosphorylation; (ii) NADPH oxidase-dependent reactive oxygen species
production and lipid peroxidation; and (iii) scramblase-dependent phosphatidylserine
exposition at the RBC surface. Thirdly, the membrane content of long unsaturated
phosphatidylserine and phosphatidylcholine species is decreased. All these features could
lead to eryptosis and membrane fragmentation. This study shows that alteration of
membrane lipids and lipid domains through the plasmatic acid sphingomyelinase, calcium
increase and downstream oxidative stress and scramblase activation contribute to the
pathophysiology of elliptocytosis. It also provides the first evidence that a-spectrin defect
leads to alteration of membrane composition and transversal and lateral heterogeneity and
could help develop novel therapies.
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1.2. Introduction

During its lifetime, the red blood cell (RBC) undergoes high deformations needed to
pass through narrow capillaries to deliver oxygen to tissues. Such exceptional deformability
relies on intrinsic features, including (i) a biconcave shape due to the excess of plasma
membrane (PM) surface vs the cytoplasmic volume, (ii) a finely regulated cytoplasmic
viscosity controlled by the hemoglobin concentration, and (iii) a cytoskeleton composed of
a meshwork of spectrin tetramers linked to the membrane by two anchorage complexes
based on 4.1R and ankyrin proteins [185]. RBC deformation is also associated with a
transient intracellular calcium increase, which activates Gardos channels, leading to cell
dehydration, and favors a local membrane:cytoskeleton uncoupling [148]. RBC calcium
entry is mostly operated by mechano-activated ion channels like PIEZO1 [210], whereas
calcium efflux is ensured by the PM calcium ATPase (PMCA), in a tightly regulated process.
RBC deformation also depends on ATP content and antioxidant system which allows to
neutralize the harmful reactive oxygen species (ROS) generated through the constant
exposure to variable oxygen pressures [224].

The RBC membrane exhibits a very high cholesterol/phospholipid ratio and three
types of lipid domains involved in its deformation [3, 102, 161-163, 179]. The first ones,
associated with high-curvature membrane areas, are mainly enriched in cholesterol and
gather upon RBC deformation. The second ones, associated with RBC low-curvature areas,
are enriched in ganglioside GM1, phosphatidylcholine (PC) and cholesterol. Their
abundance increases upon PIEZO1 activation. The third ones, also associated with low-
curvature areas, are enriched in sphingomyelin (SM), PC and cholesterol. Their abundance
rises upon calcium extrusion [163, 177].

RBC deformability and lifespan are altered in inherited RBC disorders, leading to
chronic hemolytic anemia [145, 187, 295]. Contrary to other hemolytic anemias,
elliptocytosis is asymptomatic in 90% of cases, leading to prevalence underestimation [300].
This group of heterogeneous diseases affecting a-spectrin-, B-spectrin- or 4.1R-coding
genes is inherited in an autosomal dominant manner, with rare cases of de novo mutations.
The only treatments are folate therapy, transfusions and splenectomy [297, 421].

A recent simulation study has revealed that elliptocytotic RBCs are unable to recover
their original biconcave shape after passing through splenic interendothelial slits due to
impaired elasticity, leading to fragmentation when the RBC cytoskeleton connectivity is
lower than 20% [422]. However, the relevance of this model remains to be tested in vitro.
Hence, the molecular mechanism is still unknown. In this study, we explored these
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questions by analyzing the morphology, deformability, cytoskeleton organization, calcium
exchange and membrane composition and organization of RBCs from a female teenager
diagnosed for elliptocytosis during infancy (pEl). She underwent cholecystectomy, required
to eliminate the cholelithiases accumulating in the gall bladder, but no splenectomy.
Throughout the study period, pEl blood samples exhibited hemolysis markers, high
reticulocyte count and low RBC mean corpuscular volume. The RBC mean corpuscular
hemoglobin concentration and the RBC abundance were less affected (Figure S1A-F). None
of her relatives consulted for similar symptoms nor were diagnosed but her mother
nevertheless appeared mildly affected (pEIm).
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1.3. Results

The patient pEl expresses the Pro260 variant of SPTA1. NGS sequencing of pEl
unraveled two heterozygous nucleotide substitutions in SPTA1, the gene encoding a-
spectrin, resulting in a Leucine-to-Proline change (c.779T>C; p.Leu260Pro) and a premature
stop codon (¢.5431C>T; p.Argl811%*) (Figure 1A, Table). The ¢.779T>C (Leu260Pro) change
was inherited from the mother (pEIm), as confirmed by direct RNA sequencing (Figure 1A,
bottom left). In pEl, the C-allele (corresponding to proline) was predominant at position
¢.779, with almost complete loss of the T-allele (corresponding to leucine). This is likely due
to degradation by nonsense-mediated mRNA decay of the RNA of the paternal allele
carrying the premature stop codon (Figure 1A, bottom right). Reduced quantity of the
paternal mRNA allele was confirmed by sequencing a common polymorphism, which was
heterozygous in pEl DNA (c.525C>A; p.Alal764Ala; Figure 1A, Table) but squewed in its RNA
(Figure 1A, bottom center). Based on these results, the phase of the alleles was deduced
(Figure 1A, bottom), showing that pEl expressed mainly the proline-mutated allele inherited
from her mother. In contrast, her second allele (presumably paternal, not available for
testing), carrying the premature stop codon (p.Argl811%*), as well as the A-allele of the
polymorphism at position ¢.5292, was degraded. Thus, at the protein level, pEl should
almost exclusively express the Pro260 variant of SPTAL. This Pro260 variant has already
been described in the literature [186, 320, 423] but consequences for the RBC morphology
and deformability were not evaluated.

89



pEIm ’C'H *
Q ot

pEI y
#in  Mutation Taster 3 @@\‘)ﬁ

hgvs_dna hevs_protein ref alt zygosity dbsnpid ool 3"

membrane area (um?)
a
S

€.779T>C  p.leu260Pro 364 355 Het  rs121918634 3 Disease-causing n 5ug'
€.5292CA p.Alal764Ala 319 177 Het rs3738791 35959 Polymorphism
€.5431C>T p.Argl811* 507 392 Het - 1 Disease-causing \U’ —_ ¥ o, .
£ ol
c.779T>C  ¢.5292C>A c¢.5431C>T O Q% 2 g 3 “
p.Leu260Pro p.Ala1764Ala p.Arg1811* ﬁ 2
GGCCCAT GCCCGAG Q 2 H d
» 2
@ i
[]
o

GGCMCAT GCCYGAG @
per 0N ) st O
A A A
—C c ¢ — maternal
PEI T A T paternal @ —

OCTL B pEl M pEIm

o
©

RBC circularity
o
3

)
3

w

3

O,

-4

- -+
o2 eeq .::i

CTL pEl pEIm

Cryohemolysis
(%

m

G.
201 ns 200

& £ 150
) £ 8
Z 2
Q =100
8 a
b o 50

Figure 1. Pedigree, genetic defects and RBC morphology and fragility of the family enrolled in the study. (A)
Pedigree and genetic defects. Affected patient (pEl) and her mother (pEIm), partially affected but not diagnosed.
Table, NGS results for pEl showing coverage (ref, reads with reference allele; alt; alternative allele), zygosity, code
in dbSNP, number of occurrences in control population (The Exome Aggregation Consortium) and impact
prediction from Mutation Taster, for two likely mutations and one heterozygous polymorphism. Sequences, RNA
sequencing showing partial loss of the allele carrying the premature Stop codon (T-allele at position 5431) in pEl.
pEIm is heterozygous for Leu260Pro, whereas pEl is almost homozygous for the C at position 779 (Proline) and at
position 5292, due to degradation. Y =T or C; M = C or A. (B) RBC membrane hemi-area, perimeter and circularity
determined on May-Griinwald Giemsa-stained blood smears. Left, representative images; green arrowhead,
poikilocytotic RBC; orange arrowhead, small spherical RBC. Right, quantification for one representative blood
smear (n=3; CTL vs pEl, ***; CTL vs pElm, ns; pEl vs pElm, ***). (C,D) RBC biconcavity evaluated on RBCs in
suspension. (C) RBCs labeled with a BODIPY-lipid, laid down in IBIDI chambers and analyzed by vital confocal
microscopy. The figure shows in left panels X-Y sections (positions indicated by the green lines in the right panels)
and in right panels the corresponding X-Z sections (positions indicated by the red lines in the left panels). (D) RBCs
fixed in suspension, laid down on filters and analyzed by scanning electron microscopy. Images are representative
of 2 independent experiments at both C and D. Green arrowheads, poikilocytotic RBCs; orange arrowhead, small
spherical RBC. (E-G) RBC fragility evaluated in hyper- (E), iso- (F) and hypotonic media (G). (E) Cryohemolysis (mean
+ SEM of 6 independent experiments). (F,G) Hemoglobin released in isosmotic medium and half-maximal effective
osmolarity (EC50) determined upon RBC incubation in decreasing osmolarity media (means + SEM of 3-4
independent experiments). For evolution of these parameters with time, see Figure S1G-J.
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pEl RBCs exhibit decreased size and circularity and increased fragility but normal
biconcavity and low microvesicles release. Blood smears of pEl revealed anisocytosis
dominated by small elliptic RBCs (Figure 1B, orange arrowhead). The decreased projected
membrane area, perimeter and circularity of pEl RBCs were shown by quantification on
blood smears (Figure 1B, right) and poly-L-lysine (PLL)-coated coverslips (Figure S2), the
system used below to analyze membrane organization. Poikilocytosis was also observed,
but to a lower extent (Figure 1B, green arrowhead). At first glance, blood smears of pElm
appeared normal. However, quantification revealed a larger distribution of RBC circularity,
suggesting the presence of elliptic RBCs as in pEl (Figure 1B, right). The decreased surface
area and circularity of pEl RBCs were maintained throughout the 4-year study and did not
result from pEl young age since no difference can be seen between healthy donors whatever
their age (Figure S1G,H & S3A-C).

Confocal microscopy on living suspended RBCs and scanning electron microscopy on
fixed RBCs laid down on filters revealed that pEl and pElm elliptic cells preserved their
biconcavity (Figure 1C,D). Moreover, the progressive appearance of echinocytes and
spherocytes upon storage were delayed in pEl and pElm as compared to healthy donors. In
addition, microvesicles isolated from pEl and pEIm blood were less abundant than those
from control blood (Figure S4A-D). These data indicated that, in contrast to RBCs upon
storage at 4°C and from hemolytic anemias [187, 424], elliptocytotic RBCs appeared
preserved from microvesiculation.

Cryohemolysis and hemoglobin release in iso- or hypotonic media were increased in
pEl vs healthy donors but changed during the study period (Figure 1E-G; S1l,J & S5A).
Surprisingly, pElm RBCs showed lower hemoglobin release and EC50 than healthy RBCs
(Figure 1F,G). Altogether, those data indicated that pEl RBCs presented decreased size and
circularity vs increased fragility, but preserved their biconcavity.

Cytoskeletal and membrane protein plasma membrane association and lateral
segregation are decreased whereas hemoglobin membrane retention is increased in pEl.
Hemoglobin was more retained in the pEl than healthy or pEIm ghost membrane, as
revealed both by SDS-PAGE (Figure S6A,B) and mass spectrometry (Figure S6C). In contrast,
all cytoskeletal proteins, except the B-Tubulin, exhibited a two-fold decreased association
with the pEl ghost membrane than in healthy donors (Figure S6D). All membrane proteins
were also decreased by two-fold, except the Transferrin receptor which was slightly
increased (Figure S6E).

We then assessed whether abnormal protein association with membrane could
result from alteration of the spectrin cytoskeleton organization. At the microscale level,
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spectrin occupancy was significantly decreased neither in pEl nor in pElm (Figure 2A,B). In
contrast, the variation of the labeling intensity was greatly increased in pEl RBCs (Figure 2C),
showing spectrin gathering at one cell edge in ~75% of pEl RBCs vs ~20% in pElm and ~5%
in healthy RBCs (Figure 2A, arrowheads). Spectrin gathering was confirmed by electron
microscopy in pEl (Figure S7, arrowheads) and was exacerbated upon storage of pEl and
pElIm RBCs (Figure S4E), suggesting microvesiculation-independent changes upon RBC
storage in elliptocytosis. Moreover, at the nanoscale level, less dense areas alternating with
darker ones were revealed in pEl RBCs (Figure 2D, red areas), suggesting reorganization of
the cytoskeleton:membrane anchorage complexes.
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Figure 2. The organization of the spectrin network is hetereogeneous and the segregation of membrane proteins
from the two anchorage complexes is decreased in pEl RBCs. (A-D) Spectrin network analyzed by confocal (A-C)
and transmission electron microscopy (D). RBCs were laid down on PLL-precoated coverslips (A-C) or formvar
coated grids (D), permeabilized with 0.5% Triton X-100, fixed and stained with anti-pan spectrin antibodies (A-C)
or not (D). (A,D) Representative images. Orange arrowheads at A and red areas at D, increased cytoskeleton
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density. (B,C) Quantification of spectrin occupation and dispersion on confocal images. Data are expressed by
reference to the mean of control RBCs from the same experiment (means + SEM from 5 independent experiments
with 50-150 RBCs measured/condition). (E-G) Membrane protein distribution determined by confocal imaging.
RBCs were laid down on PLL-precoated coverslips, fixed and stained with antibodies against CD47 (ankyrin
complexes; green) and glycophorin C (GPC; 4.1R complexes; red). (E) Representative images. Orange arrowhead,
high protein density. (F) Representative intensity profiles along the paths indicated at E by white dotted lines.
Green arrows, CD47 only; red arrows, GPC only; black arrows, CD47/GPC overlapping. (G) Quantification of the
abundance of CD47, GPC and CD47/GPC-overlapping peaks (yellow portion of the columns) determined on 30-40
profiles per condition generated from 3 independent experiments (expressed as percentage of total peaks from
all the profiles; means + SEM).

These observations were confirmed by RBC immunolabeling for glycophorin C (GPC)
and CD47, respectively enriched in the 4.1R- and the ankyrin-based complexes. First, ~40%
of pEl RBCs presented at one edge a stronger labeling for both CD47 and GPC vs only ~10%
in control and pEIm RBCs (Figure 2E, arrowhead; Figure S8). Second, the spatial dissociation
between CD47- and GPC-enriched clusters was significantly decreased in pEl but not in pEIm
RBCs (Figure 2F,G). Thus, pEl exhibited defects in spectrin organization, altering membrane
protein distribution and raising hemoglobin membrane association.

Lipid domains in pEl RBCs are altered in abundance and response to calcium
exchange stimulation. We then asked whether alteration of cytoskeletal and membrane
protein content and segregation could in turn affect membrane lipid lateral distribution into
domains previously evidenced by our group both in low- and high-curvature RBC areas [163,
177]. The abundance of low curvature-associated SM- and PC-enriched domains was
significantly increased in pEl RBCs as compared to healthy donors (Figure 3A, orange
arrowheads; Figure 3B & S3D,E). In contrast, cholesterol-enriched domains were not visible
in the pEl RBC low-curvature areas but well associated with the high-curvature ones (Figure
3A, orange vs green arrowheads), resulting into a slight decrease of the total cholesterol-
enriched domain abundance (Figure 3B).

We next assessed whether lipid domains in pEl RBCs could also be impaired in
functionality, using the PIEZO1 agonist Yodal to stimulate calcium influx and the
extracellular calcium EGTA to deplete intracellular calcium [163, 177]. We observed that
GM1-enriched domains did not increase upon Yodal in pEl contrasting with a 2-fold
increase in controls. Moreover, SM-enriched domains increased by less than ~2-fold upon
EGTA in pEl vs ~3-fold increase in controls (Figure 3C,D). Those data suggested that lipid
domains were altered for their response to calcium exchange stimulations.
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Figure 3. Lipid domains are impaired in abundance and response to calcium exchange stimulation in pEl RBCs
and the intracellular calcium content is raised. (A,B) Lipid domains on RBCs at resting state. RBCs were either
spread onto PLL-coated coverslips and labeled with BODIPY-GM1, -SM or -PC or labeled in suspension with Theta*
and spread onto coverslips. All coverslips were directly visualized by vital fluorescence/confocal microscopy. (A)
Representative images. Green arrowheads, domains in high curvature areas (HC); orange arrowheads, domains in
low curvature areas (LC). (B) Quantification of lipid domain abundance per hemi-RBC area (means + SEM from 3-
19 independent experiments/lipid in which 300-600 RBCs were counted/experiment). (C,D) Abundance of lipid
domains upon modulation of calcium influx stimulation (C, addition of Yodal just after labeling) or calcium
depletion (D, incubation with EGTA). Data represent lipid domain abundance per hemi-RBC area (means + SEM
from 3-5 independent experiments/lipid in which 300-600 RBCs were counted per condition in each experiment).
(E) Calcium exchange during RBC deformation on PDMS chambers. RBCs were labeled for calcium with Fluo-4 AM
and measured for fluorescence intensity before (Omin) and after stretching for 1min (grey stripped zone). Data are
expressed as percentage of unstretched RBCs (means * SD of 2 experiments where 150-200 RBCs were analyzed
at each time). (F) RBC intracellular calcium content evaluated by Fluo-4 AM and expressed by reference to the
mean corpuscular volume (MCV; means + SEM of 5-9 independent experiments). (G) Intracellular ATP content
measured by luminescence after RBC incubation with luciferase and luciferin and expressed by reference to MCV
(means *+ SD/SEM of 2-4 independent experiments). (H) Abundance of PIEZO1, PMCA1 and 4 evaluated by mass
spectrometry on pEl ghost membranes. Data are expressed by reference to a healthy donor. (1,J) Contribution of
NMDAR and Cav2.1 in calcium accumulation in pEl RBCs?.

94



To rule out aspecific effects of Yodal and EGTA, we then evaluated calcium
exchanges upon RBC deformation in stretchable PDMS chambers [163, 178]. Control RBCs
exhibited a rapid calcium raise followed by initial content restoration within 5min, whereas
pEl RBCs showed a flatter calcium response with both a decrease of entry and a delay of
exit (Figure 3E). We concluded that low curvature-associated lipid domains were less prone
to respond to calcium exchange stimulation.

The intracellular calcium content is increased in pEl. Based on calcium exchange
impairment in pEl RBCs and since an increased calcium content is often described in patients
with sickle cell disease, thalassemia or spherocytosis [424], we also measured the
intracellular calcium content in pEl RBCs at resting state. The calcium content was increased
by ~2-fold in pEl but not in pEIm as compared to the healthy donors (Figure 3F & S5B). The
intracellular ATP content increase in pEl RBCs excluded the possibility that calcium
accumulation resulted from ineffective extrusion due to disruption of the ATP pool fueling
the PMCA (Figure 3G). In contrast, the decreased abundance of PIEZO1 and PMCA4 (one of
the two PMCA isoforms found in RBCs [425]) associated with the ghost membrane in pEl
RBCs (Figure 3H) could partially explain this accumulation. Indeed, upon lower PIEZO1
abundance, NMDAR and/or Cav2.1 could take over, leading to calcium accumulation (under
investigation; Figure 31,J).We concluded that elliptocytotic RBCs exhibited an increased
intracellular calcium content at resting state and a decreased capacity to respond to calcium
exchange upon RBC deformation. Since neither lipid domain nor calcium alterations were
observed in pElm (Figure 3B,F), we focused on pEl for mechanistics. We suggested that,
besides the decreased abundance of PIEZO1 and PMCA4 at the RBC surface, alterations in
pEl could result from impairment of lipid domain distribution and dynamics.

Lipid domains are impaired for their cholesterol content, thereby contributing to
calcium accumulation in pEl. To test the above hypothesis, we first explored whether lipid
domains could be altered in composition. Double-labeling indicated that GM1- and SM-
enriched domains were less colocalized with those enriched in cholesterol in pEl RBCs than
in control RBCs (Figure 4A,B & S9). Hence, a ~30% cholesterol depletion by mBCD [176],
which induced the disappearance of cholesterol-enriched domains and the decrease of
GM1- and SM-enriched domain abundance in both pEl and control RBCs (Figure 4C), led to
a ~3-fold increase of the calcium content in pEl RBCs vs a ~1.5-fold increase in healthy RBCs
(Figure 4D), suggesting a synergistic effect between the lower cholesterol enrichment of
lipid domains in pEl and cholesterol depletion by mBCD. Accordingly, mBCD decreased the
resistance of pEl RBCs to hemolysis, without any modification on control RBCs (Figure 4E).
Thus, alteration of calcium exchanges and decreased resistance to hemolysis of pEl RBCs
could be linked to the alteration of the cholesterol enrichment in GM1- and SM-enriched
domains.
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Figure 4. GM1- and SM-enriched domains are dissociated from cholesterol-enriched domains in pEl RBC low-
curvature areas, contributing to the calcium accumulation. (A,B) RBCs were labeled in suspension with Theta*,
spread onto coverslips and labeled with BODIPY-GM1 or -SM. (A) Representative images. Green arrowheads,
BODIPY-GM1 or -SM only; yellow arrowheads, BODIPY-GM1/Theta* or BODIPY-SM/Theta* co-labelled domains.
For single channel images, see Figure S9. (B) Quantification of spatial association of GM1- and SM-enriched
domains with cholesterol (chol)-enriched domains (yellow parts of the columns) (means + SD/SEM of 2 and 3
independent experiments in which 50-100 RBCs were counted). (C-E) Alteration of lipid domains, exacerbation of
calcium accumulation and hemolysis upon cholesterol depletion. (C) Abundance of cholesterol-, GM1- and SM-
enriched domains in RBCs pretreated with mBCD (means + SD/SEM of 2-4 independent experiments). (D)
Intracellular calcium content measured as in Figure 3F in RBCs incubated with Fluo-4 AM then with mBCD (means
+ SEM of 5 independent experiments). (E) Hemoglobin release in the supernatant measured 2min after incubation
with mBCD and expressed as percentage of total hemoglobin content in the sample (means + SEM of 5
independent experiments). (F,G) Cholesterol and SM contents. RBCs were washed, lysed, extracted for lipids (only
in G) and assessed either for cholesterol and total phospholipids (Cholesterol/PLPs ratio; F) or for SM species based
on a d18:1 D-erythro-sphingosine backbone by lipidomics (classification based on fatty acid length and insaturation
number; G). Results are expressed as cholesterol/PLP ratio in F (mean of 2-3 independent experiments) and as
percentage of control RBCs in G (mean of 9 healthy women).
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SM-enriched domains in pEl are affected by the plasmatic acid SMase, leading to
increased ceramide-enriched domains and contributing to calcium accumulation.
Alteration of SM-enriched domains for their cholesterol content did not appear to result
from lower cholesterol or SM membrane content (Figure 4F,G). We therefore tested the
alternative hypothesis that those domains could be the target of the plasmatic acid SMase
(aSMase), an enzyme known to be activated in Sickle cell disease [426] and which hydrolyses
SM into ceramide (Cer), it-self able to compete with cholesterol for the formation of
domains with SM [427]. We found that the activity of aSMase was raised in pEl plasma
(Figure 5A). Surprisingly, this increase was accompanied by the decrease of nearly all the
RBC Cer species measured (Figure 5B). Cer decrease by metabolism into other sphingolipids
was precluded, as revealed by the similar decrease of sphingosine content and sphingosine
kinase activity in pEl vs controls (Figure S10A,B). Cer loss by vesiculation was also excluded
as shown by the similar decrease of the different Cer species on vesicles/fragments (Figure
$10C). Like other lipids, Cer clustered in domains. Those domains associated with both high
and low membrane curvature areas and were increased in pEl (Figure 5C). We concluded
that plasmatic aSMase and Cer-enriched domains were increased in elliptocytosis. It
remains to be tested whether Cer could compete with cholesterol in SM-enriched domains,
forming domains with altered biophysical properties (Figure 5D).
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Figure 5. The plasmatic acid SMase activity and Cer-enriched domains are increased in pEl and contribute to the
calcium accumulation. (A) aSMase activity determined in plasma isolated through Ficoll separation (mean + SEM
of 4 independent experiments). (B) RBC ceramide (Cer) content assessed by HPLC-MS on washed, lysed and lipid-
extracted RBCs. Cer and dihydro (dh)-Cer species are classified based on fatty acid length and insaturation number
and results are expressed as percentage of control RBCs (mean of 9 healthy women). (C) Abundance of Cer-
enriched domains at the RBC surface. RBCs spread on coverslips were labeled with BODIPY-Cer and directly
visualized by fluorescence microscopy. Left, representative images. Green arrowheads, domains in high curvature
areas (HC); orange arrowheads, domains in low curvature areas (LC). Right, Cer-enriched domain quantification
per hemi-RBC surface (means + SEM of 3 independent experiments in which 200-400 RBCs were counted in each
coverslip). (D) Spatial relationship between Cer- and SM/cholesterol (chol)-enriched domains. RBCs were labeled
or not in suspension with Theta*, spread onto coverslips and labeled with BODIPY-Cer and/or -SM. (E-H) Effect of
amitriptyline (AMI) on SM-enriched domain abundance, calcium accumulation and RBC circularity. Whole blood
was incubated with AMI, washed and assessed. (E) aSMase activity determined in plasma as in Figure 5A (means +
SEM of 3 independent experiments). (F) Abundance of SM-enriched domains determined as in Figure 3 (means +
SEM of 3-4 independent experiments). (G) Intracellular calcium content measured as in Figure 3F (means + SEM of
3-4 independent experiments). (H) RBC circularity measured on images produced in C (one representative out of
4 independent experiments; CTL vs CTL+AMI, *; pEl vs pEI+AMI, **).
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To further test the implication of the plasmatic aSMase in the alteration of lipid
domains and calcium exchanges, we evaluated whether SM domain abundance, calcium
content and RBC circularity could be reestablished by reduction of the plasmatic aSMase
activity using the tricyclic antidepressor amitriptyline (AMI; ref [426]; Figure 5E). AMI
induced a ~5-fold increase of SM-enriched domain abundance and a lower calcium
accumulation in both healthy and pEl RBCs (Figure 5F,G & S5H) as well as a partial
restoration of RBC circularity in pEl RBCs (Figure 5H). Since the effects were only partial, we
suggested that additional mechanisms might take place.

The pEl membrane is impaired by the calcium-dependent membrane and protein
phosphorylation by PKC and NADPH oxidase-dependent ROS production. Because calcium
was increased in pEl RBCs, we tested the possibility that lipid domains could also be altered
through the upregulation of calcium-dependent enzymes, including p-calpain (ongoing;
Figure 6A) and protein kinase C (PKC) [148]. To test the contribution of the later, RBCs were
incubated with phorbol esters in the presence of a phosphatase inhibitor (PMA/CalA), a
treatment known to uncouple membrane:cytoskeleton at 4.1R complexes and to increase
the abundance of SM-enriched domains in healthy RBCs [161]. Such increase was not
observed in pEl RBCs (Figure 6B), which could suggest PKC hyperactivation. In agreement
with this hypothesis, the major targets of PKCs [148] were more phosphorylated in pEl than
healthy RBCs (Figure 6C).
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Figure 6. Calcium-dependent activation of PKC-mediated protein phosphorylation and NADPH oxidase-
dependent ROS production contribute to alter the pEl membrane. (A) Calpain activity. (B) Abundance of SM-
enriched domains upon modulation of membrane:cytoskeleton anchorage by PKC activation (incubation with
PMA/CalA). Data represent SM-enriched domain abundance per hemi-RBC area (means + SEM from 3-5
independent experiments/lipid and 300-600 RBCs were counted per condition in each experiment). (C) PKC-
dependent phosphorylation of membrane and cytoskeletal proteins determined by mass spectrometry on ghost
membranes. The abundance of phosphorylated proteins in pEl is expressed by reference to the corresponding total
protein content and then expressed in fold changes vs the healthy donor. (D) Intracellular ROS level upon calcium
depletion. Washed RBCs were incubated with 2’,7’-dichlorodihydrofluorescein diacetate (H.DCFDA) in the
presence or not of EGTA to deplete intracellular calcium (means + SEM of 3 independent experiments). (E)
Abundance of antioxidant proteins determined by mass spectrometry on ghost membranes. Results are expressed
by reference to the healthy donor. (F) Membrane lipid peroxidation. Washed and lysed RBCs were measured for
malondialdehyde (MDA), the natural product of lipid peroxidation which forms an adduct with thiobarbituric acid
(TBA). The adduct was then quantified by fluorimetry (means + SEM of 4 independent experiments). (G-J) Effect of
ascorbic acid (AA) on calcium accumulation, RBC circularity and membrane lipid peroxidation. Diluted blood
incubated with AA was washed and assessed. (G) ROS measured as in D (means + SEM of 4 independent
experiments). (H) Intracellular calcium content evaluated as in Figure 3F (means + SEM of 3-4 independent
experiments). (1) RBC circularity measured on microscopy images of treated RBCs, washed and laid down on poly-
L-lysine pretreated coverslip (one representative out of 4 independent experiments; CTL vs CTL+AA, **; pEl vs
pEI+AA, *). (J) Membrane lipid peroxidation evaluated as in F.
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In addition, pEl RBCs exhibited a more than 2-fold increase of intracellular reactive
oxygen species (ROS) and this increase was partially restored by intracellular calcium
depletion through EGTA treatment (Figure 6D & S5G), suggesting activation of the PKC-
activated NADPH oxidase [228]. Moreover, the majority of the antioxidant enzymes
exhibited a lower association with the pEl ghost membrane (Figure 6E). Increased ROS levels
led to increased membrane lipid peroxidation, as revealed by the increased generation of
malondialdehyde (MDA), a product of polyunsaturated fatty acid oxidation [428] (Figure
6F). All those data indicated an increase of oxidative stress in pEl RBCs.

However, reduction of oxidative stress using ascorbic acid in pEl (Figure 6G) was able
to restore neither the intracellular calcium content nor the RBC circularity (Figure 6H,1). This
could be due to the inability of ascorbic acid to reduce the membrane damages (ongoing;
Figure 6J) and/or to additional calcium-dependent but ROS-independent enzyme activation.

The pEl membrane exhibits altered PS and lysoPS contents and higher PS surface
exposure. Among those enzymes is scramblase, known to be activated by calcium increase
[148] and cholesterol content decrease [80] and to induce PS exposure at the plasma
membrane external leaflet, leading to PIEZO1 activity impairment as revealed in myoblasts
[429]. We found an increased abundance of pEl RBCs showing PS exposure, as revealed by
Annexin V. This increase was however quite modest as compared to RBCs stored for 2 weeks
at 4°C (Figure 7A).

This modest effect could partially result from the decreased abundance of PS species,
in particular the long and unsaturated ones (Figure 7B). Those modifications, which were
similar for PC species (Figure S10D), were accompanied by the decreased membrane
association of two enzymes involved in fatty acid elongation, the very long chain (3R)-3-
hydroxyacyl-CoA dehydratase 3 and the elongation of very long chain fatty acids protein 2
(Figure 7D).

Besides PS exposure, incorporation of lysophosphatidylserine (lysoPS) at the outer
plasma membrane leaflet is also able to decrease the PIEZO1 activity in myoblasts [429]. In
pEl RBCs, six out of nine lysoPS species were increased whereas all the
lysophosphatidylcholesteroline (lysoPC) species were decreased (Figure 7C, S5D,F & S10E).
We concluded that (i) membrane asymmetry was impaired in pEl RBCs but could have been
underestimated due to decreased total PS content; and (ii) several lysoPS species were also
increased. It remains to determine whether and how those alterations could impair PIEZO1
activity (Figure 7G,J) and/or lipid domain transversal asymmetry (Figure 7E,F,H,1).
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Effect of intracellular calcium decrease on pEl RBC membrane transversal and
lateral heterogeneity, morphology and deformability. Altogether those data indicated
that the calcium boost in pEl appears to contribute to the disease. We therefore finally
tested whether a decrease of calcium could partially restore the ROS content, the extent
of aSMase activation and PS externalization, the RBC circularity and the dynamics of GM1-
and SM-enriched domains upon RBC stretching in PDMS chambers (ongoing; Figures 7K-
0).
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counted). (B,C) Quantification of PS and lysoPS species. RBCs were washed, lysed, extracted for lipids and assessed
for PS (B) and lysoPS (C) species by lipidomics. Species are classified based on fatty acid length and unsaturation
number and results are expressed as percentage of controls (mean of 9 healthy women). (D) Abundance of fatty
acid biosynthesis enzymes associated to pEl ghost membrane and determined by mass spectrometry. Results are
expressed by reference to the healthy donor. (E,F) Spatial relationship between GM1- or SM-enriched domains
and outer PS. RBCs were spread onto coverslips and labeled with BODIPY-GM1 or -SM and -PS. (H,1) Effect of lysoPS
addition at the outer leaflet on the spatial relation between GM1- or SM-enriched domains and cholesterol
domains. RBCs were spread onto coverslips, incubated with lysoPS and labeled with Theta* and BODIPY-GM1 or -
SM. (G,)) Effect of addition of BODIPY-PS or lysoPS at the external leaflet on RBC stretching in PDMS chambers. (K-
0) Effect of intracellular calcium chelation by BAPTA-AM on the aSMase activity, PS externalization, RBC circularity
and lipid domain abundance.
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1.4. Discussion

pEl presents a severe form of elliptocytosis, resulting from compound heterozygous
mutations on a-spectrin gene SPTAl. The nonsense Argl811* mutation has not been
described before. Expression of the allele carrying this mutation is strongly reduced by
nonsense-mediated mRNA decay. The Leu260Pro mutation, already described [423], is
located at the end of the second spectrin repeat, next to the linker between a2 and a3
repeats, i.e. distal to the tetramerization sites. Although the folding of the domain
containing this mutation is normal, the stabilizing interactions between adjacent repeats,
and thus the whole proteins, are disrupted [356]. On a mini-spectrin construct incorporating
this mutation, reduced tetramer formation is observed without significant changes in the
secondary structure [186]. In patients carrying this mutation only, as pElm, these effects are
well-compensated by the other allele as a-spectrin is produced in large excess as compared
to B-spectrin [430].

The inability of elliptocytotic RBC to recover its original biconcave shape after
passage through splenicinterendothelial slit was recently linked to impaired elasticity [422].
We here showed that alteration of the RBC membrane, and in particular lipid domains
involved in calcium exchanges [163], could represent the molecular link between
cytoskeleton and deformation impairment in elliptocytosis, as supported by the following
features. Firstly, lipid domains presented lower cholesterol enrichment and cytoskeleton
anchorage and calcium exchanges upon RBC stretching were decreased. Secondly, GM1-
enriched domain increase upon calcium entry stimulation by Yodal was abolished and SM-
enriched domain increase upon intracellular calcium depletion by EGTA was lowered.
Thirdly, alteration of lipid domain cholesterol content by mBCD exacerbated the calcium
increase and worsened the RBC fragility. Those lipid domain modifications could in turn
alter PIEZO1 and PMCA activity (Figure S11). Besides, the lower PIEZO1 and PMCA contents,
which could result either from aberrant membrane protein sorting during erythropoiesis
[190] or a differential loss by membrane fragmentation, could also contribute to impair
calcium content and exchange.

Based on chronic inflammation [27] and sickle cell disease [426], our first hypothesis
to explain the alteration of lipid domains and calcium exchanges in pEl was the upregulation
of the plasmatic aSMase (Figure S11). We reasoned that aSMase could form Cer-enriched
domains [26, 431] and/or compete with cholesterol for the formation of domains with SM
[427]. Accordingly, we observed that SM-enriched domains exhibited a lower cholesterol
content and that Cer-enriched domains increased in abundance in pEl. Moreover, aSMase
inhibition by amitriptyline, which has already proven effective in sickle red cells [426], partly
restored the calcium content and the morphology of pEl RBCs. However, the aSMase-
induced modifications were not accompanied by an increase of the total Cer content. This
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unexpected observation was explained neither by Cer metabolism into sphingosine nor by
Cer loss through vesiculation/fragmentation. It could alternatively result from oxidation in
species like 3-ketoceramide [432] following flipping to the inner leaflet.

Although this hypothesis remains to be tested, it is supported by the fact that
signaling cascades via activation of aSMase can be induced by oxidized phospholipids [433,
434]. Moreover, like in sickle cell disease and chronic inflammation, pEl RBCs showed both
aSMase upregulation and oxidative stress, as shown by the following lines of evidence.
Firstly, ROS strongly accumulate in pEl RBCs. These could originate from abnormal
hemoglobin membrane interaction (and its possible auto-oxidation), plasma hemoglobin
and free heme increases due to chronic hemolysis as well as calcium signaling via the
activation of ROS-generating enzymes [266], as revealed by the ROS reduction upon EGTA.
Secondly, membrane lipid peroxidation was considerably increased in pEl. Third, some
lysoPS species were also enhanced. These bioactive signaling phospholipids have been
shown in neutrophils to be generated following activation of the NADPH oxidase, which
produces oxidized PS intermediates as potential substrates of phospholipase Az [435, 436]
(Figure S11). Besides lipids, oxidative stress could also affect PMCA activity [437-439],
hemoglobin and spectrin, thereby altering cytoskeletal protein interactions [440]. However,
decrease of the intracellular ROS content by ascorbic acid was inefficient to restore calcium
content in pEl and even worsened cell circularity.

Such inefficiency, which is in agreement with absence of effect in sickle cell anemia
[249], could be explained by the inability of ascorbic acid to decrease lipid peroxidation.
Alternatively, the intracellular calcium accumulation in pEl could have multiple
consequences on membrane organization that can not be targeted by ascorbic acid. For
instance, we evidenced a higher PKC-dependent phosphorylation of cytoskeletal proteins
of the 4.1R complexes as well as of PMCA. Since SM/PC/cholesterol-enriched domains
appear to be anchored to the cytoskeleton at 4.1R complexes [161] and are enriched in SM
(a target of aSMase locally producing Cer [441] as confirmed here by the increased
abundance of Cer domains upon aSMase inhibition), PC (a major source of peroxidation if
they are polyunsaturated [442-444]) and cholesterol (known to compete with Cer for the
formation of domains with SM [427] as confirmed by the disappearance of cholesterol from
SM domains), we propose they provide platforms for the crosstalk between redox signaling
and aSMase in pEl. Those domains could be less prone to remodeling upon RBC
deformation, precluding formation of new domains needed for deformation and shape
restoration. Our model is in agreement with the impaired formation of cholesterol-
dependent nanodomains in the CHO cell PM treated with oxidized PC species due to
upregulated aSMase activity [445].
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Besides the increased activity of calcium-dependent PKC and NADPH oxidase, a
higher exposition of PS at the cell surface was observed in pEl despite lower total PS and
higher lysoPS levels. PS content modifications at least partially resulted from alterations of
enzymes involved in fatty acid and phospholipid synthesis. As the mechanisms behind
impaired transversal distribution, we suggested activation of the RBC scramblase PLSCR1
which is known to be activated by the increase of the intracellular calcium but also by the
decrease of cholesterol [80], two features seen in pEl RBCs. Based on the recent observation
that PS exposure and lysoPS surface insertion in myoblasts suppress PIEZO1 activation
leading to impairment of myotube formation [429], we suggest that alteration of PS
composition and distribution in pEl will in turn affect the PIEZO1 activity (Figure S11).

Downstream of the alteration of lipid domain and bulk membrane, several
perturbations may act in a positive feed-back loop to drive the pathogenesis of
elliptocytosis: (i) calcium accumulation and exacerbation of the cytoskeletal instability
through PKC activation, (ii) hemolysis and increased ROS production, (iii) increased RBC
curvature and aSMase activity [446], and (iv) membrane fragmentation. The latter event is
supported by simulation studies [422] and several features provided here, including the RBC
perimeter decrease and the rise of oxidative stress, Cer and calcium contents, all known to
induce eryptosis and cell fragmentation.

In summary, this study paves the way towards a better understanding of the
molecular mechanism behind elliptocytosis. We revealed that plasmatic aSMase and
increase of intracellular calcium and oxidative stress cooperate to induce membrane
damage and lipid domain impairment, leading to calcium exchange impairment and
alteration of RBC curvature and deformation. Moreover, we showed that plasmatic aSMase
inhibition by amitriptyline modified lipid domain abundance and partially restored calcium
content and RBC circularity, opening new perspectives for treatment.
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1.5. Materials and methods

Blood collection and preparation. The study was approved by the Medical Ethics
Committee of the University of Louvain, Brussels, Belgium. Blood was collected by
venipuncture into K*/EDTA-coated tubes from healthy volunteers (17 adults, 1 child), the
patient (pEl) and her mother (pElm) who gave written informed consent. pEl blood samples
were analyzed every 3-6 months from her 14 to 18 years, while pElm came only 3 times.
Before experiments blood was diluted 10-fold in glucose- and HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-containing medium (Invitrogen) and
washed twice by centrifugation at 200g for 2min and resuspended. Experiments were
carried out on blood maintained for < 5 days at 4°C, except for storage studies.

Chemical treatments. All treatments, except amitriptyline, were performed on
diluted washed RBCs. To activate PIEZO1, RBCs were incubated with 0.5uM Yodal
(Biotechne) for 20sec at RT. To modulate the intracellular calcium content, RBCs were
preincubated at RT either in a calcium-free medium containing 1ImM of the calcium-
chelating agent EGTA (Sigma-Aldrich) for 10min or with 0.2uM of the calcium ionophore
A23187 for 15min. To activate protein kinase C (PKC), RBCs were preincubated with 6uM
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) and 20nM calyculin A (CalA; Sigma-
Aldrich) for 20min at 37°C. For cholesterol depletion, RBCs were preincubated with 0.9mM
methyl-B-cyclodextrin (mBCD; Sigma-Aldrich) for 30min at 37°C. To decrease oxidative
stress, RBCs were preincubated with 1mM ascorbic acid for 1h at 37°C. For the plasmatic
acid sphingomyelinase (aSMase) inhibition, whole blood was incubated with 5uM
amitriptyline (Sigma-Aldrich) for 1h at 37°C, then diluted and washed as above. Only EGTA
and PMA/CalA were maintained during the whole experiment.

Membrane lipid vital imaging. Endogenous cholesterol labeling (Theta* at 20°C) and
BODIPY-lipid membrane insertion (BODIPY-SM, -PC and -ceramide at RT vs -GM1 at 37°C)
were performed as in [163]. For co-labeling, RBCs were first incubated with Theta* then
with BODIPY-lipids. RBCs were either spread onto poly-L-lysine (PLL)-coated coverslips and
placed upside down in Lab-Tek chambers (ThermoFisher) or dropped to settle down in pu-
Slide VI0.4 uncoated IBIDI chambers (Proxylab), both filled with medium. Samples were
observed either with a Zeiss LSM510 confocal microscope (plan-Apochromat 63X 1.4 oil
objective) or a Zeiss wide-field fluorescence microscope (Observer.Z1; plan-Apochromat
100X 1.4 oil Ph3 objective).

Calcium, ATP and reactive oxygen species measurements. Intracellular calcium was

measured as previously [177]. Calcium exchanges upon RBC deformation were evaluated
on RBCs spread onto a PLL-precoated polydimethylsiloxane stretchable chamber (PDMS;
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Strex Inc) as in [163]. Intracellular ATP content was measured using a chemiluminescence
assay kit (Abcam). Intracellular reactive oxygen species (ROS) content was determined on
RBCs incubated in suspension with 15pM 2’,7’-dichlorodihydrofluorescein diacetate
(H2DCFDA,; Invitrogen) in Krebs-Ringer medium for 60min at 37°C. RBCs were then pelleted,
resuspended and measured by spectrofluorimetry (GloMax; Promega) at Aexc/Aem of
490nm/520nm. Data were reported on the mean corpuscular value (MCV).

Lipid measurements. Total phospholipids were evaluated by phosphorus assay after
lipid extraction [447]. Cholesterol content, sphingosine kinase activity and lipid peroxidation
were assessed using the following assay kits: Amplex Red cholesterol (Invitrogen) [102,
448], luminescence (Echelon) [449] and malondialdehyde (Abcam) [428]. Phospholipids,
cholesterol and malondialdehyde levels were reported on the hemoglobin content.
Plasmatic aSMase activity was evaluated on plasma freshly isolated after ficoll separation
using the SMase kit (Abcam) [448].

Blood smears. A blood drop was spread onto a superfrost+ slide. The resulting blood
smear was fixed in methanol for 5min, colored with May-Grunwald for 5min and with
Giemsa (both from Merk Millipore) for 12min and finally washed with water to favor salt
precipitation.

Sequencing. DNAs were extracted from whole blood using Wizard genomic DNA
purification kit (Promega). SPTA1 gene was sequenced by lon Torrent technology using a
custom-designed Ampliseq panel (www.ampliseq.com) covering the coding exons and 5bp
of flanking introns (= splice sites). DNA libraries for pEl were prepared using lon AmpliSeq
Library Kit according to the manufacturer protocol (Life Technologies) with 10ng of DNA for
each of the two Ampliseq primer pools. Sequencing was performed on a Personal Genome
Machine (PGM, Life Technologies), with chip 316. The sequences were aligned to the human
reference genome (hg19) with the lon Torrent Suite Server v5 (Life Technologies) in the
form of .bam files. These files were imported in Highlander, a software developed in the
DDUV Institute (http://sites.uclouvain.be/highlander/), for variant calling with the
embarked Torrent variant Caller v5.2 (Life Technologies), annotation and filtering.

RNAs were extracted from whole blood using TRIzol reagent (Invitrogen) and
retrotranscribed with moloney murine leukemia virus reverse transcriptase (M-MLV RT;
ThermoFisher). For RT-PCR, primers were chosen in exons distant from those carrying the
changes of interest (sequences and conditions available on request). Amplicons were
purified using the Wizard® SV gel and PCR clean-up system from Promega, and sequenced
on an ABI3130xl sequencer with the Big Dye Terminator v3.1 chemistry (Applied
Biosystems). Chromatograms were analyzed using CLCbhio Main Workbench.
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Mass spectrometry. RBC membranes were exploded with hypotonic 5mM PBS and
Ghost were generated by recircularization of the membranes in 20mM PBS. Ghost were
then lysed in 50mM TEAB, pH 7.6, 150mM NaCl, 1% IGEPAL (CA-630), 0.1% SDS, 0.2%
Dodecyl-B-maltoside, 50mM NaF, 5mM Sodium Orthovanadate, 0.5mM PMSF. Detergent
was then removed thanks to a spin column (Thermo Fisher Scientific) to obtain proteins in
100mM TEAB. Proteins (300 pg) were then precipitated with 10% TCA and digested
sequentially by RapidGest® (Waters) and trypsin. Labelling has been done on 100ug by
Tandem Mass Tag (TMT), according to manufacturer’s instructions. Alkylation, reduction
and acidification were respectively realized with dithiothreitol, chloroacetamide and HCI.
Finally phosphopeptides were enriched by Titanium 0xide affinity and eluted in 5% ammonia.
Samples were vacuum dried in a SpeedVac system before being recovered in solvent A
(0.1% TFA in 3.5% ACN), directly loaded onto reversed-phase pre-column (Acclaim PepMap
100, Thermo Scientific) and eluted in backflush mode. Peptide separation was performed
using a reversed-phase analytical column (Acclaim PepMap RSLC, 0.075 x 250 mm,Thermo
Scientific) with a linear gradient of 4%-32% solvent B (0.1% FA in 98% ACN) for 110 min,
32%-60% solvent B for 10 min, 60%-95% solvent B for 1 min and holding at 95% for the last
10 min at a constant flow rate of 300 nl/min on an EASY-nLC 1000 UPLC system. The
peptides were analyzed by an Orbitrap Fusion Lumos tribrid mass spectrometer
(ThermoFisher Scientific). The peptides were subjected to NSI source followed by tandem
mass spectrometry (MS/MS) in Fusion Lumos coupled online to the UPLC. Intact peptides
were detected and quantified using the synchronous precursor selection (SPS)-based MS3
scan routine implemented in the Orbitrap Fusion Lumos tribrid instrument. The Orbitrap
Fusion Lumos was operated at a positive ion spray voltage of 2100 V and a transfer tube
temperature of 275°C. Briefly, the full scan was performed in the range 375-1500 m/z at a
nominal resolution of 120 000 and AGC set to 4x10°, followed by selection of the most
intense ions above an intensity threshold of 5000 for collision-induced dissociation (CID)-
MS2 fragmentation in the linear ion trap with 35% normalized collision energy. The isolation
width was set to 0.7 m/z with no offset. The top 10 fragment ions for each peptide MS2 was
notched out with an isolation width of 2 m/z and co-fragmented to produce MS3 scans
analysed in the Orbitrap at a nominal resolution of 30 000 after higher-energy collision
dissociation (HCD) fragmentation at a normalized collision energy of 65%. Raw data files
from Orbitrap Fusion Lumos were processed using Proteome Discoverer (version 2.3).
MS/MS spectra were searched against the UniprotKB Human proteome reference database
(87 489 total sequences). SEQUEST parameters were specified as: trypsin enzyme, two
missed cleavages allowed, minimum peptide length of 6, TMT tags on lysine residues and
peptide N-termini (+229.1629 Da) and carbamidomethylation of cysteines residues (+
57.0214 Da) as fixed modifications and oxidation of methionine residues (+ 15.9949 Da) as
a variable modification, precursor mass tolerance of 20 ppm, and a fragment mass tolerance
of 0.6 Da. Peptide spectral match (PSM) error rates were determined using the target-decoy
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strategy coupled to Percolator modeling of true and false matches. Reporter ions were
quantified from MS3 scans using an integration tolerance of 20 ppm with the most
confident centroid setting. An MS2 spectral assignment false discovery rate (FDR) of less
than 1% was achieved. Following spectral assignment, peptides were assembled into
proteins and were further filtered based on the combined probabilities of their constituent
peptides to a final FDR of 1%. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via
the PRIDE partner repository with the dataset identifier <PXD0O0Oxxx>."

Scanning electron microscopy of RBCs on filters. Washed RBCs were fixed in graded
concentrations (0.1% followed by 0.5% then 1.5%) of glutaraldehyde in 0.1M cacodylate
buffer for 5min each. Fixed RBCs were then filtered on 0.4um polycarbonate (it4ip) filters
using a syringe and washed by cacodylate buffer pushed gently through the syringe. Post-
fixation was performed on the filters in the syringe in 1% OsO4 in 0.1M cacodylate for 2h.
Filters were then washed extensively in 0.1M cacodylate and 6 times for 10min in water.
Samples were dissociated from the filter capsule and covered by a second filter in order to
protect the sample during further processing, i.e. the dehydration and the critical point
drying. Dehydration was performed in graded baths of ethanol (50, 60, 70, 80, 90, 95% for
10min each, followed by 100% 3 times for 10min) and critical point dried. Finally, samples
were mounted on scanning electron microscopy stubs and sputtered with 10nm gold. All
samples were observed in the CM12 electron microscope with the SED detector at 80kV.

Transmission electron microscopy of the RBC cytoskeleton. Formvar/carbon-
coated grids were treated with PLL for 15min at RT and washed extensively (3x in water and
2x in medium). Grids were then seeded with washed diluted RBCs for 7min in medium,
rinsed 3 times in medium and permeabilized in 0.5% Triton X-100 for 3min at RT. Grids were
then washed 3 times in medium, fixed for 15min in 1% glutaraldehyde in 0.1M cacodylate,
washed in buffer and post-fixated in 1% OSOa4 in 0.1M cacodylate for 60min at 4°C. Grids
were again extensively washed (6x 5min in 0.1M cacodylate and 3x in water) and stained in
1% uranyl acetate for 30min at RT. Finally, samples were washed (6x 10min) in water and
overnight air-dried. Samples were then observed in the CM12 electron microscope in
transmission mode at 80kV.

Immunofluorescence staining of RBC membrane and cytoskeleton proteins.
Diluted washed RBCs were spread onto PLL-precoated coverslips, fixed with 4%
paraformaldehyde for 10min and blocked with 1% bovine serum albumin (BSA; Sigma-
Aldrich) for 30min. To label membrane proteins, RBCs were then incubated for 1h with
rabbit monoclonal antibodies to glycophorin C (Abcam) together with mouse monoclonal
antibodies to CD47 (Invitrogen), washed 4 times in 1% BSA, incubated for 1h with the
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appropriate Alexa-secondary antibodies (5ug/ml) and washed 4 times with 1% BSA. Total
spectrin was revealed with antibodies against o/B-spectrins (Abcam) using the same
protocol as above except that a permeabilization step with 0.5% Triton X-100 for 3min was
done before the fixation. All coverslips were mounted in Mowiol in the dark for 24h and
examined with a Zeiss LSM 510 confocal microscope using a plan-Apochromat 63x NA 1.4
oil immersion objective.

Lipid quantification. The quantification was achieved as previously described[450,
451]. Briefly, lipids from 250*10° RBCs or fragments and microvesicles were measured after
liquid/liquid extraction and SPE purification in the presence of respective internal
standards. Lipid fractions were then analyzed using a LTQ Orbitrap mass spectrometer
coupled to an Accela HPLC system (both from Thermo Fischer Scientific). Analyte separation
was achieved using a Kinetex LC-18 column coupled to an appropriate guard column
(Phenomenex). For the analyses, we used two mobile phase systems as described in
Guillemot-Legris et al. for lysophospholipids, phospholipids, sphingomyelin and
sphingosine[450] and in Mutemberezi et al. for oxysterols and ceramides[451]. Lipid relative
quantification was based on the ratio of area under the curve (AUC) of the lipid species on
the AUC of the respective internal standard. The data are normalized to the CTL red blood
cells condition (expressed in %).

Coomassie blue and Western blotting. RBC ghosts were prepared using a hypo-
osmotic hemolysis method at 4°C[452]. Ghosts were then analyzed using 4-15% sodium
dodecysufalte-polyacrylamide gel electrophoresis (SDS-PAGE; Bio-rad) and PageBlue™
Protein staining solution (ThermoFisher) following Fairbanks et al instruction[453].
Quantification of the relative abundance of proteins in PageBlue stained gels was
performed using Fiji software. Western blotting were performed using antibodies against
PIEZO1 (Protelntech), PMCA (ThermoFisher) or GAPDH (Invitrogen), followed by HRP-
conjugated secondary antibodies and revelation by chemiluminescence (SuperSignal® west
pico/femto chemiluminescent substrate, ThermoFisher) with the Fusion Solo S from Vilber.

RBC hemoglobin release measurements. Four types of measurements were
performed. Firstly, to evaluate the effect of a chemical agent, washed RBCs were incubated
with the agent as explained above in isosmotic medium (i.e. 320mOsm) and pelleted by
centrifugation at 200g for 2min. Supernatants and pellets broken with 0.5% Triton X-100
were both assessed for hemoglobin at 450nm in 96-well plates (SpectraCountTM, Packard
BioScience Co). Hemoglobin release in the supernatant was expressed as percentage of the
total hemoglobin present in the sample. Secondly, to compare RBC fragility between
donors, washed RBCs were incubated in isosmotic medium for 1h at 37°C under constant
agitation, centrifuged, collected and measured for hemoglobin release as above. Thirdly, to
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measure RBC osmotic resistance, washed RBCs were maintained at 37°C under constant
agitation for 16h. RBCs were then incubated into gradually hypotonic media at RT for 10min
and pelleted by centrifugation at 200g for 2min. Supernatants and pellets were separated
and assessed for hemoglobin release as above. Ratio of the supernatant to the sum of the
supernatant and the pellet for each medium was expressed as percentage of the
hemoglobin released upon RBC full hemolysis (i.e. RBCs in 0OmOsm). Half-maximal effective
hemolysis (EC50) was finally extrapolated using GraphPad Prism. Fourth, cryohemolysis was
measured at Saint-Luc Hospital following Strechman and Gescheidt’s instructions[454].

Isolation and analysis of microvesicles. Whole blood maintained for 0, 7 or 14 days
at 4°C was centrifuged at 2000g for 10min. The plasma was recovered and centrifuged again
at 2000g for 10min. The obtained plasma was diluted in sterile filtered PBS and centrifuged
at 20.000g for 20min at 4°C. The resulting pellet was resuspended in sterile PBS before
reiteration of the centrifugation step at 20.000g. The final pellet was resuspended in 1ml
sterile PBS. Part of the pellet was fixed and allowed to attach for 8min onto coverslips
pretreated with PLL. Coverslips were then washed, fixed on 1% glutaraldehyde in 0.1M
cacodylate and processed by scanning electron microscopy as for RBCs on filters (see
above). The other part of the pellet was kept at -80°C for determination of the microvesicle
size and abundance using a Zetaview® from Particle Metrix.

Phosphatidylserine externalization. Washed diluted RBCs were incubated with
Annexin-V Alexa 647 (Invitrogen) in calcium-containing medium upon constant agitation at
RT for 15min. Labelled RBCs were then laid down on PLL-precoated coverslips, placed
upside-down in labTek chambers and analyzed by confocal vital imaging, using the Zeiss
LSM510 microscope, as above.

Image analysis and data quantification. RBC morphology (area, perimeter,
circularity), spectrin intensity/occupation and line intensity profiles on confocal images as
well as protein abundance on SDS-PAGE and western blots were determined using the Fiji
software. Line intensity profiles were further analyzed for the (non)-overlapping between
GPC and CD47 as follows. After threshold value determination to define the effective
dynamic range, peaks were identified and classified into three categories: (i) only red,
indicating non-overlapping of GPC with CD47; (ii) only green, indicating non-overlapping of
CD47 with GPC; and (iii) red+green, indicating overlapping between both proteins. The
abundance of peaks in each category was then expressed as percentage of total peaks. For
simple and double labeling, lipid domain abundance/hemi-RBC surface was assessed by
manual counting on confocal or fluorescence images and expressed by reference to the
hemi-RBC projected area.
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Data presentation and statistical analyses. Data are expressed as means + SEM
when the number of independent experiments was n>3 or means * SD if n<2, except for
RBC morphology. In the latter case, a representative experiment is presented in the figure
to highlight the distribution within the sample while the statistical analysis is indicated in
the legend. Statistical tests were performed only when n23. Two-sample t-test or one-way
ANOVA followed by Bonferroni’s post-hoc test were used in lipid domain abundance
experiments while non-parametrical tests (Mann-Whitney test or Kruskal Wallis followed
by Dunn’s comparison test) were preferred in the other cases. ns, not significant; *, p<0.05;
** p<0.01; *** p<0.001.
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Supplemental Figure 1. Evolution of diagnostic parameters as well as RBC morphology and fragility
in pEl throughout the study. (A-F) Parameters used to monitor the disease. Cholecystectomy was
performed in January 2017 (orange dotted line) to avoid chronic inflammation due to gallstones. The
normal range expected for pEl age is indicated by grey boxes. Red dots indicate venipunctures at which
experiments have been performed. (G-J) Evolution of RBC surface projection (G), circularity (H) and
fragility (1,J).
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Supplemental Figure 2. Decreased membrane surface, perimeter and circularity of pEl RBCs on PLL-
coated coverslips — Extension of Figure 1B. RBC hemi-surface, RBC perimeter and circularity
determined on microscopy images of living RBCs laid down on PLL-precoated coverslips. Left,
representative images; green arrowhead, poikilocytotic RBC; orange arrowhead, small spherical RBC.
Right, quantification shown for one representative PLL-coated coverslip per condition (n=20; area and
perimeter: CTL vs pEl: ***, CTL vs pEIm: ns, pEl vs pElm: ***; circularity: CTL vs pEl: ***, CTL vs pElm:
*, pEl vs pElm: *).
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Supplemental Figure 3. Comparison of adult and child healthy donors for RBC morphology and lipid
domain abundance. Washed and diluted RBCs from adults or child were spread onto PLL-coated
coverslips, labeled with BODIPY-GM1, -SM or -PC and directly visualized by fluorescence microscopy.
(A-C) Quantification of the hemi-RBC membrane area, perimeter and circularity for one representative
coverslip (out of 4). (D) Representative images of lipid domains. (E) Quantification of lipid domain
abundance per hemi-RBC area (means + SEM from 3 independent experiments/lipid and 300-600
RBCs were counted per condition in each experiment).
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Supplemental figure 4. Evolution of the RBC morphology, microvesicles release and spectrin density
during blood storage at 4°C. (A) Representative scanning electron microscopy images. RBCs
maintained at 4°C for the indicated times were washed, fixed in suspension and laid down on filters
(left images). MVs, isolated from the same blood samples by multiple centrifugation steps, were laid
down on PLL-precoated coverslips and fixed (right images). Arrowheads, echinocytes; arrow,
spherocyte. Representative images of 2 independent experiments. (B-D) Abundance and size of MVs,
either from fresh blood (B) or upon storage (C,D) (means + SD of 3 independent measures of the same
MV preparations). (E) Spectrin density determined as in Figure 2A (3 experiments). Orange
arrowheads point to increased spectrin density.
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Supplemental Figure 5. Comparison of different healthy donors for RBC fragility, intracellular
calcium and ROS contents, lipid content and abundance of lipid domains. (A) Hemoglobin release
determined after blood incubation at 37°C for 1h (means + SEM of 3 independent experiments). (B,G)
Intracellular calcium and ROS contents measured as in Figures 3F and 6D and expressed as percentage
of healthy donor 4 (CTL4) (means + SD of 1 to 6 independent experiments). (C-F) PC 36:2, lysoPC 18:2,
PS 40:0 and lysoPS 18:1 species determined by lipidomics, expressed as percentage of healthy woman
and taken as examples of lipids highlighted at Figures 7 and S10. (H) SM-enriched domain abundance
on RBCs pretreated or not with amitriptyline (AMI) (means + SEM of 3-4 independent experiments
and 200-400 RBCs were counted per condition in each experiment).
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Supplemental Figure 6. Decrease of the major RBC cytoskeletal and membrane proteins contrasting
with higher hemoglobin retention in the pEl ghost membrane. (A,B) Abundance of hemoglobin
retained in the ghost membrane determined by SDS-PAGE. (A) Representative SDS-PAGE and
Coomassie blue staining of ghost membrane proteins. (B) Quantification of hemoglobin (Hb)
associated with the membrane, expressed as the percentage of the sum of all strips in the track. All
data are means * SEM of 4-8 independent experiments. (C-E) Abundance of hemoglobin subunits (C),
major cytoskeletal proteins (D) and main membrane proteins (E) associated with the ghost
membranes and determined by mass spectrometry. Data are shown for pEl and expressed by
reference to healthy ghosts.
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Supplemental Figure 7. Gathering of cytoskeleton proteins at one edge of pEl RBCs — Extension of
Figure 2D. RBCs were laid down on PLL-precoated formvar coated grids, permeabilized with 0.5%
Triton X-100, fixed and analyzed by transmission electron microscopy. Yellow lines, outlines of the
RBCs. Yellow arrows, increased protein density.
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Supplemental Figure 8. Altered distribution of membrane proteins from the two anchorage
complexes — Gallery of images presented at Figure 2E. RBCs were laid down on PLL-precoated
coverslips, fixed and stained with antibodies against CD47 (ankyrin complexes; green) and glycophorin

C (GPC; 4.1R complexes; red). Orange arrowheads point to high local protein density.
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Supplemental Figure 9. Lower spatial association of GM1- and SM-enriched domains with those
enriched in cholesterol (Theta*) in pEl RBCs - lllustration of quantification presented at Figure 4B.
RBCs were labeled in suspension with Theta*for cholesterol, spread onto coverslips and labeled with
either BODIPY-GM1 (a,b) or -SM (c,d). Green arrowheads, BODIPY-GM1 or -SM only; yellow
arrowheads, BODIPY-GM1/Theta* or BODIPY-SM/Theta* co-labelled domains. Images presented at
(a,b) and (c,d) are representative of 2 and 3 independent experiments, respectively.
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Supplemental
Figure 10.
Decreased
sphingosine and
sphingosine kinase
activity as well as PC
and lysoPC species
in pEl RBCs -
Extension of Figures
5 and 7. (A) RBC
sphingosine
assessed by HPLC-
MS on washed,
lysed and lipid-
extracted RBCs. (B)
RBC membrane
sphingosine kinase
activity measured by
consumption of ATP
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samples (means +
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from 1 experiment).
(C) Fragment
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supernatants were
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lipidomics. Cer and
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results obtained in
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fragments (mean of

7 healthy women). (D,E) RBC-associated PC and lysoPC species. RBCs were washed, lysed, extracted
for lipids and assessed either for PC (D) or lysoPC (E). Species are classified based on fatty acid length
and insaturation number and results are expressed as percentage of controls (mean of 9 healthy

women).
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Supplemental Figure 11. Model for the molecular mechanism behind the pathogenesis of
elliptocytosis. Increased of intracellular calcium levels lead to activation of calcium-dependent PKC,
which in turn is responsible for activation of NADPH oxidase activity and ROS accumulation into RBCs.
ROS act then on phospholipids from the inner leaflet leading to lipid peroxidation, which may be the
cause for 1) alteration of membrane lipids content, 2) modifications of membrane lipid organization
into lipid-enriched domains and by consequence alteration of calcium exchanges, and 3) activation of
plasmatic aSMase through oxidized phospholipids [433, 434]. Enhancement of plasmatic aSMase
activity lead to formation of Cer-enriched domains and modifications of the lipids content, especially
into the SM-enriched domains. On the other hand, the raise of intracellular calcium and the decrease
of cholesterol (chol) content lead to activation of scramblase activity (possibly PLSCR1) and abnormal
exposure of PS at the membrane outer leaflet.
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2.1.  Abstract

Hereditary spherocytosis is the most common inherited hemolytic anemia mainly
resulting from mutations in the genes encoding for ankyrin (ANK1), Band3 (SLC4A1) or B-
spectrin (STPB). It is characterized by round-shaped less deformable RBCs, possibly due to
loss of membrane by microvesiculation, and by the increase of intracellular calcium.
However, the etiologic relationship between cytoskeleton defect, membrane loss and
calcium increase is not established. We here explored this question in ten splenectomised
patients from seven families exhibiting ANK1 or SPTB mutations. In all patients, the mRNA
of the allele carrying the mutation was degraded by the nonsense-mediated mRNA decay
mechanism. Three groups of patients were defined based on clinical parameters and RBC
morphology and deformability features. Although B-spectrin and ankyrin mutations led to
differential RBC morphology, cytoskeletal organization defect and rigidity, cholesterol and
total phospholipid content loss as well as microvesicles release, none of those features did
correlate with the disease severity. Instead, the rise in intracellular calcium and ATP
represented two factors to consider upon evaluation of the disease severity. On one hand,
the intracellular calcium accumulation contributed to spherocytosis through the
impairment of the plasma membrane asymmetry (exposition of phosphatidylserine at the
RBC surface) and potentially additional calpain-dependent cytoskeleton alteration but not
through increased oxidative stress. Such calcium accumulation could result from the
decreased abundance of the mechanosensitive cation channel PIEZO1 and its activity
through the impaired response of the ganglioside GM1-enriched domains to calcium influx
stimulation by Yodal. On the other hand, the rise in intracellular ATP lowered the disease
severity by limiting the intracellular calcium rise, possibly through direct stimulation of the
calcium efflux pump PMCA activity and/or maintenance of the membrane asymmetry and
the functionality of the sphingomyelin-enriched domains. Based on the integration of the
intracellular calcium and ATP content modifications and the resulting alterations of
membrane transversal and lateral heterogeneity in lipid domains, the ten patients were
classified into three groups that perfectly matched with the disease severity score defined
by clinical parameters and RBC morphology and fragility. This indicated that clinical
heterogeneity in spherocytosis can be defined by the calcium-dependent membrane
defects.
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2.2. Introduction

Hereditary spherocytosis is the most common hereditary hemolytic anemia
characterized by round-shaped less deformable RBCs. It is inherited in an autosomal
dominant fashion in 75% of the cases while the 25% remnant are inherited in an autosomal
recessive fashion or de novo mutations [295, 298, 299]. Autosomal dominant hereditary
spherocytosis is often found to have primary mutations in the genes encoding for ankyrin
(ANK1), Band3 (SLC4A1) or PB-spectrin (STPB). Recessive mutations occur due to
homozygous mutations in protein 4.2 gene (EPB42) or homozygous or compound
heterozygous for a-spectrin (SPTA1). Most of the mutations described are “private” or of
sporadic occurrences, i.e. they are specific to one or a few families. The only treatment is
splenectomy, allowing to preserve less deformable but still functional RBCs.

In physiological contexts, RBC deformability and thereby functionality depend on
several features. The first one is the RBC cytoskeleton, which is at the same time well-
organized, robust and flexible. It is composed of a meshwork of spectrin tetramers linked
to the lipid bilayer by two non-redundant anchorage complexes based on 4.1R and ankyrin
proteins [185]. The 4.1R anchorage complexes allow for spectrin horizontal linkages
whereas the ankyrin anchorage complexes ensure most of the vertical linkages between the
spectrin meshwork and the lipid bilayer by creating a complex involving ankyrin, Band3 and
CD47, a.o. [185]. Second, the RBC benefits from a finely regulated cytoplasmic viscosity
controlled by the intracellular hemoglobin concentration. Third, the RBC deformation
depends on a transient rise of intracellular calcium which in turn activates Gardos channels,
leading to cell dehydration, and favors the local uncoupling between the membrane and
the underlying spectrin cytoskeleton [148]. The RBC calcium entry is thought to be mostly
operated by PIEZO1, a mechano-activated cation channel [210], while the calcium efflux is
ensured by the Plasma Membrane Calcium ATPase (PMCA). Fourth, metabolic processes
controlling the ATP content and the redox state also contribute to the deformability process
[455-458]. The extensive antioxidant system in RBC is designed to neutralize the harmful
reactive oxygen species generated through the constant exposure to variable oxygen
pressures. Fifth, the RBC exhibits a very high cholesterol/phospholipid ratio as compared to
other cells. Moreover, those lipids are not randomly distributed at the RBC surface but are
organized into three types of submicrometric lipid domains that contribute to RBC
deformation [102, 161-163, 175, 176]. The first ones, mainly enriched in cholesterol, are
associated with high-curvature RBC areas and gather in highly-curved membrane areas
upon RBC deformation [177]. The second ones, enriched in the ganglioside GM1,
phosphatidylcholine and cholesterol, are associated with RBC low-curvature areas and
increase in abundance upon activation of PIEZO1, suggesting their contribution to calcium
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influx [163, 210]. The third ones, enriched in sphingomyelin, phosphatidylcholine and
cholesterol, are also associated with RBC low-curvature areas and increase in abundance
upon RBC shape restoration after deformation and upon calcium extrusion [163, 177].

Although the main molecular defects associated with spherocytosis are
heterogeneous, the weakening of vertical linkage between the cytoskeleton and the lipid
bilayer could be a common feature, leading to the lipid bilayer destabilisation and the
release of microvesicles (MVs) when RBCs pass in thin capillaries or through interendothelial
slits of the spleen [386]. Simulation studies have confirmed that membrane loss occurs by
membrane vesiculation in spherocytosis [422], resulting in skeleton free-vesicles more
diverse in size than those released in healthy RBCs [459]. Such MV release has three
potential consequences for the RBC: (i) the loss of key proteins and lipids; (ii) the reduction
of the surface-to-volume ratio which is determinant for the RBC passage through the spleen,
potentially leading to its splenic retention and removal by the spleen resident macrophages
[422, 460]; and (iii) the resulting spheric shape with a compression imposed by the
underlying cytoskeleton.

However, if the primary membrane defects are well-characterized, the etiologic
relationship of those defects to membrane loss is less obvious [298]. Moreover, besides
cytoskeleton alterations, the disease is usually associated with an excessive increase of the
intracellular calcium and sometimes with oxidative stress [424, 461] but the link between
those increases and the primary defect is not established. Finally, although patients
suffering from this disease with an appropriate clinical and familial history do usually not
request further investigations since identification of the protein alterations and underlying
genetic mutations are not likely to improve patient clinical management [462], clinical
differences and evolution in the same kindred are often observed without any explanation.
For those three reasons, it was crucial to elucidate whether and how the cytoskeleton and
the calcium exchanges are interplayed with the plasma membrane lipid organization at the
healthy RBC surface and whether this interplay could be altered in spherocytosis. To do so,
we analyzed ten patients from seven families. All were splenectomized, allowing us to
analyze RBCs still functional to transport oxygen but not enough deformable to pass
through the splenic endothelial pores. Patients were systematically compared to a cohort
of healthy donors and to RBCs upon storage at 4°C, known for microvesicles release in a
process involving calcium and oxidative stress [404]. All those RBCs were analyzed for: (i)
gene mutation and resulting cytoskeletal protein content, (ii) morphology, fragility and
microvesicles release, (iii) cytoskeleton organization and rigidity, (iv) intracellular calcium
content, exchange and signaling, including the calpain activation, the PKC-dependent
NADPH oxidase-mediated reactive oxygen species (ROS) production and the
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scramblase/flippase-dependent phosphatidylserine externalization, and (v) membrane lipid
content and lateral distribution.

2.3. Results

The ten patients are classified into three groups based on clinical parameters, RBC
morphology and RBC fragility. Ten patients from seven families suffering from
spherocytosis were included in our study. They were all splenectomized (Table S1). Patients
from the same kindred are highlighted with the same color code and all data are presented
by year of analysis since spherocytosis is heterogeneous and features can vary from one
time to another. RBCs upon storage at 4°C were systematically included in the study for
comparison purpose (light blue dots).

The ten patients presented two-to-four clinical parameters indicative of hemolysis,
i.e. increased circulating bilirubin and hemoglobin, RBC and reticulocyte count and mean
corpuscular volume (MCV) and hemoglobin concentration (MCHC, Figure 1A-F). They all
exhibited a decreased RBC size, similar to the one observed upon RBC storage for 2 weeks
(Figure 1G). Moreover, P1 and P15 presented a significantly smaller RBC area distribution,
indicating slighter RBC size variations (Figure 1H). Hence, P1, P14 and P15 exhibited a
significant increase of RBC circularity, similar to RBCs stored for 2 weeks (Figure 11). Besides
clinical parameters and RBC size decrease, the RBCs of all patients were more fragile, as
revealed by the increase of the medium osmolarity corresponding to 50% hemoglobin
release (EC50; Figure 1K). Such increase was systematically lower than the one observed
after 2 weeks at 4°C, except for P18. The later patient, like P2 and P15, also exhibited a
significant increase of hemoglobin release in isosmotic medium, suggesting higher RBC
fragility for those three patients (Figure 1J). All those changes did not result from healthy
adult individual variations, age or splenectomy (Figure S1A-E).
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Figure 1. Differential family-unrelated clinical parameters, RBC morphology and RBC fragility and resulting
disease severity scores. (A-F) Patient clinical features provided by Saint-Luc Hospital. Grey boxes, normal ranges
adapted to the age of the patients. MCHC, mean corpuscular hemoglobin concentration. (G-1) RBC morphology.
The hemi-RBC projected area (G), the standard deviation on the projected area (H) and the RBC circularity (I) were
measured on RBCs laid down on poly-L-lysine-precoated coverslips. Dotted lines, healthy fresh RBCs; light blue
symbols, healthy RBCs stored for 1 (1w) or 2 weeks (2w) at 4°C. The different symbols correspond to different
blood venipunctures. Data are means/year + SEM of 2-18 independent experiments with 150-400 RBCs
measured/condition in each experiment. (J,K) RBC fragility. Hemoglobin released in isosmotic medium (J) and half-
maximal effective osmolarity (EC50) determined upon RBC incubation in decreasing osmolarity media and
presented as A patient-control values (K). Data are means/year + SEM of 2-3 independent experiments. (L) Disease
severity score based on clinical features and alteration of RBC morphology and deformability. The score index was
determined as follows. For each clinical and laboratory feature, a score of 1 was attributed if the value was
significantly different from the healthy control values vs 0 otherwise. The sum of those scores was then divided by
the number of measured parameters for each patient. Based on those scores, three groups of patients were
distinguished.
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Increased RBC fragility is often suggested to lead to RBC vesiculation and to result
into decreased RBC size and biconcavity [361]. Accordingly, P12 and P18 released 5-7-fold
more microvesicles (MVs) within blood than healthy donors without any change in MV size.
However, such release was quite modest as compared to the extent of MV release in stored
blood (Figure S2A-C), suggesting that vesiculation was insufficient to explain the RBC surface
reduction and the increased circularity observed in Figure 1G-I.

To find a quantitative way to take into account all the above RBC alterations (i.e.
clinical parameters & RBC morphology alteration, fragility and microvesiculation), we
determined a disease severity score for each patient, calculated as follows. For each clinical
and laboratory feature, a score of 1 was attributed if the value was significantly different
from the healthy control values vs 0 otherwise. The sum of these scores was then divided
by the number of measured parameters for each patient. Based on this score, three groups
of patients were defined: (i) P1, P15 and P18 with a score > 0.6 (i.e. the more severe
phenotype); (ii) P2, P7, P8, P12 and P14 with a score between 0.4 and 0.6 (i.e. intermediate
phenotype); and (iii) P16 and P17 with a score < 0.4 (i.e. the less severe phenotype; Figure
1L). Classification of P1 and P2 as well as P14 and P15 (from the same families) in different
groups suggests that the disease severity did not only depend on the primary defect.

Seven patients present echinocytes. To examine whether those three groups of
patients could be discriminated based on differential loss of RBC biconcavity, RBCs of the
ten patients were analyzed by high-resolution scanning electron microscopy on filters
and/or vital confocal imaging on IBIDI chambers. Healthy fresh RBCs were biconcave (Figure
2 & S3; thin arrows) but vesiculated and became spherocytic upon storage (dots). In
contrast, all patients presented RBCs with a large variety of morphology including
discocytes, spherocytes, stomatocytes and echinocytes. Interestingly, the later were found
in P1, P2, P7, P8, P14, P15, P16, although to a differential extent based on the patient and
the venipuncture, but not in P12, P17 and P18 (counting ongoing). We concluded that the
partial loss of RBC biconcavity at the benefit of echinocytes and/or stomatocytes cannot be
related to the disease severity score. We next asked whether those two types of RBC
morphology could result from differential mutation.
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Figure 2. RBC biconcavity partial loss at the benefit of stomatocytes and/or echinocytes depending on the
mutation. Healthy RBCs, either fresh (CTL) or stored at 4°C for 1 or 2 weeks, and RBCs from patients were fixed in
suspension, laid down on filters and analyzed by scanning electron microscopy. Arrowheads, spherocytes; thin
arrows, discocytes; thick arrows, stomatocytes; asterisks, echinocytes; dots, vesiculating RBCs. Images
representative for 1-2 independent experiments.

The seven patients showing echinocytes present mutations in SPTB while the three
others are mutated in ANK1. Patients were screened for mutations in genes encoding for
ankyrin (ANK1), a-spectrin (SPTA1), Band3 (SLC4A1), protein 4.2 (EPB42) and B-spectrin
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(SPTB) by NGS sequencing. Four mutations were discovered in SPTB (seven patients) and
three others in ANK1 (Figure 3). These include three nucleotide substitutions resulting in
stop codons, as well as three deletions and one duplication leading to frame-shifts and
premature stop codons. Thus, the patients showing echinocytes presented mutation in the
SPTB gene whereas the others were mutated in the ANK1 gene.

Patient Gene hgvs_dna = hgvs_protein Readsref Readsalt Zygocity DNA dbSNPid RNA
P <PTR c.1166del p.Val389Glyfs *22 786 724 Het - mutant not seen
€.5406C>T p.Tyr1802Tyr - - Het rs150709293 Tallele lost
P2 SPTB c.1166delT p.Val389Glyfs *22 524 599 Het - mutantnot seen
€.5406C>T p.Tyr1802Tyr - - Het rs150709293 Tallele lost
P7  SPTB c2787 2790dup p.His931Glyfs =74 a04 375 Het - no RNA available
.................. c.-278-7_-i'79-0:1u1;-pri|;93‘-125h5;74- S5 T P et
P8 SPTB c.4476T>C p.Leuld92leu - - Het 151741487 Tallele lost
c.4482G>A p.Val1494val - - Het 151741488 Gallele lost
P12 ANKL €.3771_3781del p.Pro1258* 350 359 Het - mutant low
c.4131G>A p.Pro1377Pro - - Het 5147536061 Aallele very low
P4 SPTB c.1316G>A p.Serd39Asn - - Het 5229587 Gallele lost
c.3829C>T p.GIn1277* 477 439 Het - mutant not seen
P15  SPTB c.3829C-T p.GIn1277* 670 638 Het - no RNA available
¢.3838del p.Leu1280Serfs *16 37 336 Het - failed
P16  SPTB €. 4476T>C p.Leu1492leu - - Het rs1741487 Callele lost
c.4482G>A p.Val1494val - - Het rs1741488 Aallele lost
P17  ANKL c.4123CT p.Arg1375* 131 116 Het - mutant not seen
PI8  ANKL c.414C-T p.Asn138Asn - - Het 152304871 Tallele lost
€.3613G>T p.Glu1205* 682 689 Het - mutant not seen

(1) ANK1: NM_001142446; SPTE: NM_001024858

€.4482G>A

r-l 166del €.5406C>T <.2787_2790dup lma?s'bc

! )3 >
ACTAGTGTCTG, GCTACTTCTAC P8 TACCAGGACCATCTG# CGCTCTGGGTAGAGGAG)

€4131G>A

€.3771_3781del
ACTGTCCTCGGACTGCTGAGG AGCCGGGAGGG'

CTGAGGCTG TGAACTTT-

P12

c.1316G>A 3829C>T

GCTCAATGAAAA( AGCTACAGAAC
P14 . A
I\ |
N | P17 P18
E4475T>c E‘uazc» ;4123 T 414 C>T 3613 G>T
P16 CGCTTTGGGTGGAGGA CAGTCGAGA! CAACGCCC CC!AGC

Figure 3. ANK1 mutations in three patients vs SPTB in the seven other patients included in the study. (Top)
Mutations (bold) and selected heterozygous polymorphisms used to assess mutant RNA stability. Patients from a
same family are separated by a dashed line. Table shows gene symbol, DNA and protein changes named according
to HGVS nomenclature, coverage for the mutations (reads with reference and alternative allele), zygosity in DNA,
code in dbSNP, and impact of the mutations on RNA stability. (Bottom) Sequences of cDNA showing partial loss of
the alleles carrying the premature Stop codons in patients.

133



We then assessed for mutant RNA stability by RT-PCR and sequencing. For all
patients tested, we found that the mutant allele was not detectable (or barely in P12). This
was likely due to degradation by nonsense-mediated mRNA decay of the RNAs carrying a
premature stop codon. Loss of one allele was confirmed by sequencing heterozygous
polymorphisms observed in the DNA of the patients. For P16, only the two polymorphisms
produced readable sequences due to poor RNA quality. All showed that one allele was
degraded (Figure 3). Thus, only 50% of B-spectrin or ankyrin should be produced.

The patients with the more severe phenotype exhibited a higher B-spectrin-to-
ankyrin ratio. To check for the abundance of B-spectrin and ankyrin, western blotting was
performed on ghosts using GAPDH as loading control as it was not significantly modified
from one patient to another, in contrast to Band3 (Figure S4A-C). As expected from
mutations and degradation by nonsense-mediated mRNA decay, the B-spectrin content was
decreased in P1, P2, P8, P14, P15 and P16 while the ankyrin content was lowered in P12 and
P18. More surprisingly, the B-spectrin level was increased in P12 while the ankyrin content
was lowered in P16 (Figure 4A,B). In contrast, the 4.1R protein content was preserved,
except in P18 (Figure 4C).
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Figure 4. Differential alteration of the RBC B-spectrin-to-ankyrin content ratio. (A-C) B-spectrin, ankyrin and 4.1R
contents. Healthy RBCs, either fresh (dotted line) or maintained at 4°C for 1 or 2 weeks (light blue symbols), and
diseased RBCs (colored symbols) were eliminated for their hemoglobin content (ghosts) and analyzed by western
blotting, quantified and normalized to GAPDH strip intensity (means/year + SEM of 1-6 independent experiments).
(D) B-spectrin-to-ankyrin relative abundance. (E) Relation between the B-spectrin-to-ankyrin ratio and the disease
severity score determined in Figure 1L.
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The alterations of the B-spectrin and ankyrin contents led to an increased B-spectrin-
to-ankyrin ratio in P12 and stored RBCs but not in P8 and P16 (Figure 4D). Although this
analysis must be extended to the entire cohort of patients and further confirmed by
proteomic analysis (ongoing), this ratio seemed somehow related to the disease severity
but not in a linear manner. Indeed, the disease severity only started to increase from a 8-
spectrin-to-ankyrin ratio of ~2.5 (Figure 4E), suggesting that the differential B-spectrin and
ankyrin content observed in patients was not enough to corroborate the disease severity.

The spectrin covering depends on the pB-spectrin-to-ankyrin ratio and
heterogeneously distributes at the RBC surface. We therefore compared the ten patients
for the organization of the spectrin cytoskeleton by confocal microscopy on RBCs
immunolabeled for pan-spectrin and quantified the total spectrin covering per total RBC
surface. It had the tendency to decrease in P1, P2, P15 and P16 (SPTB mutation) but to
increase in P12 and P17 (ANK1 mutation). One exception was P18 who presented a lower
spectrin covering despite ANK1 mutation (Figure 5B), which could result from the additional
alteration of the 4.1R protein found in this patient (see Figure 4D). Spectrin covering
appeared to correlate with the B-spectrin-to-ankyrin ratio, the higher the ratio, the higher
the spectrin covering (Figure 5C). However, no correlation can be found with the disease
severity (Figure S5A).

135



V2010 A2013 V2014 A2015 HM2016 2017 €2018 %2019 Q mean

A. [crL R | 2w 4°C) i p1® P2 @ .

pan-spectrin

B. RBC center+edges D. RBC center F. RBC center
E } jnsnsi nsnsnsy ; * g 3.0q ek o 200ns ins« gnsy
[ ]
20 2w < 254 *. * 3 :
§ 2 3 P L 4 S 150 i;. Y I
8 g 150 . S 2.0 ¢ SF ¢
e § * 8 & QO 1004#-mms; T S
£S 100+~ 3 £ e o
Vw ~
go ol o8 k4 20| e Q
i S o
0—— > 05—
GOOGHRERL®  OROGUREN®
C. E. G.
- E 250 ;m‘ 3.04 3
0 200 <25{ {0 3
o S
8o 1604 | 3 201 5
© o | (]
€& 1001 E 15] % O
332 Q o b b
:go 50 2 1.0 , %
Q o =0.7591
X o > 0.5 — T T 1
0o 1 2 3 4 5 0o 1 2 3 4 5 0o 1 2 3 4 5
B-spectrin/Ankyrin ratio B-spectrin/Ankyrin ratio B-spectrin/Ankyrin ratio

Figure 5. Differential alteration of the spectrin organization, cytoskeleton rigidity and membrane protein
dissociation. (A,B,F) Fresh healthy RBCs (dotted line), healthy RBCs maintained at 4°C for 1 or 2 weeks (light blue
symbols) or diseased RBCs (colored symbols) were laid down on PLL-precoated coverslips, permeabilized (A,B) or
not (F) with 0.5% Triton X-100, fixed and stained with anti (af)-spectrin antibodies (A) or antibodies against CD47
(Ankyrin complexes) and glycophorin C (GPC; 4.1R complexes). (A) Representative confocal images of spectrin
covering at the RBC surface. (B) Quantification of spectrin covering per RBC total (i.e. center+edges) surface. Data
are expressed by reference to the mean of control RBCs from the same experiment and are means/year + SEM
from 3-6 independent experiments with 50-150 RBCs measured/condition. (F) Quantification of the abundance of
CD47 and GPC-overlapping peaks on the RBC center determined on 18-35 profiles generated from 3-11 different
images per condition (examples provided at Figure S5). Data are expressed as percentage of total peaks from all
the profiles (means = SEM). (D) RBC rigidity due to the cytoskeleton determined at the RBC center by atomic force
microscopy at high load indentation speed. Data are means/year + SEM of at least 10 RBCs from 3 independent
experiments per condition. (C,E,G) Relation between the B-spectrin-to-ankyrin ratio and spectrin covering (C),
Young’s modulus (E) and GPC & CD47 colocalization (G).
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We next determined to which extent the cytoskeletal alterations could alter the RBC
elasticity by recording individual force-distance atomic force microscopy (AFM) curves on
the surface of single RBCs at low indentation speeds, as in [179]. Because the indentation
level reached at those speeds is ~150 nm, such measurement mainly reveals the
cytoskeleton contribution to the RBC rigidity. Hence, the analysis was limited to the RBC
center to avoid substrate effect. In these conditions, the Young’s modulus was significantly
increased for all patients, except P1 and P2 (Figure 5D). The increase of rigidity directly
correlated neither with the B-spectrin-to-ankyrin ratio (Figure 5E) nor with the total spectrin
covering per RBC surface (data not shown) and not at all with the disease severity score
(Figure S5B).

Cytoskeleton organization and membrane elasticity alterations were accompanied
by changes in membrane protein distribution. For instance, CD47 and glycophorin C (GPC),
two membrane proteins respectively found in the ankyrin- and 4.1R-based complexes,
appeared less punctiform than in healthy RBCs, adopting a network-like, sometimes diffuse,
appearance (insets at Figure S6A). Moreover, the spatial dissociation between CD47- and
GPC-enriched clusters was significantly decreased in all patients except P7, P8 and P14
(Figure 5F; see Figure S6B for quantification of colocalization based on line intensity
profiles), i.e. whatever the spectrin covering alteration (see Figure 5B), the B-spectrin-to-
ankyrin ratio (Figure 5G) and the disease severity score (Figure S5C). Again, no correlation
was found with the total spectrin covering.

Since the absence of relation between spectrin covering and membrane rigidity and
membrane protein distribution could result from the area of the RBC taken into account
(i.e. total RBC surface vs the RBC center only), we finally compared the spectrin organization
at the RBC center vs the edges. The spectrin appeared homogeneously distributed between
the RBC center and the edges in healthy RBCs, P8, P14 and P15 (Figure 5A). P1 and P2 and
to a slighter extent P7 and P16 exhibited a decrease of the spectrin covering in the RBC
center with large areas devoid of spectrin labeling (asterisks and insets at Figure 5A). P12,
P17 and P18 (the three patients with ankyrin defect) instead showed a spectrin enrichment
in the RBC center as compared to the edges (thick arrows at Figure 5A). Except in P18, the
relative spectrin distribution in the center vs the edges appeared somehow related to RBC
morphology changes and cytoskeleton rigidity, i.e. the stronger the covering in RBC center,
the higher the rigidity and the stomatocyte formation.

Altogether, the above data indicated that the patients with ankyrin defect presented
mainly stomatocytes and a stronger spectrin covering at the RBC center. In contrast, the
patients with spectrin defect who exhibited stomatocytes and echinocytes, showed lower
spectrin covering at the RBC center accompanied with big holes. However, none of those
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alterations could explain the differential disease severity scores, suggesting additional
modifications. We therefore turned to analyze the membrane it-self, first for its cholesterol
and total phospholipid contents.

Total phospholipids and cholesterol are both decreased in abundance in the three
patients with ANK1 mutation, the former decreasing in a PB-spectrin-to-ankyrin-
dependent manner. Both cholesterol and phospholipids were decreased in P12, P18 and,
to a slighter extent for phospholipids, in P17, i.e. the three patients with ANK1 mutation.
Surprisingly, total phospholipids were raised in P7, P8 and P14, the three patients preserved
for the total spectrin covering and the dissociation between GPC and CD47. P1, P2, P15 and
P16 were modified neither for the cholesterol nor for the total phospholipid content (Figure
6A,C).

The cholesterol content decreased in a B-spectrin-to-ankyrin ratio-dependent
manner (Figure 6B). The phospholipid content also showed some relation with the -
spectrin-to-ankyrin ratio but not in a linear way (Figure 6D). However, none of those
parameters did correlate with the disease severity score (Figure S5D,E). Nevertheless, the
two patients exhibiting increased microvesiculation (P12 and P18) were those with the
lowest content of both cholesterol and phospholipids, suggesting the contribution of
microvesiculation to the alteration of the plasma membrane lipid content, as supported by
the relation between the MV abundance and the RBC phospholipid content (Figure S2D).

To explore whether membrane lipid content alterations could in turn affect the
membrane fluidity, we performed AFM upon low indentation load to mainly consider the
membrane itself while minimizing the contribution of the cytoskeleton (ongoing; Figure
6E,F).
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Figure 6. Preferential decrease of both the cholesterol and the total phospholipid content in the three patients
with ANK1 mutation. (A,C) Healthy RBCs, either fresh (dotted line) or maintained at 4°C for 1 or 2 weeks (light
blue symbols), and diseased RBCs (colored symbols) were washed, lysed, extracted (C) or not (A) and assessed
either for cholesterol (A; means/year + SEM of 3 independent experiments, except for 1 & 2w) or total
phospholipids (C; means/year + SD of 3 independent experiments, except for 1 & 2w). Data were normalized by
the hemoglobin content. (B,D) Relation between the B-spectrin-to-anlyrin ratio and the cholesterol (B) or the
phospholipid (D) content. (E) RBC rigidity due to the membrane determined by atomic force microscopy at low
indentation speed (ongoing). (F) Relation between the membrane rigidity at low load and disease severity
(ongoing).
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The hemoglobin membrane retention preferentially increases in RBCs with the
lowest B-spectrin-to-ankyrin ratio, the highest cholesterol content and the strongest
disease severity. We next reasoned that such modification of the plasma membrane lipid
composition should overall affect the inner plasma membrane leaflet in contact with the
cytoskeleton. To test indirectly this hypothesis, we evaluated by Coomassie blue the extent
of hemoglobin retention in the ghost membrane, which should be eliminated during ghost
preparation. It was more retained in the membrane of P1, P2, P7, P8, P16 and P17 than in
healthy donors (Figure 7A & S4A,D). This retention was maximal at the lowest B-spectrin-
to-ankyrin ratio and the highest cholesterol membrane content (Figure 7B,C), suggesting
alteration of the inner plasma membrane composition and/or organization. Since
hemoglobin membrane retention appeared to somehow correlate with the disease severity
score (Figure 7D), we further explored this possibility.

V2010 A2013 V2014 A2015 HM2016 @2017 2018 %2019 ) mean

=

Al 3009 . nsns t *ns 3001
x *

*

200{ % 3 200

l’;/
O
)

100

100+ B #.

Hb ghost mb
retention (% CTL)
*

»>
Hb ghost mb
retention (% CTL)
4
o]

’=0.4008
O T T T 1

Oe\ﬂ%\zqq'\??%%%%%@ 0 1 2 3 4 5

B-spectrin/Ankyrin ratio

C. 00, D. o 1010
— (o)
= & o
0
€ © 5004 2z
Bwl S £
7 E
S 6 \B%/ 8 0
a2 100 R v
+L e 0.
2 = 2 =0.6169
0 r2 037|76 1 D 00 T T T T 1
50 75 100 125 50 100 150 200 250 300
pg chol/Hb (% CTL) Hb ghost retention (%)

Figure 7. Preferential hemoglobin membrane retention in patients with the lowest B-spectrin-to-ankyrin ratio
and disease severity score. (A) Quantification of hemoglobin (Hb) retained in ghost membrane (mb) based on SDS-
PAGE stained by Coomassie blue (for representative SDS-PAGE, see Figure S4). The Hb strip is reported to the sum
of all strips in the track and then on control values (means + SEM/year of 2-7 independent experiments). (B-D)
Relation between membrane hemoglobin retention and B-spectrin-to-ankyrin ratio (B), cholesterol content (C) and
disease severity score (D).
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The intracellular calcium content increases in a B-spectrin-to-ankyrin- and disease
severity-dependent manner. Since the inner plasma membrane lipids are in direct contact
with calcium, a key modulator of the cytoskeleton dynamics and membrane anchorage and
known to be impaired in spherocytosis [424], we measured its intracellular content in RBCs
of the patients at resting state. It was significantly increased in P1, P12, P15 and P18 (Figure
8A), i.e. those with the highest B-spectrin-to-ankyrin ratio (ongoing) and the worst disease
severity score, showing good correlation between those two parameters and the calcium
increase (Figure 8B,C).

The intracellular calcium increase is accompanied by a decreased PIEZO1 content
and is counteracted by the rise in intracellular ATP. To explore the mechanisms behind
calcium increase, we measured the content of PIEZO1 and PMCA, respectively responsible
for calcium entry upon mechanical stress and its efficient extrusion [148, 210]. The PIEZO1
content was decreased in all patients tested (Figure 8D; proteomic analysis ongoing) and
exhibited some relation with the intracellular calcium content and the PB-spectrin
abundance (Figure 8E,F). In contrast no evident modification of the PMCA level can be seen
(Figure 8G; proteomic analysis ongoing).

To next test the possibility that calcium accumulation could result from ineffective
extrusion due to disruption of the ATP pool fueling the PMCA, the intracellular ATP content
was measured. Surprisingly and in contrast to stored RBCs which presented a drastic
reduction of the ATP content already after 1 week at 4°C, a series of patients (P1, P2, P7,
P8, P16 and P17) showed an increase of their intracellular ATP level (Figure 8H). Such higher
ATP content could counteract the increase of the intracellular calcium content, as
supported by the inverse correlation between those two parameters (Figure 8l). The highest
ATP increase was found in patients with the highest hemoglobin ghost membrane retention
(Figure 8J) and inversely correlated with the disease severity score (Figure 8K). The next step
will be to evaluate whether those alterations could lead to calcium exchange impairment
upon RBC deformation using stretchable PDMS chambers (Figure 8L).
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Figure 8. Disease severity-dependent increase of the intracellular calcium content counteracted by the rise in
intracellular ATP. (A) Healthy RBCs, either fresh (dotted line) or maintained at 4°C for 1 or 2 weeks (light blue
symbols), and diseased RBCs were probed for the intracellular calcium content, evaluated by Fluo-4 AM incubation
and expressed by reference to the hemoglobin content (means/year + SEM of 3-9 independent experiments). (B,C)
Relation between the intracellular calcium determined in A and the B-spectrin-to-ankyrin ratio (B) or the disease
severity score (C). (D,G) Determination of the PIEZO1 and PMCA contents by western blotting (and proteomics;
ongoing) on ghosts. Data are means/year + SEM of 1-4 independent experiments. (E,F) Relation between the
PIEZO1 content and the intracellular calcium (E) or the B-spectrin/GAPDH content. (H) Intracellular ATP content
measured by luminescence on RBCs incubated with luciferase and luciferin and expressed by reference to the
hemoglobin content (means/year + SEM of 3-5 independent experiments, except for P18, n=2). (I-K) Relation
between the intracellular ATP content and the intracellular calcium content (l), the membrane hemoglobin
retention (J) and the disease severity score (K). (L) Calcium exchanges upon RBC stretching in PDMS chamber.
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The intracellular calcium increase contributes to the disease severity through
impairment of the plasma membrane asymmetry but does not induce oxidative stress.
Based on the specific calcium accumulation in the patients with the more severe
spherocytosis, we then evaluated the potential contribution of this increase to the
pathophysiology of the disease. The p-calpain, a cysteine protease known to be activated
by relatively low calcium concentration in RBCs [148] (Figure 9A), is currently evaluated
(Figure 9B). We also measured the level of reactive oxygen species known to partly result
from the activation of the calcium- and PKC-dependent NADPH oxidase in sickle cell disease
[463] (Figure 9C). However, we did not find any increase (Figure 9D).
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In contrast, the RBC plasma membrane asymmetry, which is maintained by the ATP-
dependent flippase ATP11C and abrogated by activation of the calcium- and cholesterol-
dependent scramblase PLSCR1 in RBCs [80] (Figure 10A), was partially lost in P15 and to a
slighter extent in P12 and P14. This was revealed by the increased abundance of RBCs
showing surface phosphatidylserine (PS) exposure (Figure 10B-D; flow cytometry ongoing).
This increase, which was still higher in RBCs stored for 2 weeks, very well correlated with
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the disease severity score, suggesting that the loss of PS from the inner leaflet contributes
to the disease.
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Figure 10. Contribution of the intracellular calcium increase to the disease severity through impairment of the
plasma membrane asymmetry. (A) Restriction of phosphatidylserine (PS) to the RBC inner plasma membrane
leaflet is insured by the ATP-dependent flippase ATP11C. Upon increase of the intracellular calcium content and
decrease of the membrane cholesterol, the PLSCR1 scramblase is activated, leading to PS translocation from the
inner to the outer leaflet. (B,C) Determination of PS exposure at the outer plasma membrane leaflet by confocal
microscopy of Annexin V-Alexa 647-labelled RBCs spread on PLL-coated coverslips. (B) Representative images. (C)
Quantification. Data are means/year + SD of 1-3 independent experiments. (D) Flow cytometry on RBC labelled
with Annexin V Alexa 647 (To be done). (E-H) Relation between Annexin V-positive RBCs and disease severity score
(E), intracellular calcium level (F), cholesterol content (G) and intracellular ATP content (H).

The extent of PS externalization increased in a calcium content-dependent manner
showing a very good correlation between those two parameters (Figure 10F), supporting
the activation of the calcium-dependent scramblase and/or the inhibition of the flippase in
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this process. However, since membrane asymmetry was partially lost but oxidative stress
not increased at all despite the fact that the NADPH oxidase is expected to be activated at
lower calcium concentration than scramblase [148], we reasoned that calcium increase
should not be the only factor responsible for the loss of membrane asymmetry in
spherocytotic RBCs. We therefore evaluated whether the decreased cholesterol level and
the increased ATP content that we observed in some patients (see Figures 6A & 8H) could
also correlate with the extent of PS externalization. This was indeed the case, as shown on
Figures 10G and H.

Altogether, those data indicated that the PS partial loss from the inner plasma
membrane leaflet resulted from both the calcium increase and the cholesterol decrease but
was counteracted by the increase in intracellular ATP. They also revealed that membrane
asymmetry impairment was a good parameter to attest for the disease severity. We finally
asked whether membrane lateral heterogeneity into lipid domains, that we previously
showed to contribute to calcium exchanges at the RBC surface [163, 177], could also be
deregulated in spherocytosis in a disease severity-dependent manner.

GM1-enriched domains decrease in abundance in a B-spectrin-to-ankyrin ratio-
dependent manner and show altered response to stimulation of calcium influx depending
on the PIEZO1 content and the extent of PS externalization. We have recently provided
several lines of evidence suggesting the interplay in healthy RBCs between GM1-enriched
domains and calcium influx known to occur through PIEZO1 (Figure 11A) [163]. We here
showed that the abundance of those domains had the tendency to decrease in all patients
except P7, P8 and P12 (Figure 11B,C). This decrease did not result from age or splenectomy
(Figure S1G,H). In addition, the GM1 domain response to stimulation of calcium influx by
the PIEZO1 agonist Yodal was reduced in all patients tested except P16 (Figure 11D), as
compared to the 2.5-fold in healthy RBCs (thick dotted line at Figure 11D). This analysis must
be extended to RBC stretching in PDMS chambers (Figure 111).
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Figure 11. Differential decrease of GM1-enriched domain abundance and response to stimulation of calcium
exchanges, depending on the B-spectrin-to-ankyrin ratio, the extent of PS externalization and the PIEZO1
content. (A) The interplay between GM1-enriched domains and calcium influx through PIEZO1 has been previously
suggested based on domain modulation upon stimulation of calcium influx upon Yodal and RBC stretching in PDMS
chambers (red & [163]). The PIEZO1 activity also depends on the cytoskeleton and the extent of PS surface
exposure (dark blue & [429, 464]). (B-K) Healthy RBCs, either fresh (dotted line) or maintained at 4°C for 1 or 2
weeks (light blue symbols), and diseased RBCs were spread onto PLL-coated coverslips, labeled with BODIPY-GM1,
incubated for 15 sec with Yodal (D, I-K) or not (B,C, F-H) and directly visualized by vital fluorescence microscopy.
(B,C) GM1-enriched domains on RBCs at resting state. (B) Representative images. (C) Quantification of GM1
domain abundance per hemi-RBC area. Data are means/year + SEM of 4-10 independent experiments (except for
P18, n=1) in which 200-800 RBCs were counted per condition in each experiment. (D) GM1-enriched domain
abundance upon stimulation of calcium influx by PIEZO1 activation through Yodal. Data represent the GM1
domain abundance per hemi-RBC area expressed in percentage of healthy untreated RBCs (means/year + SEM
from 3-6 independent experiments/lipid; 300-600 RBCs were counted per condition in each experiment). (E) GM1
domain modulation upon RBC stretching in PDMS chamber. (F-H) Relation between GM1 domain abundance in
resting state and the PIEZO1/GAPDH content (F), B-spectrin-to-ankyrin ratio (G) and the extent of PS
externalization (H). (I-K) Relation between GM1-enriched domain abundance upon Yodal treatment and the
PIEZO1/GAPDH content (1), the B-spectrin-to-ankyrin ratio (J) and the extent of PS externalization (K).
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As we previously observed that patients exhibited an alteration of the PIEZO1
abundance, the cytoskeleton content and distribution as well as the extent of PS surface
exposure, three known regulators of PIEZO1 activity (Figure 11A) [429, 464], we then asked
whether the decreased abundance and dynamics of GM1-enriched domains could be
related to those alterations. The response of GM1 domains to Yodal, but not their
abundance at resting state, decreased in a PIEZO1 content-dependent manner (Figure
11F,l), supporting the interplay between GM1-enriched domains and PIEZO1 [163] and
suggesting the requirement of PIEZO1 to induce the formation of new GM1-enriched
domains upon stimulation of calcium entry. In contrast, the abundance of GM1 domains in
resting state, but not upon stimulation by Yodal, decreased with the B-spectrin-to-ankyrin
ratio (Figure 11G,J). Finally, the abundance of those domains appeared to decrease with the
extent of PS surface exposure, but not in a linear manner (Figure 11H,K), suggesting
alternative way of calcium entry and/or additional perturbation of calcium exit. To test the
second hypothesis, we examined the abundance of SM-enriched domains found to
contribute to calcium efflux through the calcium efflux pump PMCA [163].

SM-enriched domains increase in abundance and exhibit a decreased response to
intracellular calcium depletion depending on the extent of PS exposure and hemoglobin
membrane retention. In contrast to GM1-enriched domains which presented the tendency
to decrease, those enriched in SM were significantly increased in all patients except P14,
P15 and P17 (Figure 12B,C). Moreover, their response to intracellular calcium depletion by
EGTA was reduced in five patients (Figure 12D). Those observations, which need to be
confirmed upon RBC stretching in PDMS chambers (Figure 12E), suggested differential
alteration of SM-enriched domain abundance and functionality in the different patients
with no evident relation with disease severity.
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Figure 12. Differential increase of SM-enriched domain abundance and decrease of response to stimulation of
calcium exchanges, depending on the extent of PS externalization and hemoglobin membrane retention. (A) The
interplay between SM-enriched domains and calcium efflux through the calcium efflux pump PMCA has been
previously suggested based on domain modulation through intracellular calcium depletion by EGTA and RBC
stretching in PDMS chambers (red & [163]). The PMCA activity is also proposed to depend on membrane rigidity
(dark blue & [58]). (B-K) Healthy RBCs, either fresh (dotted line) or maintained at 4°C for 1 or 2 weeks (light blue
symbols), and diseased RBCs were incubated in calcium-free medium supplemented with EGTA (D, I-K) or not (B,C,
F-H), spread onto PLL-coated coverslips, labeled with BODIPY-SM and directly visualized by vital fluorescence
microscopy. (B,C) SM-enriched domain abundance on RBCs at resting state. (B) Representative images. (C)
Quantification of lipid domain abundance per hemi-RBC area. Data are means/year + SEM of 4-10 independent
experiments (except for P18, n=1) in which 200-800 RBCs were counted by conditions in each experiment. (D) SM-
enriched domain abundance upon stimulation of calcium efflux through extracellular calcium chelation with EGTA.
Data represent the percentage of SM domain abundance per hemi-RBC area in healthy untreated RBCs
(means/year + SEM from 3-6 independent experiments/lipid and 300-600 RBCs were counted per condition in each
experiment). (E) SM domain modulation upon RBC stretching in PDMS chamber. (F-H) Relation between SM-
enriched domain abundance at resting state and the extent of PS externalization (F), hemoglobin membrane
retention (G) and membrane rigidity (H). (1-K) Relation between SM-enriched domain abundance upon EGTA
treatment and the extent of PS externalization (1), hemoglobin membrane retention (J) and membrane rigidity (K).
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We next examined if SM-enriched domain differential alteration in patients could be
related to the extent of cytoskeleton and inner PS impairments, as for GM1-enriched
domains. The abundance of SM domains did not correlate with the B-spectrin-to-ankyrin
ratio, neither in resting state nor after calcium depletion (data not shown), suggesting that
membrane cytoskeleton anchorage at ankyrin complexes was not important for those
domains. In contrast, as for the GM1-enriched domains, the abundance of SM-enriched
domains both in resting state and after stimulation appeared to somehow correlate with
the PS exposure, but not in a linear manner. Thus, at higher PS externalization than healthy
RBCs, both the abundance and dynamics of SM domains decreased whereas, at lower PS
externalization, the abundance of SM domains was considerably increased (Figure 12F,l).
This suggested more complex impairment of SM than GM1 domains.

As the PMCA activity is proposed to depend on membrane rigidity [58], we finally
asked whether the differential abundance of SM-enriched domains upon PS externalization
could result from differential membrane rigidity (ongoing). In favour of this hypothesis, the
abundance of SM-enriched domains at resting state increased proportionally with the
extent of hemoglobin retained at the membrane. Moreover, the patients with the lowest
SM domain abundance and highest PS externalization were those with the lowest
hemoglobin trapped to the ghost membrane (Figure 12G,J). It remains to determine
whether this resulted from alteration of the inner leaflet organization and/or membrane
rigidity (Figure 12H,K).
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2.4, Discussion

Major findings. The ten splenectomized patients with spherocytosis included in this
study have been classified into three groups based on clinical parameters and RBC
morphology alteration and fragility. Impairment of the ankyrin and/or B-spectrin content
and distribution in those patients was not enough to explain the disease severity. Instead,
the intracellular calcium accumulation, which highly contributed to the disease due to the
decreased plasma membrane inner leaflet PS content and potentially additional
cytoskeleton impairment through calpain, can be considered as a disease severity marker.
Calcium accumulation could result from the decreased PIEZO1 abundance and PMCA
activity in the most severe cases but was compensated by the increased intracellular ATP
level and hemoglobin membrane retention. PIEZO1 abundance decrease, PS externalization
and hemoglobin membrane retention in turn affected the membrane lateral heterogeneity
into domains and their response to calcium exchange stimulation. Based on the integration
of alteration of intracellular calcium and ATP contents, PIEZO1 and ghosts hemoglobin
contents, membrane lipid asymmetry and lateral heterogeneity, the ten patients were
classified into three groups that perfectly matched with the disease severity score defined
by clinical parameters and RBC morphology and fragility. This indicated that clinical
heterogeneity in spherocytosis can be explained by the calcium-dependent membrane
defects.

B-spectrin and ankyrin mutations lead to differential RBC morphology, cytoskeletal
defects, membrane lipid loss and MV release, without any correlation with the disease
severity. We have identified three mutations in ANK1 in three patients and four mutations
in SPTB in the four other families. Those mutations resulted in haplo-insufficiency due to
degradation of the mutant RNAs. No mutations in EPB42 and SPTA1 were found, which
could be expected as EPB42 deficiency is rare except in Japan and a-spectrin defects
account for 5% of patients [361]. More surprisingly, no mutation of SCL4A1 was found
although the prevalence of Band3 deficiency is expected to be ~15-30% [295, 361]. This
could be due to misdiagnosis with dehydrated hereditary stomatocytosis or
cryohydrocytosis as a subset of patients with Band3 protein deficiency have features of both
diseases [361]. Moreover, patients with SCL4A1 mutations are in general milder cases of
spherocytosis than the ones caused by ANK1 and SPTB mutations since Band3 is only
reduced by ~20-30% [465].

The patients with ankyrin defects presented stomatocytes but no echinocytes, a
stronger spectrin covering at the RBC center vs the edges, a lower content of both
phospholipids and cholesterol and a higher tendency to release MVs. In contrast, the
patients with B-spectrin defects exhibited both echinocytes and stomatocytes and lower
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spectrin covering at the RBC center accompanied with big holes. This indicated that
mutations in a protein linking the membrane to the cytoskeleton (i.e. ankyrin) or a protein
constituting the cytoskeleton (i.e. spectrin) induced differential RBC morphology
transformation, spectrin organization and lipid content impairment (Figure S7).

However, none of those alterations could explain the differential disease severity
scores. In contrast and as expected from previous studies [422, 466], the severity of
spherocytosis was somehow related to the amount of spectrin network connectivity loss
estimated here by the B-spectrin-to-ankyrin ratio, but not with the number of MVs released.
All those observations suggested that additional mechanisms could take place and we
provided evidence for the key contribution of calcium and downstream targets.

Calcium accumulates in a disease-dependent manner and could result from
PIEZO1-independent entry pathway combined with altered calcium efflux in the most
severe cases, possibly due to lipid domain alteration. In agreement with previous studies
[424], the intracellular calcium content was significantly increased in four patients out of
ten, in a family-independent manner. If PIEZO1 was responsible for calcium overload, it
would be over-activated. Although this hypothesis remains to be tested by patch-clamp
studies, several lines of evidence argued against this hypothesis and even suggested the
alteration of calcium influx though PIEZO1 and GM1-enriched domains contributing to this
influx. Firstly, while PIEZO1 activation can be triggered by membrane stiffening [467] and
thus by the membrane cholesterol content, we rather found an increased cholesterol
content in patients with normal calcium level. Secondly, even though lateral membrane
tension and membrane curvature/thickness [468] can also modulate PIEZO1 activity, P1 and
P2 presented a normal rigidity but the lowest PIEZO1 content. Thirdly, the GM1-enriched
domain increase upon PIEZO1 activation was strongly reduced in all patients. Fourthly, a
lower PIEZO1 abundance was accompanied by a higher calcium accumulation, suggesting
alternative pathways of calcium entry such as Cay2.1 [206], TRPC6 [207], VDAC [208] or N-
methyl D-aspartate (NMDA)-receptors [209]. To note, abundant and hyperactive NMDA
receptors have been identified as the cause of abnormal calcium uptake in sickle cell disease
[469].

The decreased abundance of PIEZO1 could result from membrane vesiculation or
altered protein sorting during enucleation. The first possibility, which supposes that this
channel is not linked to any cytoskeleton elements since spectrin or ankyrin deficiencies
should lead to vesiculation in unsupported areas of the lipid bilayer [361], could be ruled
out. Moreover, we did not observe increased microvesiculation in all the patients showing
PIEZO1 defect. We therefore privileged the second hypothesis implying the selective sorting
of proteins during erythroblast enucleation. Although the underlying mechanism is still
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largely unknown, it involves association with the spectrin and/or the ankyrin cytoskeleton
and could lead to abnormal loss of membrane proteins such as glycophorin A, Band3 and
Rh-associated antigen, as revealed in ankyrin-deficient mice [114, 190]. The specific
increase of phospholipid (but not cholesterol) content in the three less affected patients is
in favor of this second hypothesis. All those observations support the importance of the
interplay between cytoskeleton, lipid domains and calcium influx at the RBC surface for
optimal shape and deformation. Hence, they suggest that appropriate
membrane:cytoskeleton anchorage is required to maintain optimal PIEZO1 and GM1-
enriched domain abundance while controlling their activity and dynamics.

This decreased PIEZO1 content directly correlated with the altered response of GM1-
enriched domains to the PIEZO1 activator Yodal, supporting the interplay between those
domains and this calcium channel [163] and suggesting the requirement of PIEZO1 to induce
the formation of new GM1-enriched domains upon stimulation of calcium entry. In
addition, besides its consequences in terms of membrane:cytoskeleton anchorage
impairment and MV release, the decrease of PS from the inner plasma membrane leaflet
could also alter the PIEZO1 activity. This hypothesis, which remains to be tested in our
patients, is supported by the recent observation that outer leaflet exposed PS and surface-
inserted lysoPS in myoblasts suppress PIEZO1 activation, leading to impairment of myotube
formation [429].

In addition to calcium entry impairments, it is also possible that the accumulation of
calcium resulted from impaired PMCA activity in the more severe patients, despite normal
PMCA abundance. This could not result from limited intracellular ATP content, which never
decreased even in the patients with the more severe phenotype. In contrast, the SM-
enriched domain abundance and functionality were impaired in the more severely affected
patients. The modification of global membrane rigidity could be responsible for this effect,
as fluidity has been shown to influence the pump activity [470-472]. Impairment of plasma
membrane asymmetry could also play a role, as revealed by the lowest abundance and
dynamics of SM-enriched domains in the patients with the highest PS loss from the inner
leaflet. Those observations suggested that the maintenance of membrane transversal
heterogeneity was required to preserve the lateral heterogeneity.

Calcium accumulation is counteracted by increased ATP level and hemoglobin
membrane entrapment. Although calcium had the tendency to increase in eight patients
out of ten, this increase was significant in only four of them and systematically lower than
the level of calcium accumulated upon RBC storage at 4°C, suggesting differential
mechanisms and/or compensation feature in spherocytosis. Based on similar B-spectrin-to-
ankyrin ratio in RBCs upon storage and in the more severe patients, we suggest that RBCs
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upon storage at 4°C would also exhibit a decreased abundance and functionality of PIEZO1.
This hypothesis is currently tested. If confirmed, this would favour the second hypothesis
that compensation mechanisms, such as increase of ATP, could take place in spherocytosis.

Six patients indeed showed an increased intracellular ATP level, which was not
observed at all in RBCs upon storage. This level up of energy stock may be a compensation
mechanism to ensure efficient calcium efflux via PMCA [184] but also to (i) preserve the
phospholipid asymmetry via ATP-dependent lipid flippases [72], (ii) maintain the electrolyte
gradient between the plasma and the cytoplasm through the activity of ATP-driven
membrane pumps [149], and (iii) counteract the membrane rigidity due to cytoskeleton
compression (Figure S7). For instance, besides calcium increase, reduced ATP level is also
known to give rise to more fully connected spectrin network and higher membrane
compression [456] as ATP depletion prevents the phosphorylation of 4.1R protein. In its
unphosphorylated state, the 4.1R protein strongly couples the spectrin to the membrane.
When bound to the membrane, the spectrin cytoskeleton acts like a network of entropic
springs, imposing a tension that partially compresses the membrane. In this light, RBC needs
to expend energy (in the form of ATP) to soften its cytoskeleton via spectrin dissociations
[473].

The observation that patients with the greater intracellular ATP level were those
exhibiting a normal intracellular calcium level suggested that the increase of ATP could have
a beneficial effect on calcium overload (Figure 13B). Accordingly, normal calcium and
increased intracellular ATP levels were both correlated with a lower disease severity score.
Besides increased ATP levels, patients with the lowest severity score and normal calcium
content also presented increased haemoglobin membrane retention (Figure 13C). Gradual
accumulation of autoxidized hemoglobin in circulating RBCs is proposed to occur upon aging
and to associate with the cell membrane by association with Band3 N-terminal domains
[187]. Since the preservation of hemoglobin is ensured by NADPH-methemoglobin
reductase activity [226, 252], we suggest that patients with increased ATP level are more
prone to protect Band3:hemoglobin clusters from vesiculation [404]. The increased
intracellular ATP levels and the hemoglobin retention were observed in spherocytosis but
not in RBCs upon aging, providing the possibility to consider those two parameters as
criteria for better prognostic.
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Figure 13. Relation between calcium and ATP contents, hemoglobin membrane retention, lipid domains and
disease severity. (A-D) Correlations between the intracellular calcium content and PIEZO1/GAPDH relative content
(A, left axis), GM1-enriched domains abundance upon Yodal treatment (A, right axis; D, left axis), intracellular ATP
content (B, left axis), SM-enriched domain abundance upon EGTA treatment (B-D, right axis) and hemoglobin
membrane retention (C, left axis). (E) Correlations between disease severity score and GM1-enriched domain
abundance upon Yodal treatment (left axis) and SM-enriched domain abundance upon EGTA treatment (right
axis).
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Calcium accumulation is not sufficient to explain the increased MV shedding.
Although increased calcium levels could activate calcium-dependent scramblases with
subsequent PS externalization, one of the main features of MVs, patients exhibiting high
calcium content also showed increased PS surface exposure but not always a rise of MV
release. Moreover, upon RBC storage for 1 week, while the intracellular calcium and the PS
externalization increased to a similar extent than in patients, the abundance of released
MVs was strongly higher. It remains to test whether those differences could result from a
differential activation of proteolytic enzymes such as calpains which disrupt the
membrane:cytoskeleton connection, thereby favouring vesiculation [474, 475] (Figure S7,
bold). Besides calcium, the cytoskeleton-induced membrane compression could also induce
MV shedding (Figure S7, bold). This was indeed observed for P12, who presented the
highest MV shedding and a strong increase of the young’s modulus. However, such a close
relation cannot be established for P18. Hence, some patients with high membrane rigidity
due to the cytoskeleton compression did not show any evidence for increased vesiculation
(e.g. P16, P17). This could be explained by the fact that these two patients did not exhibit
increased calcium content. Finally, differences of lipid order between the bulk membrane
and lipid domains could potentially be the trigger for membrane vesiculation, as explored
in [476] and proposed by [477]. We previously suggested that the membrane exhibits a
higher connectivity to the cytoskeleton, and thereby a higher lipid order, than the lipid
domains [178]. The decrease of both cholesterol and phospholipid contents from P12 and
P18 RBCs, and to a slighter extent from P17 but not at all from P16, represent an additional
feature to take into account in the membrane lipid order alterations (Figure S7, bold).

Thus, although calcium accumulation and the resulting PS externalization,
cytoskeleton-induced rigidity and membrane fluidity could all contribute to the
microvesiculation process in our cohort of patients, none of those features correlated with
the abundance of released MVs nor with the disease severity score. This could be because
most patients, except P12, showed only one of these three triggers, minimizing the
abundance of released MVs (Figure S7, bold). The increased intracellular ATP content as a
compensation mechanism represented an additional explanation (Figure S7, green).

Calcium accumulation vs ATP rise and hemoglobin membrane retention are the
main parameters to explain the disease severity. Based on the severity score, three groups
of patients were defined: (i) P16 and P17 with a score < 0.4 (i.e. the less severe phenotype);
(ii) P2, P7, P8, P12 and P14 with a score between 0.4 and 0.6 (i.e. intermediate phenotype);
and (iii) P1, P15 and P18 with a score > 0.6 (i.e. the more severe phenotype). Classification
of P1 and P2 as well as P14 and P15 (from the same families) in different groups suggested
that the disease severity did not only depend on the primary defect. Hence, classification
did not correlate with the age of splenectomy, often performed soon in severe cases,
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highlighting that disease severity may radically change after splenectomy and that the
outcome of the procedure, in terms of RBC alteration, may be difficult to predict. Moreover,
the ankyrin- or B-spectrin-deficient RBCs were altered in a family-dependent but disease
severity-independent manner, again suggesting additional mechanisms.

Those additional mechanisms were calcium-dependent. For instance, calcium
accumulated in RBCs in a disease severity-dependent manner and was related to the
decreased abundance of PIEZO1 but compensated in the less severe patients by the rise of
ATP content and hemoglobin membrane retention (Figure S7, colored rectangles delimited
by grey contours). Calcium accumulation resulted into the partial loss of membrane
asymmetry and thereby of PIEZO1 activity possibly through GM1-enriched domains (Figures
13A & S7). The PMCA activity will instead limit the calcium accumulation in the less severe
cases, either directly through the increased intracellular ATP and/or indirectly through the
increased abundance of SM-enriched domains thanks to the rise of ATP and hemoglobin
membrane retention (Figures 13B,C & S7).

Based on those intracellular changes (calcium, ATP) and membrane alterations
(hemoglobin membrane retention, membrane asymmetry, GM1 and SM domain
abundance and functionality), we were able to separate the ten patients into three groups.
The first group comprised P16 and P17 who presented a normal intracellular calcium level,
a slight decrease of PIEZO1 and GM1-enriched domains and an increase of both the ATP
content and hemoglobin membrane attachment. The second group included P2, P7, P8 and
P14 who exhibited a slight but not significant rise of the calcium content, a strong decrease
of PIEZO1 content and GM1-enriched domains but an increase of both ATP and membrane-
attached haemoglobin and of SM-enriched domains. The third group was constituted by P1,
P12, P15 and P18 who showed significantly increased calcium content, no compensating
factors and the lowest abundance of lipid domains. This classification perfectly matched
with the disease severity score defined by clinical parameters and RBC morphology and
fragility, highlighting that alteration of calcium-dependent membrane transversal and
lateral heterogeneity resulting from primary cytoskeletal defects could provide disease
severity markers for spherocytosis.
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2.5. Materials and methods

Blood collection and preparation. The study was approved by the Medical Ethics
Committee of the University of Louvain, Brussels, Belgium. Blood was collected by
venipuncture into K*/EDTA-coated tubes from healthy volunteers (17 adults including one
splenectomized donor and 1 child) and 10 patients who gave written informed consent.
Patient blood samples were analyzed every year. Before experiments blood was diluted 10-
fold in glucose- and HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-
containing medium (Invitrogen) and washed twice by centrifugation at 200g for 2min and
resuspension. Experiments were carried out on blood maintained for less than 5 days at
4°C, except for storage studies.

Sequencing. DNAs were extracted from whole blood using Wizard genomic DNA
purification kit (Promega). ANK1, SLC4A1, SPTA1, EPB42 and SPTB genes were sequenced
by lon Torrent technology using a custom-designed AmpliSeq panel (www.ampliseq.com)
covering the coding exons and 5bp of flanking introns (= splice sites). DNA libraries were
prepared using lon AmpliSeq Library Kit, according to the manufacturer protocol (Life
Technologies) with 10ng of DNA for each of the two primer pools. Sequencing was
performed on a Personal Genome Machine (PGM, Life Technologies), with chip 316. The
sequences were aligned to the human reference genome (hg19) with the lon Torrent Suite
Server v5 (Life Technologies) in the form of .bam files. These files were imported in
Highlander, a software developed in the de Duve Institute of UCLouvain
(http://sites.uclouvain.be/highlander/), for variant calling with the embarked Torrent
variant Caller v5.2 (Life Technologies), annotation and filtering.

RNAs were extracted from whole blood using TRIzol reagent (Invitrogen) and
retrotranscribed with moloney murine leukemia virus reverse transcriptase (M-MLV RT;
ThermoFisher). For RT-PCR, primers were chosen in exons distant from those carrying the
mutations and variants of interest. Amplicons were purified using the Wizard® SV gel and
PCR clean-up system from Promega, and sequenced on an ABI3130x| sequencer with the
Big Dye Terminator v3.1 chemistry (Applied Biosystems). Chromatograms were analyzed
using CLCbio Main Workbench.

Scanning electron microscopy of RBCs on filters. Washed RBCs were fixed in graded
concentrations (0.1% followed by 0.5% then 1.5%) of glutaraldehyde in 0.1M cacodylate
buffer for 5min each. Fixed RBCs were then filtered on 0.4um polycarbonate (it4ip) filters
using a syringe and washed by cacodylate buffer pushed gently through the syringe. Post-
fixation was performed on the filters in the syringe in 1% OsQ4 in 0.1M cacodylate for 2h.
Filters were then washed extensively in 0.1M cacodylate and 6 times for 10min in water.
Samples were dissociated from the filter capsule and covered by a second filter in order to
protect the sample during further processing, i.e. the dehydration and the critical point
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drying. Dehydration was performed in graded baths of ethanol (50, 60, 70, 80, 90, 95% for
10min each, followed by 100% 3 times for 10min) and critical point dried. Finally, samples
were mounted on scanning electron microscopy stubs and sputtered with 10nm gold. All
samples were observed in the CM12 electron microscope with the SED detector at 80kV.

RBC hemoglobin release measurement. Washed RBCs were maintained at 37°C
under constant agitation for 16h, then incubated into gradually hypotonic media at RT for
10min and pelleted by centrifugation at 200g for 2min. Supernatants and pellets were
separated and assessed for hemoglobin release. Ratio of the supernatant to the sum of the
supernatant and the pellet for each medium was expressed as percentage of the
hemoglobin released upon RBC full hemolysis (i.e. RBCs in 0OmOsm). Half-maximal effective
hemolysis (EC50) was extrapolated using GraphPad Prism.

Isolation and analysis of microvesicles. Whole blood maintained for 0, 7 or 14 days
at 4°C was centrifuged at 2000g for 10min. The plasma was recovered and centrifuged again
at 2000g for 10min. The obtained plasma was diluted in sterile filtered PBS and centrifuged
at 20.000g for 20min at 4°C. The resulting pellet was resuspended in sterile PBS before
reiteration of the centrifugation step at 20.000g. The final pellet was resuspended in 1ml
sterile PBS. Part of the pellet was fixed and allowed to attach for 8min onto coverslips
pretreated with poly-L-lysine (PLL; 70-150kDa 0.01%; Sigma-Aldrich). Coverslips were then
washed, fixed on 1% glutaraldehyde in 0.1M cacodylate and processed by scanning electron
microscopy as for RBCs on filters (see above). The other part of the pellet was kept at -80°C
for determination of the microvesicle size and abundance using a Zetaview® from Particle
Metrix.

Immunofluorescence staining of RBC membrane and cytoskeletal proteins. Diluted
washed RBCs were spread onto PLL-precoated coverslips, fixed with 4% paraformaldehyde
for 10min and blocked with 1% bovine serum albumin (BSA; Sigma-Aldrich) for 30min. To
label membrane proteins, RBCs were then incubated for 1h with rabbit monoclonal
antibodies to glycophorin C (Abcam) together with mouse monoclonal antibodies to CD47
(Invitrogen), washed 4 times in 1% BSA, incubated for 1h with the appropriate Alexa-
secondary antibodies (5ug/ml) and washed 4 times with 1% BSA. Total spectrin was
revealed with antibodies against a/B-spectrins (Abcam) using the same protocol as above
except that a permeabilization step with 0.5% Triton X-100 for 3min was done before the
fixation. All coverslips were mounted in Mowiol in the dark for 24h and examined with a
Zeiss LSM 510 confocal microscope using a plan-Apochromat 63x NA 1.4 oil immersion
objective.

Coomassie blue and Western blotting. RBC ghosts were prepared using a
hypoosmotic hemolysis method at 4°C [452]. Ghosts were then analyzed using 4-15%
sodium dodecysufalte-polyacrylamide gel electrophoresis (SDS-PAGE; Bio-rad) and
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PageBlue™ Protein staining solution (ThermoFisher) following Fairbanks et al instruction
[453]. Quantification of the relative abundance of proteins in PageBlue stained gels was
performed using Fiji software. After migration on 8 or 10% sodium dodecysufalte-
polyacrylamide gel electrophoresis prepared in home and transfer, western blotting was
performed using antibodies against B-spectrin (Abcam), Ankyrin (Merck Millipore), 4.1R
(Sigma), PIEZO1 (Protelntech), PMCA (ThermoFisher) or GAPDH (Invitrogen), followed by
HRP-conjugated secondary antibodies and revelation by chemiluminescence (SuperSignal®
west pico/femto chemiluminescent substrate, ThermoFisher) with the Fusion Solo S from
Vilber.

Atomic force microscopy measurements and data analysis. RBC were immobilized
with PLL in cell culture grade phosphate buffered saline (PBS, Sigma Aldrich). Glass-
bottomed Petri dishes (WillCo) were covered with PLL:DMEM (1:1, v/v) and incubated at
37°C for 30min. After a washing step with DMEM at RT for 3min, Petri dishes were dried at
RT in a laminar flow hood for 2h. The RBC suspension was plated onto the PLL-coated Petri
dishes at RT for 4min, then replaced by fresh DMEM and attached RBCs were further
allowed to spread for another 4min. After 2 or 3 rapid washings with DMEM, the sample
was used for AFM experiments performed in DMEM. AFM experiments were performed
either with a Bioscope Catalyst or Resolve AFM (Bruker, Santa Barbara, USA) in Force
Volume mode at ~25-30°C. Precalibrated PeakForce QNM Live Cell probes (Bruker) with
spring constants between 0.08-0.1N/m and a tip radius of curvature of 65nm were used.
The spring constant of the cantilevers was calibrated with a vibrometer (OFV-551, Polytec,
Waldbronn) by the manufacturer. The pre-calibrated spring constant was used to
determine the deflection sensitivity using the thermal noise method [478] before each
experiment. Individual FD curves were recorded in contact mode on the RBC surface,
specifically at the RBC center (which is the highest part) to avoid substrate effects. The force
setpoint was adjusted to reach indentation levels lower than 1um to avoid irreversible
damage of the cell. We used approach and retraction velocities of 1um s and a 5um ramp
size. At least 300 FD curves were recorded per cell. Raw FD curves were processed offline
using the NanoScope Analysis 1.80 Software (Bruker, Santa Barbara, USA). The contact part
of the FD curve was fitted with the Hertz model [479, 480]:

P = (22 x/E)Z/S § (1)

3 (1-v3)

where E is the Young’s modulus, § the indentation depth, v the Poisson ratio, and R
the contact radius. The data resulted from the analysis of individual FD curves was plotted
using the Origin Lab software.

Intracellular calcium modulation and measurement. To activate PIEZO1, diluted
washed RBCs were incubated with 0.5uM Yodal (Biotechne) for 20sec at RT. To decrease
the intracellular calcium content, RBCs were preincubated at RT in a calcium-free medium
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containing ImM of the calcium-chelating agent EGTA (Sigma-Aldrich) for 10min. EGTA was
maintained during the whole experiment. Intracellular calcium was measured as previously
[177] by incubation of washed suspended RBCs with 5uM Fluo-4 acetoxymethyl ester (Fluo-
4 AM; Invitrogen) in calcium-containing homemade medium (25mM D-glucose, 5mM
HEPES, 1.8mM CaCly, 5.33mM KCl, 44mM NaHCOs, 82mM NaCl, 0.9mM NaH;P04.H20) for
60min at 37°C under continuous agitation . RBCs were then pelleted at 200g for 2min and
resuspended in homemade medium, then let for 30min at 37°C under agitation to allow the
Fluo-4 AM de-esterification. RBCs were then washed by centrifugation and fluorescence
intensity was measured in 96-well plates with a spectrofluorimeter (GloMax; Promega) at
Aexc/Aem of 490nm/520nm. Data were reported on the corresponding hemoglobin content
measured at 450nm.

Intracellular ATP measurement. Measurement was performed on washed RBCs
thanks to a chemiluminescence assay kit (Abcam). Data were reported on the
corresponding hemoglobin content measured at 450nm.

Intracellular reactive oxygen species measurement. Measurement was done on
RBCs incubated in suspension with 15uM 2’,7’-dichlorodihydrofluorescein diacetate
(H2DCFDA; Invitrogen) in Krebs-Ringer medium for 60min at 37°C under continuous
agitation. RBCs were then pelleted as above, resuspended and measured by
spectrofluorimetry (GloMax; Promega) at Aexc/Aem of 490nm/520nm. Data were reported
on the corresponding hemoglobin content measured at 450nm.

Membrane lipid measurements. Total phospholipids were evaluated by phosphorus
assay after lipid extraction [447]. Membrane cholesterol was assessed using the Amplex Red
Cholesterol assay kit with omission of cholesterol esterase (Invitrogen) [102, 448].
Phospholipids and cholesterol levels were reported on the corresponding hemoglobin
content in the sample, measured at 450nm by spectrophotometry (SpectraCountTM,
Packard BioScience Co).

Membrane lipid vital imaging. Coverslips were coated with PLL mixed with DMEM
(1:1; v:v) at 37°C for 30min, then washed at least twice with DMEM at 20°C for 5min.
BODIPY-SM and -GM1 membrane insertion was performed at RT and 37°C respectively,
following the procedure described in [163]. For assessing PS exposure at the outer leaflet,
RBCs were labeled in suspension with Annexin V-Alexa 647 (Invitrogen) for 15 min at 20°C
in a calcium-containing medium. RBCs were either spread onto PLL-coated coverslips and
placed upside down in Lab-Tek chambers (ThermoFisher) or dropped to settle down in pu-
Slide VI0.4 uncoated IBIDI chambers (Proxylab), both filled with medium. Samples were
then observed either with a Zeiss LSM510 confocal microscope using a plan-Apochromat
63X 1.4 oil objective or a Zeiss wide-field fluorescence microscope (Observer.Z1) using a
plan-Apochromat 100X 1.4 oil Ph3 objective.
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Image analysis and data quantification. All confocal images into one experiment
were taken with the same settings to allow (semi-)quantitative analysis of fluorescence
intensity or coverage and comparison between samples. RBC morphology (area, perimeter,
circularity), spectrin intensity/covering and line intensity profiles on CD47/GPC confocal
images as well as protein abundance on SDS-PAGE and western blots were determined
using the Fiji software. Line intensity profiles were further analyzed for the (non)-
overlapping between GPC and CD47 as follows. After threshold value determination to
define the effective dynamic range, peaks were identified and classified into three
categories: (i) only red, indicating non-overlapping of GPC with CD47; (ii) only green,
indicating non-overlapping of CD47 with GPC; and (iii) red+green, indicating overlapping
between both proteins. The abundance of peaks in each category was then expressed as
percentage of total peaks. Lipid domain abundance/hemi-RBC surface was assessed by
manual counting on confocal or fluorescence images and expressed by reference to the
hemi-RBC projected area measured into the experiment.

Statistical analyses. Results are presented in the graphs by year of analysis but
statistical analysis were performed on the final mean. One-way ANOVA followed by
Dunnett’s or Tukey’s post-hoc tests (AFM) were used (only when n23). ns, not significant;
* p<0.05; **, p<0.01; ***, p<0.001.
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2.6. Supplementary material

P1 P2 P12 P14 P15 P16 P17 P18
Date of birth 2007 1977 2007 2003 2003 1992 1995 2010 2003 2002
Gender M M F F F F M M M F
Relationship father & son sisters sister & brother
Splenectomy 2013 ? 2016 2012 2014 1997 2003 2016 2008 2008
ﬁ';decyﬂe‘:t"' 2013 ? 7 2012 2014 ? ? ?

Supplemental Table 1. Patient overview. M, male; F, female; ?, to be checked.
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Supplemental Figure 1. Variations of healthy adult donors, donor age and splenectomy do affect
neither the RBC fragility nor the lipid domain abundance but slightly modify the RBC size. (A-C) RBC
projected area measured on fluorescent images of RBCs laid down on PLL-coated coverslips (means +
SEM of 4-9 independent experiments with 50-200 RBCs measured/condition in each experiment).
(D,E) Hemoglobin release upon RBC incubation in media of decreasing osmolarity (means + SD of 1-2
independent experiments). (F-H) Lipid domain abundance determined on RBCs spread onto PLL-
coated coverslips, labeled with BODIPY-SM or -GM1 and visualized by fluorescence microscopy.
Domain abundance is normalized by the RBC projected area. Data are mean + SEM from 3-5
independent experiments/lipid (400-600 RBCs counted/condition in each experiment).
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Supplemental Figure 2. Microvesicles released in the blood of patients present a similar size and
morphology than those released in the blood stored at 4°C but are far less abundant. Microvesicles
(MVs) isolated by multiple centrifugation steps from healthy fresh blood (dotted line), healthy blood
kept at 4°C for 1 or 2 weeks (light blue symbols) or fresh blood of patients and analyzed for their size
(A), abundance (B) and morphology (C). (A,B) Size and abundance of MVs analyzed by light scattering
with Zetaview®. Data are means + SD of 3 independent measures of the same MV preparations. Data
are means/year * SD of 3 independent measures of the same MV preparation. (C) Representative
scanning electron microscope images of MVs laid down on PLL-coated coverslips before fixation. One
image representative of 1-2 independent experiments. (D) Relation between MV abundance and total
phospholipid content in the RBCs.
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Supplemental Figure 3. Patient RBCs exhibit altered morphology. Vital confocal microscopy images
of RBCs labeled with a BODIPY-lipid and laid down in IBIDI chambers. Arrowhead, spherocyte; arrows,
stomatocytes; asterisks, echinocytes. One image representative of 2-3 independent experiments.
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Supplemental Figure 4. Hemoglobin is differentially retained in the ghost membrane of patients but
GAPDH is largely preserved — Extension of Figure 7. (A) Representative SDS-PAGE and Coomassie
blue staining of ghost membrane proteins. (B-D) Quantification of Band3, GAPDH and hemoglobin by
strip intensity reported to the sum of all strips in the track and then on control values. Data are means
+ SEM/mean of 2-7 independent experiments.
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Supplemental Figure 5. Correlations between the disease severity score and cytoskeleton content
and rigidity, membrane protein organization as well as membrane lipid content and organization.
(A,B) Spectrin content and rigidity. (C) Loss of membrane protein spatial segregation. (D,E) Membrane
cholesterol and total phospholipid contents. (F,G) GM1- and SM-enriched domain abundance per RBC
hemi-area.
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Supplemental Figure 6. Decrease of the spatial dissociation between glycophorin C and CD47 -
Extension of Figure 5F. Healthy RBCs, either fresh (CTL) or stored at 4°C for 1 week, and diseased RBCs
were laid down on PLL-coated coverslips, fixed and stained with antibodies against CD47 (Ankyrin
complexes; green) and glycophorin C (GPC; 4.1R complexes; red). (A) Confocal images of
representative RBCs and zooms on regions delimited by the dotted rectangles (insets). (B) Example of
quantification on the intensity profiles along the paths indicated by white dotted lines at left. Green
arrows, CD47 only; red arrows, GPC only; black arrows, CD47/GPC overlapping. Colocalization
between CD47 and GPC was determined by counting the number of CD47, GPC or GPC/CD47 peaks
along line intensity profiles.
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Supplemental Figure 7. Model for the interplay between cytoskeleton impairment and calcium
intracellular accumulation and its consequences on plasma membrane transversal and lateral
heterogeneity in spherocytosis. For explanations, see Discussion. Red, features increasing the of
disease severity; green, features compensating the disease severity; grey outlines, disease severity-
dependent features.
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CHAPTER 4. GENERAL DISCUSSION AND PERSPECTIVES

After highlighting the major findings on hereditary elliptocytosis (HE) and spherocytosis (HS)
reported in this Thesis (section 1) and evaluating the experimental strategy used (section
2), we will discuss the clinical significance of the observations (section 3) and the relevance
for understanding cytoskeleton:membrane interplay (section 4). In addition, as RBC
microvesiculation is a key event in chronic hemolytic diseases, their relevance in the
pathophysiology of both diseases and the possibility that lipid domains could be the starting
point of microvesicle (MV) shedding will be debated (section 5).

1. Summary of key findings and proposed models

To deliver oxygen to tissues, the RBC undergoes high deformations while passing
through narrow capillaries. Such exceptional deformability relies on RBC intrinsic features,
including (i) a biconcave shape resulting from the excess of plasma membrane surface vs
the cytoplasmic volume, (ii) a finely regulated cytoplasmic viscosity controlled by the
hemoglobin concentration, and (iii) a cytoskeleton composed of a meshwork of spectrin
tetramers linked to the membrane vertically by ankyrin-based complexes and horizontally
by 4.1R-based complexes.

In contrast, the importance of membrane lateral heterogeneity in lipid domains and
on biophysical properties for RBC deformation was often overlooked. The current model of
the laboratory highlights the coexistence at the RBC surface of three types of lipid domains
playing differential roles: (i) the cholesterol-enriched domains, associated with high
curvature membrane areas and able to gather in the high curvature areas formed during
RBC deformation; (ii) the GM1/PC/cholesterol-enriched domains, associated with low-
curvature areas and whose abundance increases with calcium entry upon RBC deformation;
and (iii) the SM/PC/cholesterol-enriched domains, also associated with low-curvature areas
and whose abundance increases with calcium efflux after deformation [163]. During my
thesis | explored if and how lipid domains were deregulated in HE and HS to compare the
importance of the horizontal and vertical membrane:cytoskeleton linkages, respectively.

RBCs of the patient suffering from HE presented spectrin tetramerization
impairment due to the exclusive expression of the Leu260Pro variant of a-spectrin. We
found that the intracellular calcium content was strongly increased and calcium exchanges
at the RBC surface were slowed down. Mechanistically, the intracellular calcium overload
induced phosphatidylserine exposure at the external plasma membrane leaflet and reactive
oxygen species overproduction, resulting in lipid peroxidation. ROS accumulation could in
turn trigger plasmatic acid sphingomyelinase (aSMase) activity, directly affecting SM-
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enriched domains, but this remains to be shown. These membrane modifications led to
slight increase of the GM1- and SM-enriched domain abundance associated with a lower
cholesterol enrichment and their inability to respond to calcium exchange stimulations.
These data indicate that alteration of membrane lipids and lipid domains through the
plasmatic aSMase, oxidative stress and lipid scramblase activation all contribute to the
pathophysiology of elliptocytosis.

Figure 1. Model for the
chol SM PC GM1 molecular mechanism
PS  LysoPS Oxinner Plasmatic behind the pathogenesis of

elliptocytosis. Increased of
intracellular calcium levels
lead to activation of calcium-
dependent PKC, which in
turn is responsible for
activation of NADPH oxidase
activity and ROS
accumulation into RBCs. ROS
act then on phospholipids
from the inner leaflet
leading to lipid peroxidation,
which may be the cause for
1) alteration of membrane
lipids content, 2) modifications of membrane lipid organization into lipid-enriched domains and by
consequence alteration of calcium exchanges, and 3) activation of plasmatic aSMase through oxidized
phospholipids [433, 434]. Enhancement of plasmatic aSMase activity lead to formation of Cerarmide
(cer)-enriched domains and modifications of the lipids content, especially into the SM-enriched
domains. On the other hand, the raise of intracellular calcium and the decrease of cholesterol content
lead to activation of scramblase activity (possibly PLSCR1) and abnormal exposure of PS at the
membrane outer leaflet. ?, remains to be determined.

acid
® SMase

=>» To validate this model, we will measure in pEl RBCs the u-calpain activity, the
spatial relationship between ceramide and SM/cholesterol-enriched domains, the
effect of lysoPS accumulation of PIEZO1 activity and the oxidation state of
hemoglobin and its retention to the membrane.

The analysis of RBCs from splenectomised patients suffering from HS exhibits ANK1
and STPB mutations. In all patients, RBC morphology and deformability were altered
compared to healthy donors. These features together with the clinical parameters allowed
to classify patients in three severity groups, which were family- and mutations-unrelated.
In contrast, alterations of the cytoskeleton organization and rigidity, the morphology
changes and the modification of membrane lipid contents were all disease-severity
independent. The increased intracellular calcium content well correlated with the disease
severity score. It contributed to membrane asymmetry impairment, lipid domain
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reorganization and response to calcium exchanges stimulations and membrane
microvesiculation. In contrast, increased intracellular ATP content was observed in the less
affected patients with less intracellular calcium level, suggesting a possible compensatory
mechanism. Altogether, our data indicate that impairment of the membrane cytoskeleton,
membrane lipid content and organization in domains as well as the intracellular calcium and
ATP contents all contribute to the heterogeneous pathophysiology of spherocytosis.

In section 4, | will compare our data on patients with elliptocytosis and spherocytosis
for (i) the cytoskeleton protein content and organization, (ii) the membrane lipid content
and organization in domains, (iii) the calcium content and exchange, (iv) the intracellular
ATP, and (v) the contribution of calcium accumulation and the aSMase activation through
reactive oxygen species for lipid domain alteration.

2. Experimental strategy: strengths and weaknesses

In this section, | will discuss the strengths and weaknesses of our experimental strategy
while highlighting the way we tried to overcome the encountered failings.

2.1. Cell model

RBC is an ideal model to examine membrane lipid organization and its contribution
to diseases due to the following features. Firstly, it is probably the best-characterized
biological membrane, both for lipid and protein compositions [481, 482]. Secondly, it
represents one of the best examples of cells able to endure significant and rapid
deformation. Thirdly, it offers several technical advantages. For instance, RBCs are easily
available, very abundant, rapidly isolated by centrifugation and highly homogenous due to
the RBC quality control performed by the spleen. Moreover, their lipid metabolism is
minimal as compared to nucleated cells, their plasma membrane is featureless, and they
are devoid of vesicular trafficking. The two latter characteristics are very advantageous in
the context of lipid organization analysis, excluding possible confusion between real
domains and lipid enrichment due to membrane protrusions and endocytic pits at the cell
surface.

Besides the above advantages, the RBC also presents several limitations. For
instance, for optimal analysis by microscopy, they must be immobilized onto glass coverslips
precoated with poly-L-lysine to avoid RBC transformation in echinocytes. However, poly-L-
lysine could induce excessive RBC stretching (and the concomitant loss of the biconcavity
encountered in the blood) and artificial gathering of lipids. These potential artefacts have
been reasonably ruled out based on the similar evidence for lipid domains in RBCs
maintained in suspension in poly-L-lysine-free systems such as IBIDI chambers or 3D-gels
[175, 176]. Another limitation is that, due to the absence of nucleus in the mature RBC, it is
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difficult to analyse the inner plasma membrane leaflet organization and its connection with
the underlying cytoskeleton through the expression of specific fluorescent proteins.

In this study, we used RBCs of patients with genetic membrane fragility disorders
such as spherocytosis and elliptocytosis. This approach also presents some difficulties. Aside
from the limited number of patients diagnosed and the necessity to acquire all the data in
a limited time to preserve the characteristics of “fresh” blood, the heterogeneity of
mechanisms underlying these diseases complicates the interpretation. Indeed,
spherocytosis and elliptocytosis are heterogeneous groups of diseases with phenotypical
similarities, i.e. chronic hemolytic anaemia and to some extent RBC morphology. The
responsible mutations are numerous, affecting several genes and resulting in different
qualitative or quantitative defects of proteins, which all lead to the same apparent
diagnosis. However, the heterogeneity of molecular alterations in different patients was not
well explored and understood.

Moreover, it was long though that mature RBCs are strictly identical in the circulation
and between individuals. It may be true for macroscopic elements such as morphology, size
and number, but is more challenging for other types of measures such as intracellular
calcium and ROS contents or membrane lipid organization in domains. For this reason, we
included more than ten different healthy donors in our studies.

After analysis of RBCs upon resting state, we then extended our study to RBCs upon
deformation. The major difficulty was related to the need to deform the RBC while following
the dynamic of membrane lipid domains or intracellular calcium. In other words, the
approach to deform RBCs must be compatible with high-resolution confocal microscopy.
We therefore opted for silicon (polydimethylsiloxane, PDMS)-stretchable chambers, kindly
provided by Philippe Gailly (UCLouvain, BXL), on which labelled RBCs were laid down thanks
to poly-L-lysine coating. The results obtained should be confirmed by alternative
approaches adapted to RBCs in suspension upon application of physiologically relevant
shear stress. This could be achieved by the use of microfluidic devices coupled with
automated image analysis [483].

2.2.  Membrane lipid imaging
2.2.1. Lipidtools

To evidence lipid organization at the outer RBC plasma membrane leaflet, we used
three main types of lipid probes compatible with vital imaging: (i) fluorescent lipid analogs
inserted in the membrane; and (ii) fluorescent toxin fragments targeting endogenous lipids
[102, 161, 162, 175, 176, 178].
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Lipid analogs present several advantages: (i) availability for numerous lipids; (ii)
efficient delivery to the membrane using defatted bovine serum albumin (BSA) as a carrier
molecule; (iii) possible extraction by “back-exchange” using empty BSA; and (iv) size close
to their endogenous counterparts. Although a broad variety of fluorescent lipid analogs are
available and have been used in previous researches, their validity as surrogates of
endogenous lipid counterparts is sometimes debated mainly because the substitution of
the fatty acid chain by the fluorophore might induce differential phase partitioning as
compared to the endogenous lipids [484]. Moreover, only few convincing and validated
fluorescent analogs of cholesterol are available [168]. Among the different fluorophores, |
chose the BODIPY [485] because : (i) it presents good quantum yield and photostability as
compared to other fluorophores, allowing to reduce the concentration of analog inserted
in the membrane; and (ii) BODIPY-lipids have been extensively validated by my laboratory
before | started my thesis [102, 161, 162].

Toxin derivatives/fragments are of potential interest to decorate endogenous lipids.
The cholera toxin, secreted by the bacteria Vibrio cholera, is a multi-complex protein
composed of two subunits, the toxic A subunit and the non-toxic pentameric B subunit
which binds GM1. The B subunit has been successfully used to bind GM1 without toxicity,
but the multivalence of the probe could induce artificial clustering. To label endogenous
SM, natural toxins are also available. Among these, Lysenin is produced by the worm Eisenia
Foetida. However, after binding to membrane SM, Lysenin oligomerizes and forms pores,
leading to the target cell lysis. Lysenin possesses two distinct domains, the N-terminal
domain responsible for the lytic activity and the C-terminal responsible for SM binding
[164]. Kobayashi and colleagues validated a minimal truncated form of Lysenin,
(corresponding to the C-terminal domain) which is non-toxic (NT-Lysenin) still able to
specifically bind to SM [165, 166]. Cholesterol-specific natural toxins also exist and, include
the streptolysin O of Streptococcus pyogenes, the pneumolysin of Streptococcus
pneumoniae, the listeriolysin O of Listeria monocytogenes or the perfringolysin O (or Theta
toxin) of Clostridium perfringens [170]. In a similar approach as described above for Lysenin,
the D4 domain of Theta as minimal segment able to recognize cholesterol without
promoting cytolysis was isolated [172, 173]. In general, toxin fragments present several
advantages as compared to fluorescent lipid analogs, allowing for (i) direct labelling of
endogenous lipids, (ii) versatile coupling with fluorescent proteins or fluorophores, and (iii)
possible labelling in 3D-gels. However, they also present potential disadvantages including:
(i) the limitation of labelling of the outer plasma membrane leaflet in living cells, (ii) the big
size of the probes in comparison to the target lipids, which restricts lipid diffusion, and (iii)
the binding above a lipid target concentration threshold. For instance, the Theta toxin binds
membrane cholesterol only when a =30% concentration is reached [172, 486-488] while
Lysenin binds clustered SM [166, 489-491]. In our laboratory, we produced mCherry-
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derivative of NT-Lysenin and Theta-D4. Upon living RBC labelling with those two fluorescent
toxin fragments, we revealed lipid domains similar to those observed upon fluorescent lipid
analog membrane insertion. Hence, the SM-enriched domains revealed by NT-Lysenin
present the same characteristics as the ones observed upon BODIPY-SM insertion, i.e. (i)
similar abundance, size and shape, (ii) the disappearance after moderate cholesterol
depletion and (iii) the dependence to membrane tension. Moreover, sequential co-labelling
of mCherry-NT-Lysenin and BODIPY-SM identified the same lipid domains, validating a
posteriori results obtained with BODIPY-SM (Figure 2) [175]. We were not able to perform
the same comparison between mCherry-Theta-D4 and a fluorescent cholesterol analog
because, if analogs for sterols are available, their membrane orientation and/or distribution
behaviour have been denunciated to deviate from native cholesterol [167].

Lysenin* (SM) BODIPY-SM

Figure 2. Colocalization between BODIPY-SM and mCherry-NT-Lysenin (Lysenin*). RBCs were
labelled in suspension with mCherry-NT-Lysenin, washed, attached-spread on poly-L-Lysine-
coverslips, then labelled with exogenous BODIPY-SM in the absence of mCherry-NT-Lysenin. Yellow
arrows, colocalization [175].

2.2.2. Imaging methods

To study lipid domain abundance, we privileged confocal or epifluorescence imaging.
Epifluorescence is fast while confocal is slower but confocal imaging allows better resolution
and is needed for co-labelling. RBC spreading on poly-L-lysine allows the observation of the
entire domain population in one image due to the RBC immobilization and flattening. For
quantification, RBC morphology (projected area, circularity, perimeter) was measured in
ImagelJ by surrounding by hand each RBC for at least 400 RBCs by experiment and condition.
The number of domains was manually counted on the same images. These analyses are
time consuming but variability between (and even inside) a coverslip is important and is
reduced by analyses of enough images and RBCs.

Super-resolution microscopy technics allow to circumvent the light diffraction limit
of fluorescence microscopy, improving the resolution to =50 nm (vs =300 nm in confocal
microscopy for instance). Their principal drawback resides in the requirement for fixation,
which could reorganize the membrane lipids. Atomic force microscopy (AFM) is an
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alternative technique to improve the spatial resolution while avoiding fixation. As proof-of-
concept experiment, AFM was recently applied to living unlabelled RBCs by the group of
David Alsteens (UCLouvain, LLN) in collaboration with the host laboratory [179, 492]. More
recently, they also successfully coupled the tip of the cantilever with Theta-D4 to specifically
analyse cholesterol organization in artificial membranes [493]. However, the time to
process one RBC represents a major limitation, potentially leading to other artefacts.

2.3.  Intracellular calcium and reactive oxygen species measurements
2.3.1. Calcium

Several probes are available to measure the intracellular calcium content, including
Indo-1, Fura-2 and Fluo-4. Indo-1 and Fura-2 require excitation in the UV range while Fluo-
4 can be excited at 480nm. An advantage of Fura-2 is its ratiometric property, allowing
correction of artefacts due to bleaching, change in focus or variations in laser intensity.
However, hemoglobin quenches the excitation/emission of these three indicators in a
concentration-dependent manner. In addition, both Fura-2 and Indo-1 display dramatic
spectral shifts in their emission spectra due to hemoglobin content [494]. Fluo-4 should
then be privileged for measurements in RBCs.

We used Fluo-4 coupled to acetoxymethyl ester (AM). The ester group renders the
molecule non-fluorescent and helps to cross the membrane. Once inside the cell, it is
cleaved by intracellular esterases to Fluo-4 able to bind free calcium. Despite these
advantages, Fluo-4 is not specific for calcium and can also bind other bivalent cations
including magnesium. To circumvent this difficulty, we used magnesium-free home-made
media.

2.3.2. Reactive oxygen species

2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) is a reduced cell permeant
form of fluorescein. Upon cleavage of the acetate groups by intracellular esterases and
oxidation, the non-fluorescent H2DCFDA is converted to the highly fluorescent 2’,7’-
dichlorodihydrofluorescein [495, 496]. The oxidation occurs thanks to hydrogen peroxide
and hydroxyl radical, even if the specificity is still debated [497]. It is therefore
recommended to use H.DCFDA as a marker of cellular oxidative stress and not as an
indicator of hydrogen peroxide formation [496]. Other problems are (i) the leakage and
quenching at high concentration, (ii) the photoreduction in the presence of visible light and
iii) autoxidation of the probe in complex culture media in some conditions [496]. To avoid
these artefacts, RBCs were incubated in the dark and washed just before fluorescence
measurements. We also opted for incubation in simple media as Krebs Ringer Hepes (KRH)
medium [497].
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2.4.  Microvesicles isolation and analysis

Several methodologies have been developed over the years to optimize MV
isolation. They are extensively described in our recent review (Annex 7, [404]). Differential
ultracentrifugation is the most frequent one, even if protocols can considerably vary in
terms of speed and time intervals. Increasing centrifugal forces allow to separate MVs from
cell debris and intact cells thanks to their difference in size and density [498-501]. This
method allows to reach a recovery of up to 80% and offers the possibility to process large
volumes without the need for chemicals that could interfere with downstream analysis
[500]. Among limitations one can cite MV aggregation, contamination by protein aggregates
and viruses as well as MV damaging during high-speed centrifugation [498]. To avoid these
drawbacks, MVs were isolated in filtered and sterile phosphate buffered saline medium and
washed by centrifugation between each step.

Electron microscopy allows us to visualize MV preparations and to assess both MV
size and morphology [498, 502]. Since dehydration and fixation required for traditional
electron microscopy could possibly lead to MV morphology changes, these analyses were
completed by dynamic light scattering measurement. Thanks to the recording of light
scattering over the time and its modification due to MV Brownian motion, it is possible to
determine MV size distribution [502]. To isolate MVs originating from RBCs vs other blood
cells such as platelets, Anne-Sophie Cloos in the laboratory currently performs FACS on MVs
using fluorescent antibodies against specific surface proteins of RBCs and platelets (coll.
Nicolas Dauguet, UCLouvain, BXL).

3. Clinical significance
In both HE and HS, accelerated RBC clearance from the circulation is a common
part of the mechanism leading to chronic anemia. In HE, we provided strong evidence that
the intracellular calcium and ROS overloads and the plasmatic aSMase activity, contribute
to the molecular mechanisms leading to the clearance. We therefore examined whether
targeting ROS or the plasmatic aSMase activity could be beneficial fort the patient.

e ROS overload: incubation with natural scavengers as ascorbic acid (AA). Although
incubation of pEl blood with AA effectively decreased the intracellular ROS content, it
worsened cell circularity and did not restore RBC resistance to hemolysis. AA has been
tested in various studies [503], sometimes generating conflicting results. For instance,
it was beneficial in blood storage units, reducing the mechanical fragility and hemolysis
over the storage period [246], and in patients with iron deficiency anemia, decreasing
peroxidation and oxidation biomarkers in blood [248]. In contrast, it was inefficient in
patients with sickle cell anemia, even leading to increased hemolysis biomarkers [249].
As a possible explanation for these discrepancies, pEl shares as common feature with

176



sickle cell disease enhanced RBC curvature, which in turn could impact plasmatic
aSMase activity [446], possibly worsening hemolysis.

=> As results in the literature with AA are contradictory, supplementation with

vitamin E could be considered as alternative possible ROS scavenger. If GSH

content is reduced in pEl RBCs, supplementation with N-acetylcysteine could

also be a possible promising treatment [243]. Furthermore, future drug

developments in chronic hemolytic anemia should benefit from targeting

calcium entry as calcium overload is a current feature observed in anemia

[424]. In sickle cell disease, NMDA receptors mediate excessive calcium uptake

and their inhibition by memantine administration is proposed as possible

treatment [469].
e Plasmatic aSMase overactivity: inhibition by amitriptyline treatment. We evidenced

here that plasmatic aSMase inhibition by amitriptyline induced a reduction of
intracellular calcium and ROS contents, an increase of RBC circularity and a decrease of
hemoglobin release. Amitriptyline has already proven its effectiveness in sickle red
cells, reducing RBC MV generation [426], but also on RBCs upon storage, exhibiting a
reduction of hemolysis and of PS externalization [504].
= Amitriptyline opens new avenue for treatment of elliptocytosis. To pursue this
possibility, amitriptyline treatment could be tested in vivo on consenting
patients.

Our study highlights the heterogeneity of molecular modifications between patients.
To help the interpretation, patients were associated with a disease severity score based on
clinical parameters, RBC morphology and deformability impairments and the extent of
microvesiculation. This disease severity score increases with the rise in the intracellular
calcium content and instead decreases with the intracellular ATP level, suggesting that
those two parameters represent aggravating and compensating mechanisms, respectively.
These results show that individualized patient management should be privileged, at the
expense of systematic medical care based only on classical clinical parameters.
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4. Importance of the cytoskeleton:lipid domain interplay for
RBC deformability

On HE and HS RBCs, we first characterized the cytoskeleton alterations (section 4.1) and
then analyzed the consequences of these impairments for membrane lipid content and
organization (section 4.2), calcium content and exchanges (section 4.3) and ATP level
(section 4.4). We finally explored the mechanisms behind lipid domain alteration (section
45.).

4.1. Cytoskeletal and membrane protein content and

organization

a and B spectrins associate to form dimers which can be in closed or open forms
(Introduction, section 4.2.2.). Open dimers can then associate to form tetramers,
representative of the principal structural units to construct the RBC cytoskeleton. There is
a fine equilibrium between closed dimer, open dimer and tetramer. This equilibrium
enables dynamic rearrangements of the membrane cytoskeleton when RBCs are deformed.
In elliptocytosis, many mutations impair the formation of spectrin tetramers and destabilize
the membrane by unknown mechanisms. Moreover, several of these mutations are distal
to the tetramerization sites and, of these, several are prolines in the linkers between
repeats of a-spectrin [355]. The Leu260Pro mutation found in pEl is located next to the
linker between two spectrin repeats a2 and o3. Using a mini-spectrin construct
incorporating the Leu260Pro mutation, Harper et al showed no significant changes in the
secondary structure, suggesting that structural destabilization is relatively minor and
localized. However, the mutation affects the closed-open dimer equilibrium and favors
closed dimers, reducing tetramer formation [186]. Another study suggests that point
mutation in a single domain results in slower folding and faster unfolding. However, this
effect was not exceptionally destabilizing in the case of Leu260Pro. But when a two-domain
system was used, the mutation caused a loss of the stabilizing interactions between the
domains, mediated through the linker helix [356]. These effects are well compensated in
patients carrying this mutation only, as we saw for the mother of pEl (pEIm). The normal
allele is probably taking over as a-spectrin is produced in large excess, exceeding three or
four times the production of B-spectrin [430].

In elliptocytosis, any mutation affecting spectrin tetramerization should impact the
horizontal linkages of the cytoskeleton and could lead to a less “connected” meshwork
[422]. In pEl RBCs, the impairment of spectrin tetramerization does not appear to alter
spectrin anchorage to the membrane, as no loss of spectrin content nor covering were
observed. It is hypothesized that over time and deformation, elliptic RBCs tend to elongate
as they are not able to restore their original shapes. In other words, the number of
tetramers decrease because the equilibrium between dimers and tetramers is shifted in
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favor of dimers. Based on our observations, we propose that closed spectrin dimers, useless
to form the spectrin meshwork, are still attached to the membrane and tend to accumulate
to one edge of the cells. The lack of spectrin tetramers could then in turn force the
anchorage complexes to reorganize to ensure optimal attachment of the cytoskeleton to
the membrane, leading to increased colocalization of ankyrin and 4.1R complexes.
=>» Patients presenting several types of mutations in SPTA1 (in the tetramerization site,
distal from it or in other a-spectrin functional domains as SH3 domain), EPB41 or
SPTB should be included in the study to evaluate whether our current model is
relevant to elliptocytosis in general.
=> It remains to evaluate how spectrin tetramerization changes could impact the
vertical linkages between the membrane and the cytoskeleton. Electron microscopy
or super-resolution techniques should be privileged to explore this question.
=> It would also be relevant to evaluate the role in elliptocytosis of the non-muscle
myosin lIA filaments which are =200nm long filaments associated with short F-actin
filament of the spectrin-F-actin network. Blebbistatin incubation weakens these
associations, causing non-muscle myosin IIA filaments to dissociate from the
spectrin-F-actin network. The resulting relaxation of the contractile forces of the
network, reduces membrane tension and increases deformability. This relaxation
leads to an elongation of the RBC shape, reminiscent to the RBC morphology in HE
[505].

In the ten patients suffering from spherocytosis included in our study, seven patients
presented mutations in STPB gene (P1, P2, P7, P8, P14, P15, P16) and the other three in
ANK1 gene (P12, P17, P18). To the best of our knowledge, none of the mutations found
were described before (ensembl and clinvar databases). In all patients, the alleles carrying
the mutations are reduced by nonsense-mediated mRNA decay. Accordingly, a reduction of
the ankyrin or the B-spectrin contents in the RBC, depending of the mutated gene, were
observed. In P12 exhibiting an ANK1 mutation, we observed a combined ankyrin content
decrease with B-spectrin content increase. This observation is surprising as ankyrin
deficiency is often combined with the lack of spectrin, probably by aberrant sorting during
enucleation [388]. As alternative explanation, we suggest that the weakened cohesion
between the cytoskeleton and the lipid bilayer could lead to MV release enriched or devoid
of specific proteins. B-spectrin enrichment in P12 RBCs could then be explained by an
increased release of cytoskeleton-free MVs. In agreement with this hypothesis, P12
exhibited the strongest release of MVs and increase of the RBC membrane rigidity imposed
by the cytoskeleton, as old RBCs. Still more surprisingly, we observed that P16, who
presents a mutation in the B-spectrin gene, shows an additional decreased abundance of
ankyrin. Combined deficiency of spectrin and ankyrin are indeed often described, but
secondary to mutations in ANK1 [506].
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= To validate and extend these observations, the determination of the ankyrin and
B-spectrin contents will be extended to the entire cohort of patients by proteomic
analyses. It is also needed to recruit new patients, especially with SLC4A1 mutations
which accounts for one third of patients affected by spherocytosis [361].

=> To elucidate whether cytoskeletal and membrane protein impairment could occur
during erythropoiesis or in the circulation, we could use the immortalized erythroid
line which can be differentiated in mature functional reticulocytes [507], allowing
to study protein sorting during erythroblast enucleation. Sorting impairment of
membrane proteins has been already shown in 4.1R-knockout and ankyrin-
deficient mice [113].

4.2. Membrane lipid content and organization in domains

Several mechanisms behind the plasma membrane lipid reorganization detected in
spherocytosis and elliptocytosis can be proposed. The first mechanism involves the direct
coupling of the cytoskeleton to membrane lipids, as supported by the following
observations. Firstly, it has been shown on liposomes of defined compositions that spectrin
interacts with PC, PS, phosphatidylethanolamine (PE) and phosphatidylinositol (PI), which
can cause enthalpic changes associated with a modification of phase transition temperature
of these liposomes [508, 509]. Moreover, spectrins possess several putative lipid-binding
sites. For instance, B-spectrin has a relatively high affinity towards aminophospholipid (PS
and PE)-rich membrane compartments [184, 510-512]. Secondly, spectrin is present in
detergent-resistant-membranes (DRM) and the probability of direct spectrin:lipid
interaction has been suggested but remains to be demonstrated [184]. Thirdly, we have
previously shown that membrane:cytoskeleton uncoupling at 4.1R complexes by activation
of protein kinase C with phorbol-12-myristate-13-acetate (PMA, mimicking the
diacylglycerol) and calyculin A (a phosphatase inhibitor) increases the abundance of
BODIPY-SM and -glucosylceramide domains [161], suggesting that these lipid domains are
restricted by membrane:cytoskeleton coupling at 4.1R complexes. It was then proposedthat
the relaxation of this coupling leads to lipid reorganization in the inner leaflet especially PS,
known to be stabilized by 4.1R complexes [513]. In the patient with elliptocytosis we
observed that the increase of SM-enriched domains upon PMA/CalA treatment was
abrogated, which could suggest that 4.1R-based complexes were already decoupled in the
disease.

The second mechanism proposes that the link between the cytoskeleton and
deformation impairment in spherocytosis and elliptocytosis could be the alteration of lipid
domains involved in calcium exchanges. Several lines of evidences support this hypothesis.
Firstly, all patients exhibited alteration of at least one class of lipid domains involved in
calcium exchanges at the RBC surface. On the contrary, no modification of cholesterol-
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enriched domains (not involved in calcium exchanges) was observed. Secondly, the GM1-
and SM-enriched domain increases observed in healthy RBCs upon calcium influx and efflux
were abrogated in all patients whatever the disease. It suggests a perturbation of calcium
exchanges which was confirmed in elliptocytosis in PDMS chambers. Thirdly, the alteration
of lipid domains by treatment with mBCD of RBCs from the patient with elliptocytosis led to
calcium increase and worsened the RBC fragility. Fourthly, the increase of SM-enriched
domain abundance by amitriptyline treatment led to the decrease of intracellular calcium
content, supporting the importance of SM-enriched domains for calcium extrusion.

The third mechanism suggests that lipid domains may be modified in lipid composition
following the increase of reactive oxygen species content and plasmatic aSMase activity, as
shown in elliptocytosis.

=> It remains to determine whether and how lipid domains and the cytoskeleton-
associated proteins are spatially related. Studying this question by confocal
microscopy is challenging since labeling of proteins requires fixation, which could
cause lipid redistribution. On fixed RBCs, D’auria et al showed that SM-enriched
domains are spatially associated with membrane proteins of the 4.1R-based
complexes [161]. To study both proteins and lipids in living cells, we could use Fab’
fragments of monoclonal antibodies against specific proteins of the 4.1R- and the
ankyrin-based complexes.

4.3, Calcium intracellular content and exchanges

Calcium imbalance is a relatively common molecular mechanism in hereditary
anemia such as xerocytosis, sickle cell disease or spherocytosis [264, 424, 514]. However, it
remains elusive how a mutation in hemoglobin or a cytoskeletal protein could be
responsible for the increased intracellular content. In contrast the entry of calcium in
patients suffering of xerocytosis is easily explained when mutations are found in the gene
encoding for the mechanosensitive cation channel PIEZO1 [468, 515]. For instance, some
mutations in the C-terminal part of PIEZO1 are shown to be associated with a more active
channel [516]. In sickle cell disease, abundant and hyperactive NMDA receptors have been
identified as the cause of abnormal uptake of calcium [469]. The mechanism leading to
hyperactivation of NMDA receptors is not yet elucidated, even if a clearance defect of
plasma membrane receptors during the terminal RBC differentiation stages has been
suggested [469]. In spherocytosis, we showed that the calcium accumulation was associated
with a decreased abundance of PIEZO1. In the absence of PIEZO1, another protein involved
in calcium influx could then take over, leading to calcium accumulation in RBCs at resting
state. In elliptocytosis, the decreased abundance of PMCA could partially explain the
accumulation of calcium inside the RBCs.
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Such PIEZO1 and/or PMCA selective sorting could take place during (i)
microvesiculation or fragmentation of mature RBCs, or (ii) protein sorting at the enucleation
step of erythroblast maturation, which involves association with spectrin/ankyrin
cytoskeleton [114]. The substantial loss of membrane in the patient with elliptocytosis could
be achieved by membrane fragmentation at the end of the RBCs rather than by vesiculation,
as blood MV abundance was decreased in pEl as compared to healthy RBCs [178, 477].
According to this view, it has been shown that elliptocytotic RBC precursors are round,
progressively becoming more elliptical with aging after release in the circulation [345].
However, since fragmentation is often described as a form of lysis [295, 466], it is hard to
conceive that a controlled mechanism of protein sorting takes place during this process. In
spherocytosis, we have shown that vesiculation was increased in two patients out of 8.
Nevertheless, even if selective sorting occurs by this process, it may not be sufficient to
explain all our observations.

We therefore propose that the loss of PIEZO1 and PMCA in elliptocytotic RBCs and
of PIEZO1 in spherocytotic RBCs would rather take place during erythroblast maturation and
enucleation. Aberrant protein sorting during enucleation has already been shown to occur
in elliptocytosis and spherocytosis mice models, i.e. when the cytoskeleton and the
anchorages complexes are not fully functional [190]. If our hypotheses are true, this
indicates that PMCA sorting depends on the horizontal linkages via spectrin tetramers and
that PIEZO1 sorting depends on the ankyrin/spectrin linkages. Several literature data
support the possibility that an abnormal organization of HE cytoskeleton, and particularly
the 4.1R/actin-based complexes, may be responsible for the loss of PMCA during
enucleation. For instance, purified F-actin (which is part of the 4.1R-based anchorage
complexes in RBCs) has been shown to inhibit the activity of PMCA while incubation with
short oligomers of actin stimulate the activity of the pump [517-519]. Moreover, the shape
changes in activated platelets imply an increase in the F-actin-to-total actin ratio together
with the redistribution of PMCA to the newly formed filopodia adjacent to F-actin rich
cytoskeleton [519]. Based on this observation, we suggest that PMCA will be relocalized
during cytoskeleton reorganization upon RBC deformation. The F-actin depolymerization
and decoupling of the 4.1R-based complexes will then lead to PMCA activation and initiation
of the calcium content restoration, as a negative feedback loop.

Besides changes of membrane protein abundance, protein activity could be altered
through modifications of the membrane biophysical properties (e.g. thickness, curvature or
surface tension) or of binding of specific lipids to the protein surface. Indeed, the PMCA
activity is regulated by acidic phospholipids (especially PS) in the inner leaflet. Thus, upon
PS externalization to the cell surface by calcium-dependent scramblases, the pump activity
is decreased, and the cytosolic calcium overload is exacerbated [219, 520] and PIEZO1 is
inhibited as recently revealed in myoblasts [429]. Such PS-dependent alteration of PMCA
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and/or PIEZO1 activity is relevant in the HE RBCs for two reasons: (i) they present a strong
decrease of the PS species; and (ii) they expose 2-fold more PS at their outer leaflet. It could
also occur in the patients suffering from spherocytosis who expose a higher content of PS
at the cell surface (e.g. P14, P15). Furthermore, higher plasma membrane lipid order has
been shown to enhance the activity of the PMCA [471].

= The association of PIEZO1 or PMCA with the cytoskeleton and/or anchorage
complexes will be studied by confocal vital imaging on the human immortalized
erythroid line (see above) transfected with fluorescent WT or mutant PIEZO1 or
PMCA. This approach will be also useful to achieve genetic modifications of the
target proteins while modulating lipid synthesis/contents.

=>» To estimate the protein activity, patch-clamp will be used for PIEZO1 while the
extent of PMCA aggregate formation will be measured to indirectly estimate the
PMCA activity [437].

4.4, ATP intracellular content
Reduced ATP content is known to give rise to more fully connected spectrin network and
higher membrane compression [14] and the availability of ATP limits the PMCA transport
capacity [521]. The elliptocytotic RBCs and these from a series of patients with
spherocytosis (P1, P2, P7, P8, P16 and P17) showed an increased intracellular ATP level
which contrasted with the abrogation of intracellular ATP in RBCs upon aging. These
patients with spherocytosis showing increased ATP also exhibited increased hemoglobin
membrane retention and SM domain abundance, lower calcium content and lower disease
severity, suggesting that this increase represents a compensatory mechanism. Notice that
ATP pools are trapped in membrane-associated complexes involving ankyrin, Band3,
GAPDH and B-spectrin [126]. Disorganization caused by the lack of one of these proteins in
spherocytosis could be responsible for the disruption of the ATP-rich platforms.
=>» To analyze cytoskeleton proteins and hemoglobin association with the ATP pools,
the membrane-associated ATP pool can be filled with exogenous N3-ATP or 8-azido-
[a-32P]-ATP in ghosts. The ghosts are then washed free of loading substrates,
leaving only the ATP analogs entrapped within the membrane-associated pools.
We can then analyse the pools either by western blotting or by autoradiography
for the ATP analogs and other proteins of interests [126].

4.5, Contribution of calcium accumulation and plasmatic

acid sphingomyelinase to lipid domain alteration
The very high intracellular calcium content we found in the elliptocytotic RBCs as
compared to those with spherocytosis led us to investigate in more details the role of this
accumulation in these two diseases. To this aim, we analyzed the activity of a series of
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calcium-dependent enzymes including the PKC (through PMA/calyculin treatment), the
PKC-dependent NADPH oxidase [228] (through ROS measurement) and the
scramblase/flippase activities (through PS externalization).

In HS, as expected from the lower calcium accumulation than in HE, ROS content was
not increased, and the PS externalization was only observed in two patients out of 4. The
importance of PKC activity is under evaluation. Hence, we will soon measure the activity of
p-calpain which can mediate the cleavage of the PMCA, hemoglobin, ankyrin, Band3, 4.1R,
adducin and dematin [522]. These two measurements are essential to evaluate whether the
intracellular calcium could indeed contribute with the cytoskeleton to increase the
membrane rigidity found in all the patients, except P1 and P2.

In contrast, in HE, the three above mechanisms take place, indicating that the
calcium intracellular accumulation should play a crucial role in the disease. The PKC activity
and the PS externalization were discussed above. We will here focus on the oxidative stress.
Upon RBC incubation with EGTA, the ROS content in HE RBCs was strongly decreased,
suggesting activation of NADPH oxidase. It should be noted that NADPH oxidase is not the
only mechanism of ROS generation and that plasma hemoglobin and free heme increased
due to chronic hemolysis can also generate superoxide radicals via nonenzymatic
mechanisms. Several consequences of ROS accumulation for the membrane lipids were
observed. Firstly, membrane lipid peroxidation was considerably increased. Secondly, we
observed an important increase of some lysoPS species, bioactive signaling phospholipids
shown in neutrophils to be generated following activation of the NADPH oxidase [435, 436],
were highly increased. Since lysolipids present an inverted conical shape which could lead
to increased outward membrane curvature, they should be localized where the local
curvature is maximal. Besides membrane lipids, oxidative stress could also affect the PMCA
activity by direct oxidation or by binding of oxidized calmodulin [437-439], hemoglobin and
spectrin [440]. The autoxidation of hemoglobin leads to formation of irreversible
hemichromes which have great affinity for the cytoplasmic domain of Band3. This binding
is one possible starting point of the aging process in which hemichromes binding lead to
Band3 clustering and recognition by autoantibody for phagocytosis.

Based on the observation that the activity of plasmatic aSMase is increased in several
hemolytic anemias [228, 426, 461, 476, 523], we also evaluated the implication of this
enzyme in the two diseases. Two mechanism could explain the increased activity of
plasmatic aSMase in pEl. Firstly, oxidized phospholipids accumulated in the membrane of
pEl RBCs could trigger plasmatic aSMase activation [433, 434]. Secondly, the highest
abundance of SM-enriched domains could favor the accessibility of the enzyme for its
subtrate. We propose that lipid domains provide the crosstalk between aSMase and redox
signaling. SM/PC/chol-enriched domains represent interesting candidates for this role since
they (i) are enriched in SM and aSMase can act on SM present in domains, locally producing
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ceramide [441], (ii) contain PCs, a major source of peroxidation if they are polyunsaturated
[442-444)], (iii) are increased upon aSMase inhibition, reaching a similar abundance as those
enriched in ceramide.
=>» Colabeling between ceramide- and SM-enriched domains upon amitriptyline
treatment is required to check whether SM-enriched domains represent a
preferential target for aSMase activity.

5. RBC vesiculation, cytoskeleton and lipid domains

One of the major consequences of RBC calcium accumulation and membrane rigidity
due to compression of the cytoskeleton to the membrane is the RBC vesiculation, leading
to membrane loss and the formation of smaller and more spheric RBCs. Upon RBC storage
at 4°C we observed that the high curvature-associated cholesterol-enriched domains are
preferentially lost, potentially representing preferential sites for membrane
microvesiculation. This observation was the starting point of our review (Pollet et al,
Biomolecules 2018; Annex 7; [404]). The part of the section 5 of this review dedicated to
RBCs is listed at section 5.1 of the present discussion whereas evidences for the role of lipid
domains in membrane vesiculation in other cell types are provided in the full paper (Annex
7; [404]). Finally, whether the vesiculation model could account or not in elliptocytosis and
spherocytosis is discussed in section 5.2.

5.1. Plasma membrane lipid domains as platforms for
vesicle biogenesis and shedding in RBCs upon storage or
aging?

Lutz and coll. already provided in 1976 the first indirect clue that RBCs could
vesiculate from specific areas of the plasma membrane. In fact, they observed that vesicles
from sheep RBCs stored at 4°C exhibit the same PLPs as the ghost membrane but a 2-fold
increase of lipid-to-protein ratio and an enrichment in glycoproteins, suggesting that these
proteins are mobile and can cluster in specific membrane areas, leading to vesiculation
[524]. From that time, several observations have supported the potential involvement of
lipid domains in RBC membrane vesiculation.

Firstly, DRMs can be prepared from MVs [525] and the MVs present raft-associated
lipids and proteins. Indeed, MVs released upon calcium increase contain the raft-associated
proteins GPl-anchored proteins [526] and stomatin [475, 527, 528]. Interestingly, RBCs from
patients suffering from paroxysmal nocturnal hemoglobinuria do not present GPl-anchored
proteins and exhibit a disturbed vesiculation capacity [529]. Moreover, in patients with
stomatocytosis, which is caused by stomatin deficiency, calcium-induced MVs are more
numerous and of abnormal size as compared to healthy individuals [530], suggesting that
stomatin is important, but not essential, for the regulation of proper MV shedding.
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Secondly, MV shedding is highly dependent on cholesterol, which is essential for
both lipid rafts and submicrometric lipid domains. As a matter of fact, Santos and coll. have
postulated that the total RBC membrane cholesterol content is declined by the release of
cholesterol-enriched vesicles [531]. Moreover, upon strong cholesterol depletion (at high
mpBCD concentrations) in erythroleukemia cells, PS movement to the external leaflet upon
addition of a calcium ionophore is inhibited [532], suggesting the involvement of lipid
domains in transversal lipid asymmetry associated to membrane vesiculation. At low
concentrations, mBCD appears to instead increase the number of MVs released [533]. These
a priori contradictory observations could be explained by the very different mBCD
concentration used and/or by the differential effects of these depletions on intracellular
calcium.

Thirdly, we recently provided clues for the vesiculation of cholesterol- and
SM/cholesterol-enriched domains upon RBC storage at 4 °C for <15 days [177]. Our data
are, at first glance, in conflict with the observations that (i) RBCs and MVs obtained during
storage in blood banks for ~40 days do not exhibit any difference in the main phospholipid
classes (i.e., PC, PE, PS and SM) [534]; and (ii) RBCs and MVs from leukoreduced stored RBC
units for >50 days show similar phospholipid composition, except PS [535]. Differences
could be related to cholesterol enrichment (not assessed in the two latter studies),
conditions of blood conservation (leukoreduction or not) and/or time of storage (<15 vs 40
and >50 days). As explained above, MVs of various lipid composition could be released upon
storage time.

Finally, Dinkla and coll. showed that the formation of ceramide-enriched platforms
upon RBC incubation with aSMase is accompanied by the induction of membrane
irregularities enriched in the GPl-anchored protein CD59 [536]. Likewise, upon addition of
ceramide at the RBC membrane, slow transformation of the biconcave RBC in echinocyte
has been shown, suggesting that ceramide is responsible to form membrane spicules thanks
to its conical shape [537].

We have recently proposed a hypothesis for the control of vesicle formation from
lipid domains. By labeling with Laurdan, we revealed that cholesterol-enriched domains
exhibit lower lipid order than the rest of the membrane in RBCs at resting state. In contrast,
upon RBC vesicle release, lipid order of the domains increases, leading to lower lipid order
difference between domains and the bulk [538]. We therefore speculated that lipid
domains represent specific sites of MV budding by a mechanism driven by the lateral
tension applied by the cytoskeleton and its impact on the line tension at phase boundary
[538]. A local detachment of the cytoskeleton from the membrane and the echinocytic
shape formation seem to be required for normal vesiculation in RBCs. It was already
proposed in 2008 that the membrane:cytoskeleton uncoupling favours the coalescence of
small rafts into large domains able to curve and to detach from the membrane [525].
Moreover, in comparison to healthy RBCs, fresh spherocytotic RBCs present higher
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differential lipid order between lipid domains and the bulk membrane together with an
accelerated initiation of domain vesiculation upon aging. This suggests that the
cytoskeleton pressure could give the main contribution that controls the differential lipid
order and drives RBC vesiculation [538].

5.2. Plasma membrane lipid domains as platforms for
vesicle biogenesis and shedding in RBC membrane fragility

diseases?

A recent simulation study revealed that (i) vesicles released from spherocytotic and
elliptocytotic RBC membranes are more diverse in size than those released from healthy
RBCs, and (ii) vesicles released from the elliptocytotic, but not from the spherocytotic,
membrane may contain fragments of the cytoskeleton [459]. However, to the best of our
knowledge, no comprehensive analysis of the MV abundance nor content from the blood
of these patients is available in the literature. Even less information is available regarding
their biogenesis and shedding. Several hypotheses have nevertheless been proposed in
spherocytosis. Firstly, since proteins of the ankyrin complex are needed for the vertical
anchorage of the membrane to the cytoskeleton, their simple loss could result in reduced
mechanical strength and the subsequent vesiculation. Secondly, secondary loss of
cytoskeleton components may create an area of weakness in the membrane. Thirdly, loss
of Band3, the most abundant integral membrane protein of the RBC surface, could affect
RBC membrane integrity [539]. However, the vesiculation process might differ depending
on the underlying molecular defect (i.e. ankyrin, spectrin or Band3 mutation) and thus lead
to MVs with different compositions [386].

In this thesis, we highlighted that the vesiculation is lower in the RBCs from patients
suffering from elliptocytosis compared to healthy donors. Since calcium overload, increase
of the plasmatic aSMase activity, PS exposure and oxidative stress are all features observed
in eryptosis, a process involving membrane blebbing/fragmentation [540]. We instead
suggest that the membrane loss in HE occurs through fragmentation.

In contrast to elliptocytosis, vesiculation was observed in spherocytosis but only
significantly in two patients out of ten (P12 and P18). These two patients share the common
feature to be ankyrin-deficient. However, the third patient with ankyrin-deficiency (P17)
and the patient with secondary ankyrin defect (P16) showed an apparently normal MV
abundance. Moreover, the vesiculation observed in our study appeared modest as
compared to what is suggested in the literature. Several factors could explain these
discrepancies. Firstly, all the patients tested are splenectomized. A recent study using a two-
component RBC model to probe the dynamics of healthy and diseased RBCs traversing
interendothelial slit reveals that the spleen might be responsible for most of the
vesiculation occurring in spherocytosis [422]. Secondly, studies on mice suggest that MVs
from RBCs are removed very fast from the circulation by the reticuloendothelial system
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[416]. Thirdly, compensation mechanisms could allow to reduce the compression induced

by the cytoskeleton on the membrane, thereby reducing membrane rigidity and therefore

microvesiculation. This hypothesis could account for P16 and P17 who presented a strong

increase of the intracellular ATP content. Fourth, besides the membrane rigidity imposed

by the cytoskeleton, the intracellular calcium and ATP contents must be integrated while

evaluating the extent of MVs released from RBCs.

SM domains/
hemi-RBC area (% of CTL)

=>» To further study the significance of MVs released in spherocytosis, the cohort size

should include both splenectomized and non-splenectomized patients. Preliminary

data show that the non-splenectomized patients presented a severe decrease of

the abundance of SM-enriched domains as compared to the splenectomized

patients from the same families, reaching a level similar to the one observed in

healthy RBCs (Figure 3). This suggests that SM-enriched domains could represent

sites for vesiculation when the spleen is still present.

=>» Accelerated aging can be induced by keeping the patient blood at 4°C to expand

the MV release and elucidate the respective contribution of increased calcium,

membrane rigidity due to the cytoskeleton compression or ATP decrease in the

microvesiculation process.

als
Wil
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Figure 3. Sphingomyelin-enriched domain
abundance at the RBC surface of non-
splenectomized vs splenectomised patients
suffering from spherocytosis. To note, P7 was
analysed before (closed columns) and after
splenectomy (open columns). Fresh healthy
(dotted line) or diseased RBCs from two
different families (P7,P8 vs P12,P13),
splenectomized (open columns) or not (closed
columns), were spread onto PLL-coated
coverslips, labeled with BODIPY-SM and
directly visualized by vital fluorescence
microscopy. Data are means + SEM of 4-8
independent experiments in which 200-800
RBCs were counted by condition in each
experiment. Individuals from the same family
are presented in the same color.
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Abstract
We recently reported that trace insertion of exogenous fluorescent (green BODIPY) analogs of

sphingomyelin (SM) into living red blood cells (RBCs), partially spread onto coverslips, labels
submicrometric domains, visible by confocal microscopy. We here extend this feature to endogenous
SM, upon binding of a SM-specific nontoxic (NT) fragment of the earthworm toxin, lysenin, fused to
the red monomeric fluorescent protein, mCherry [construct named His-mCherry-NT-lysenin
(lysenin*)]. Specificity of lysenin* binding was verified with composition-defined liposomes and by
loss of (125)I-lysenin* binding to erythrocytes upon SM depletion by SMase. The (125)I-lysenin*
binding isotherm indicated saturation at 3.5 x 10(6) molecules/RBC, i.e., ~3% of SM coverage.
Nonsaturating lysenin* concentration also labeled sub-micrometric domains on the plasma
membrane of partially spread erythrocytes, colocalizing with inserted green BODIPY-SM, and
abrogated by SMase. Lysenin*-labeled domains were stable in time and space and were regulated by
temperature and cholesterol. The abundance, size, positioning, and segregation of lysenin*-labeled
domains from other lipids (BODIPY-phosphatidylcholine or -glycosphingolipids) depended on
membrane tension. Similar lysenin*-labeled domains were evidenced in RBCs gently suspended in 3D-
gel. Taken together, these data demonstrate submicrometric compartmentation of endogenous SM
at the membrane of a living cell in vitro, and suggest it may be a genuine feature of erythrocytes in
vivo.

J Lipid Res. 2014 Jul;55(7):1331-42.
DOI 10.1194/jIr.M048538
KEYWORDS

His-mCherry-NT-lysenin; cholesterol; lateral membrane heterogeneity; membrane tension;
temperature; toxin; vital confocal imaging
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Annex 2: Cholesterol segregates into submicrometric
domains at the living erythrocyte membrane: evidence and
regulation
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Abstract
Although cholesterol is essential for membrane fluidity and deformability, the level of its lateral

heterogeneity at the plasma membrane of living cells is poorly understood due to lack of appropriate
probe. We here report on the usefulness of the D4 fragment of Clostridium perfringens toxin fused to
mCherry (theta*), as specific, non-toxic, sensitive and quantitative cholesterol-labeling tool,
using erythrocyte flat membrane. By confocal microscopy, theta* labels cholesterol-
enriched submicrometric domains in coverslip-spread but also gel-suspended (non-stretched) fresh
erythrocytes, suggesting in vivo relevance. Cholesterol domains on spread erythrocytes are stable in
time and space, restricted by membrane:spectrin anchorage via 4.1R complexes, and depend on
temperature and sphingomyelin, indicating combined regulation by extrinsic membrane:cytoskeleton
interaction and by intrinsic lipid packing. Cholesterol domains partially co-localize with BODIPY-
sphingomyelin-enriched domains. In conclusion, we show that theta* is a useful vital probe to
study cholesterol organization and demonstrate
that cholesterol forms submicrometric domains in living cells.

Cell Mol Life Sci. 2015 Dec;72(23):4633-51.
DOI 10.1007/500018-015-1951-x
KEYWORDS

125I-toxin; BODIPY-sphingomyelin; C2C12 myoblasts; His-mCherry-theta-D4; Lateral membrane
heterogeneity; Membrane tension; Temperature; Vital confocal imaging
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Abstract

The concept of transient nanometric domains known as lipid rafts has brought interest to reassess the
validity of the Singer-Nicolson model of a fluid bilayer for cell membranes. However, this new view is
still insufficient to explain the cellular control of surface lipid diversity or membrane deformability.
During the past decades, the hypothesis that some lipids form large (submicrometric/mesoscale vs
nanometric rafts) and stable (>min vs s) membrane domains has emerged, largely based on indirect
methods. Morphological evidence for stable submicrometric lipid domains, well-accepted for artificial
and highly specialized biological membranes, was further reported for a variety of living cells from
prokaryot es to yeast and mammalian cells. However, results remained questioned based on
limitations of available fluorescent tools, use of poor lipid fixatives, and imaging artifacts due to non-
resolved membrane projections. In this review, we will discuss recent evidence generated using
powerful and innovative approaches such as lipid-specific toxin fragments that support the existence
of submicrometric domains. We will integrate documented mechanisms involved in the formation
and maintenance of these domains, and provide a perspective on their relevance on membrane
deformability and regulation of membrane protein distribution.

Prog Lipid Res. 2016 Apr;62:1-24.

DOI: 10.1016/j.plipres.2015.12.004.

KEYWORDS

lipid domains, lipid probes, toxin fragments, living cells, membrane lipid composition, membrane
deformability
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Abstract

Although lipid domains have been evidenced in several living cell plasma membranes, their roles
remain largely unclear. We here investigated whether they could contribute to function-
associated cell (re)shaping. To address this question, we used erythrocytes as cellular model since
they (i) exhibit a specific biconcave shape, allowing for reversible deformation in blood circulation,
which is lost by membranevesiculation upon aging; and (i) display at their
outer plasma membrane leaflet two types of submicrometric domains differently enriched in
cholesterol and sphingomyelin. We here reveal the specific association of cholesterol- and
sphingomyelin-enriched domains with  distinct  curvature  areas of the erythrocyte
biconcave membrane. Upon erythrocyte deformation, cholesterol-enriched domains gathered in high
curvature areas. In contrast, sphingomyelin-enriched domains increased in abundance upon calcium
efflux  during shape restoration. Upon erythrocyte storage at 4°C (to mimick
aging), lipid domains appeared as specific vesiculation sites. Altogether, our data indicate
that lipiddomains could contribute to erythrocyte function-associated (re)shaping.

Sci Rep. 2017 Jun 27;7(1):4264.

DOI: 10.1038/541598-017-04388-z.

KEYWORDS

His-mCherry-Theta-D4, His-mCherry-NT-Lysenin, Membrane lateral heterogeneity, Membrane
curvature, Membrane stretching, Cell deformation, Red blood cell aging, Vital confocal imaging,
Electron microscopy, Sphingomyelin, Cholesterol, Calcium exchanges
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Abstract

BACKGROUND/AIMS: Transient nanometric cholesterol- and sphingolipid-enriched domains, called
rafts, are characterized by higher lipid order as compared to surrounding lipids. Here, we asked
whether the seminal concept of highly ordered rafts could be refined with the presence
of lipid domains exhibiting different enrichment in cholesterol and sphingomyelin and association
with erythrocyte curvature areas. We also investigated how differences
in lipid order between domains and surrounding membrane (bulk) are regulated and whether
changes in order differences could participate to erythrocyte deformation and vesiculation.
METHODS: We used the fluorescent hydration- and membrane packing-sensitive probe Laurdan to
determine by imaging mode the Generalized Polarization (GP) values of lipid domains vs
the surrounding membrane.

RESULTS: Laurdan revealed the majority of sphingomyelin-enriched domains associated to
low erythrocyte curvature areas and part of the cholesterol-enriched domains associated with high
curvature. Both lipid domains were less ordered than the surrounding lipids in erythrocytes at resting
state. Upon erythrocyte deformation (elliptocytes and stimulation of calcium exchanges)
or membrane vesiculation (storage at 4°C), lipid domains became more ordered than the bulk. Upon
aging and in membrane fragility diseases (spherocytosis), an increase in the difference
of lipid order between domains and the surrounding lipids contributed to the initiation of domain
vesiculation.

CONCLUSION: The critical role of domain-bulk differential lipid order modulation
for erythrocyte reshaping is discussed in relation with the pressure exerted by the cytoskeleton on
the membrane.

Cell Physiol Biochem. 2018;48(6):2563-2582.

DOI: 10.1159/000492700.
KEYWORDS

Calcium exchanges; Cell deformation; Cholesterol; Cytoskeleton; His-mCherry-NT-Lysenin; His-
mCherry-Theta-D4; Laurdan; Membrane curvature; Membrane lateral heterogeneity; Membrane
vesiculation; Red blood cell aging; Sphingomyelin; Vital confocal imaging
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Abstract

Background/Aims: Red blood cells (RBC) have been shown to exhibit stable submicrometric
lipid domains enriched in cholesterol (chol), sphingomyelin (SM), phosphatidylcholine (PC) or
ganglioside GM1, which represent the four main lipid classes of their outer plasma membrane
leaflet. However, whether those lipid domains co-exist at the RBC surface or are spatially
related and whether and how they are subjected to reorganization upon RBC deformation
are not known. Methods: Using fluorescence and/or confocal microscopy and well-validated
probes, we compared these four lipid-enriched domains for their abundance, curvature
association, lipid order, temperature dependence, spatial dissociation and sensitivity to RBC
mechanical stimulation. Results: Our data suggest that three populations of lipid domains
with decreasing abundance coexist at the RBC surface: (i) chol-enriched ones, associated
with RBC high curvature areas; (i) GM1/PC/chol-enriched ones, present in low curvature
areas; and (iii) SM/PC/chol-enriched ones, also found in low curvature areas. Whereas chol-
enriched domains gather in increased curvature areas upon RBC deformation, low curvature-
associated lipid domains increase in abundance either upon calcium influx during RBC
deformation (GM1/PC/chol-enriched domains) or upon secondary calcium efflux during RBC
shape restoration (SM/PC/chol-enriched domains). Hence, abrogation of these two domain
populations is accompanied by a strong impairment of the intracellular calcium balance.
Conclusion: Lipid domains could contribute to calcium influx and efflux by controlling the
membrane distribution and/or the activity of the mechano-activated ion channel Piezo1 and
the calcium pump PMCA. Whether this results from lipid domain biophysical properties, the
strength of their anchorage to the underlying cytoskeleton and/or their correspondence with

inner plasma membrane leaflet lipids remains to be demonstrated.
© 2018 The Author(s)
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Introduction

Red blood cells (RBCs) are highly deformable cells that can go through capillaries
3-times narrower than their diameter to deliver oxygen throughout the body. The RBC
deformation process is associated with a transient increase of the intracellular calcium [1]
which plays a capital role, notably by activating Gardos channels and thus leading to cell
dehydration, and by favoring a local uncoupling between the membrane and the underlying
spectrin cytoskeleton [2]. RBC calcium entry is thought to be mostly operated by mechano-
activated ion channels like Piezol [3], while calcium efflux is ensured by the RBC calcium
pump, the Plasma Membrane Calcium ATPase (PMCA). This process is tightly regulated and
an excessive increase of the intracellular calcium, as observed in physiological senescence or
in pathological hereditary hemolytic anemias, has harmful consequences for the RBCs such
as an increased vesiculation, the loss of the transverse lipid asymmetry and the consumption
of the energy resources. This will lead to a decreased deformability resulting in the RBCs
trapping in the spleen and their removal from the blood by the spleen resident macrophages

Besides finely regulated calcium exchanges, RBC deformability has also been linked to
other specific features, ie. (i) the excess of plasma membrane (PM) surface in comparison
with the cytoplasmic volume and the resultant biconcave shape; (ii) the tightly regulated
intracellular hemoglobin concentration (32-36 g/dl); and (iii) the viscoelastic resistance of
the membrane [5, 6]. The latter feature depends on the strong anchorage of the PM to a very
stable cytoskeleton of spectrin thanks to two non-redundant anchorage complexes based
on 4.1R and ankyrin proteins [7]. Membrane lipid composition is also suggested to regulate
the membrane viscoelastic properties [8]. As a matter of fact, RBC PM exhibits a particularly
high cholesterol level (~45 mol%) in comparison to other cell types (e.g. ~35 mol% in CHO
cells or ~15 mol% in fibroblasts) [9]. Yet, this small lipid plays key roles in membrane by
regulating fluidity, lipid phase separation, mechanic resistance and membrane permeability
[10].

As the scientific community slowly realized the importance of membrane lipid
composition for cell biological characteristics and processes, more and more evidences for
lateral lipid asymmetric distribution have been provided. The first example was the well-
known ‘lipid rafts’, defined as nanometric and transient lipid structures whose presence has
been linked to several processes like lipid sorting in polarized cells and antigen presentation
at the T-cell surface [11, 12]. In the last decades, advances in microscopy resolution
and development of new observation techniques (e.g. super resolution microscopy or
fluorescence lifetime spectroscopy) [13-16] and more relevant lipid probes [17, 18] have
allowed to evidence bigger (submicrometric instead of nanometric) and more stable lipid
domains. Those have been observed on prokaryotic cells [19], yeast [20, 21] and various
eukaryotic cells like keratinocytes [22], fibroblasts [23] and RBCs [24-26]. Focus is generally
made on sphingolipids and sterols as they are two major lipids of the PM external leaflet of
many cells and because they are known to be enriched in rafts and associated with membrane
fluidity regulation.

As a matter of fact, our group evidenced and extensively characterized cholesterol
(chol)- and sphingomyelin (SM)-enriched submicrometric domains at the external PM
leaflet of RBCs. These domains are stable in time and space and have been observed by
fluorescence microscopy on RBCs immobilized on poly-L-lysine (PLL, i.e. spread), but also on
RBCs in suspension in plastic chambers or in three-dimensional gels. To label the domains
for fluorescence microscopy, we used fluorescent lipid analogs (i.e. BODIPY-SM) that get
inserted at trace levels in the PM [27] and developed and carefully validated fluorescent toxin
fragments specific to endogenous chol (theta*) and SM (lysenin*) [25, 26]. More recently, we
also used atomic force microscopy, a high-resolution technique applicable to cells in their
native state (i.e. without labeling), to study the biophysical properties of these domains [28].
The chol- and SM-enriched domains differ in abundance and biophysical properties (i.e. lipid
order and association with membrane curvature areas) and differentially contribute to the
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RBC deformation. For instance, chol-enriched domains gather in high-curvature membrane
areas under RBC stretching and might thus increase deformability and membrane resistance
under deformation; while SM-enriched domains, which increase in abundance after
deformation, could be linked to RBC shape restoration after deformation [29].

Lipid domains enriched in phosphatidylcholine (PC) or glycosphingolipids like
ganglioside GM1 have also been evidenced but not well-characterized [27]. Moreover,
whether chol-, SM-, PC- or GM1-enriched domains coexist or are spatially related at the RBC
surface and whether they are subjected to reorganization upon RBC deformation are not
known. We explored the first issue on RBCs at resting state. Since multiple labeling could
suffer from the use of several probes at the same time, possibly inducing toxicity and steric
hindrance, we developed additional approaches aiming at comparing lipid domains for their
abundance, biophysical properties (lipid order and curvature association, key properties
involved in cell deformation) and ability to be modulated by temperature and controlled
chol depletion. We next studied lipid domain organization through RBC deformation by
mechanically stimulating RBCs (using stretchable silicon chambers) and modulating either
the entry or the exit of calcium.

The present study shows the coexistence at the resting RBC PM outer leaflet of three
lipid domain populations that differ in chol-, SM-, PC- and GM1-enrichment, abundance,
curvature association, lipid order, temperature dependence and sensitivity to RBC spreading
onto PLL. Regarding lipid domain contribution to RBC reshaping, we have previously shown
that the first population of domains, i.e. those mostly enriched in chol, gather in increased
curvature areas upon RBC deformation [29]. Here, we provide experimental evidence for
the differential contribution of the two other populations of lipid domains in RBC calcium
exchanges. This could occur either via the mechano-activated ion channel Piezol during
deformation or via the calcium pump PMCA during shape restoration.

Materials and Methods

Red blood cell isolation

This study was approved by the Medical Ethics Committee of the Université Catholique de Louvain;
each donor gave written informed consent. All methods were performed in accordance with the relevant
guidelines and regulations. Blood was collected from 10 healthy volunteers by venopuncture into dry K*/
EDTA-coated tubes. For each experiment, blood was diluted 1:10 in Dulbecco’s Modified Eagle Medium
(DMEM containing 25 mM glucose, 25 mM HEPES and no phenol red, Invitrogen), then washed twice by
centrifugation at 200 g for 2 min and resuspension. Washed RBCs were used at 5 * 107 cells/ml (washed
RBCs:medium ratio of 1:10, v:v), then incubated or not with pharmacological agents or directly imaged by
vital fluorescence/confocal microscopy or fluorescence correlation spectroscopy (FCS) (see below).

Pharmacological treatments

To modulate chol content, washed RBCs were preincubated in suspension at 37°C in DMEM
supplemented with (i) the indicated concentrations of methyl-f3-cyclodextrin (mBCD; Sigma-Aldrich) for
30 min or (ii) 0.9 mM mpBCD followed by repletion with 3.5 pg/ml mBCD:chol (Sigma-Aldrich) for 60 min.
Chol content was determined as previously described [25]. SM content modulation was achieved with
sphingomyelinase from Bacillus Cereus (Sigma-Aldrich) as described in [26]. To inhibit mechano-activated
channels, labeled and immobilized RBCs were incubated with 7 pM GsMTx4 peptide (Abcam) for 15 min
and observed upon treatment maintenance. To activate Piezol channels, labeled and immobilized RBCs
were incubated with 0.5 pM Yoda1 (Biotechne) for 20 sec, washed and directly observed. To activate protein
kinase C (PKC), RBCs were pre-incubated with 6 pM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich)
and 20 nM Calyculin A from Discodermia Calyx (CalA, Sigma-Aldrich) for 15 min at 37°C before labeling
(upon maintenance of PMA/CalA treatment). To modulate calcium content, RBCs were pre-incubated in
calcium-free homemade medium containing 1 mM calcium-chelating agent ethylene glycol-bis(f3-aminoethyl
ether)-N,N,N’N’-tetraacetic acid (EGTA, Sigma-Aldrich) for 10 min at RT before labeling (upon maintenance
of EGTA). Residual calcium content was assessed as described below. RBCs were then possibly incubated
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in 1.8 mM calcium-containing medium for 20 min to achieve calcium repletion. To modulate ATP content,
RBCs were pre-incubated in glucose-free homemade medium for 2 h at 37°C before labeling. Residual ATP
content was assessed by aluminescent ATP detection assay kit (Abcam). RBCs were then possibly incubated
in 25 mM glucose-containing medium for 30 min to achieve glucose repletion. Treatment innocuity has been
assessed by measuring the percentage of hemoglobin release (absorbance at 450 nm).

Vital fluorescence/confocal imaging

To immobilize RBCs for imaging, two complementary systems were used: RBCs spread onto poly-
L-lysine (PLL, 70-150 kDa; Sigma-Aldrich)-coated coverslips and RBCs in suspension. For spread RBCs,
coverslips were first coated with PLL:DMEM (1:1, v:v) at 37°C for 40 min, then washed with DMEM at
20°C for 5 min. Labeled RBCs were then dropped onto the coated coverslips at 20°C for exactly 4 min, the
suspension was removed and replaced by fresh medium, and attached RBCs were allowed to spread for
another 4 min. The coverslip was placed upside down on a Lab-Tek chamber and then observed. For the “in
suspension” system, labeled RBCs were dropped to settle down in p-Slide VI0.4 uncoated IBIDI chambers
(IBIDI, Proxylab; 100 pul by channel). All preparations were examined at the labeling temperatures, either
with a Zeiss LSM510 confocal/multiphoton microscope using a plan-Apochromat 63X NA 1.4 oil immersion
objective or with a Zeiss wide-field fluorescence microscope (ObserverZ1) using a plan-Apochromat
100X/1.4 oil Ph3 objective.

Decoration of endogenous lipids by toxin* fragments and fluorescent lipid insertion

Washed RBCs were labeled with toxin* fragments, BODIPY-lipids (SM, PC, GM1) or TopFluor-TMR-
PC. Lysenin* and theta* were produced as previously described [25, 26], dissolved in 1 mg/ml DMEM-BSA
(Bovine Serum Albumin, Sigma) and cleared of aggregates before each experiment by centrifugation at 20,
000 g for 10 min. RBC labeling with toxins* was performed in suspension (i.e. before immobilization) with
either 1.25 pM lysenin* or 0.55 uM theta* in DMEM/BSA at the indicated temperatures for 25 min under
continuous agitation, then pelleted at 200 g for 2 min and resuspended in DMEM. RBC labeling with 0.6 pM
BODIPY FL C5-SM, 1 uM BODIPY FL C5-GM1 or 1 pM BODIPY FL C5-HPC (Invitrogen) and 0.8 puM TopFluor-
TMR-PC (Avanti polar lipids) was performed after RBC immobilization on coverslips at the indicated
temperatures for 15 min. For co-labeling, RBCs were either labeled in suspension with toxin* fragments,
immobilized and then labeled with fluorescent lipid analogs, or directly immobilized and co-labeled with
fluorescent lipid analogs.

Lipid order

A stock solution of 2-dimethylamino-6-lauroylnaphthalene (Laurdan) was prepared in dimethyl
sulfoxide (DMSO) and conserved as described in [30]. Washed RBCs were labeled at RT in suspension in
DMEM /BSA containing 2.5 tM Laurdan for 60 min. 1.25 uM lysenin*, 0.55 pM theta* or 0.8 uM TopFluor-
TMR-PC were added for the last 20 min. RBCs were then immobilized and examined using (i) confocal mode
for lipids and (ii) multiphoton mode with acquisition at 440 nm and 490 nm and a Normaski prism for
Laurdan. Lipid order determination was performed as described in [30] and in [31]. Briefly, domains and
surrounding membrane ROIs and masks were obtained from the two fluorescent channels (440 nm and 490
nm) of Laurdan images. The determination of Laurdan domains co-localizing or not with the lipid domains
and the following separation of the domain masks were done manually by comparing Laurdan and lipid
images. A 2D GP map, where GP for each pixel were calculated from a ratio of the two fluorescence channels,
was created from those masks using MATLAB (The MathWorks, Natick, MA). Briefly, each image was binned
(2 x 2) and thresholded, then the GP image was calculated for each pixel using the GP equation as described
in [30], and the G factor was measured as recommended in [30].

Fluorescence correlation spectroscopy

RBCs were immobilized on coverslips and labeled with 1 pM BODIPY-GM1 (as described above)
and 25 nM FAST Dil (1, 1’-Dilinoleyl-3, 3,3’3"-Tetramethylindocarbocyanine, 4-Chlorobenzenesulfonate),
then examined at RT on confocal microscope Leica TCS SP5 (Wetzlar, Germany) with a 63X 1.2 NA water
immersion objective and 1 Airy unit. FAST Dil was excited using a 561 solid state laser and emission was
collected between 607 nm and 683 nm using a filter cube. To check for bleed-through artifacts, RBCs
were labeled with BODIPY-GM1 alone and in this case no significant signal was detected. The intersection
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between confocal volume and RBC membrane was adjusted to the maximum photon count and positioned
either on a membrane domain or a segment of the membrane exhibiting homogenous fluorescence. Photon
counting was accomplished by avalanche photodiodes (Leica, Wetzlar, Germany) and time correlations
were calculated at a sampling frequency of 200 kHz for a time interval of 30 sec. Each measurement point
was repeated for three consecutive measurements. The obtained correlation curves were fitted using a

1-component 2D diffusion model: 6= —— 1
S (1 +-fr)
\ T5

Here, T is the average residence time inside the intersection of the confocal volume and <N> is the
average number of fluorophores in the detection volume. Only correlation traces with a satisfying fit to the

model (R?> 0.98) were considered in the analysis.

RBC (de)stretching on PDMS chambers

Deformation experiments were conducted by spreading BODIPY-SM-, GM1- or Fluo-4 (see below)-
prelabeled RBCs on a 4 cm?® polydimethylsiloxane (PDMS) stretchable chamber (Strex Inc). Briefly, PDMS
chambers were coated with PLL:DMEM (1:1, v:v) at 37°C for 40 min, washed with DMEM at 20°C for 5 min
and fixed to the stretching device (STREX, cell strain instrument, B-Bridge). Labeled RBCs were plated into
the PDMS chamber for exactly 5 min, then the suspension was removed and replaced by fresh medium,
and attached RBCs were allowed to spread for another 5 min. The PDMS chamber was then immediately
observed at RT without stretching (unstretched) with a Zeiss wide-field fluorescence microscope (Observer.
Z1) using a plan-Neofluar 63X/0.75 Ph2 objective. Stretching and destretching of the chamber were
thereafter respectively performed by (i) quick (1 min) axial stretching of the right side of the PDMS chamber
of 12 % of the chamber length (stretching); and (ii) return to the initial state (destretching).

Medium osmolarity modulation

CellASIC ONIX Microfluidic platform (Merck Millipore) has been used to achieve real-time imaging
on living RBCs. The following media were disposed each in a well and allowed to flow successively to the
central chamber: PLL (15 min, low flow), DMEM (5 min, medium flow), washed RBCs (4 min, high flow),
DMEM (10 min, medium flow), toxin* or fluorescent lipid analog (15 min, low flow), DMEM (3 min, medium
flow), hypo-osmolar medium (180 mOsm, 10 min, low flow). Images were acquired every 45 sec using a
Zeiss LSM510 confocal microscope.

Calcium labeling and measurement

To label intracellular calcium, washed RBCs were incubated in suspension at 37°C with 3 M Fluo-4
acetoxymethyl ester (Fluo-4 AM, Invitrogen) in 1.8 mM calcium-containing homemade medium for 60 min
under continuous agitation, pelleted at 200 g for 2 min and resuspended in homemade medium, then let for
30 min at37°C under agitation to allow the Fluo-4AM de-esterification. Fluo-4-labeled cells were then either
immobilized, imaged with a Zeiss wide-field fluorescence microscope and analyzed as explained below; or
measured in a 96-well plate with a spectrofluorimeter (SpectraCountTM, Packard BioScience Co.) at Exc/
Em 490/520 nm and analyzed using hemoglobin content for normalization. As the Fluo-4 fluorescence
signal is not a linear function of the calcium concentration [32], only qualitative observations could be made.

Image analysis and data quantification

Lipid domain abundance, curvature association and colocalisation were assessed by manual counting
on images from confocal or epifluorescence high-resolution microscope. Measurement of RBC projected
area (referred as hemi-RBC area) and Fluo-4 quantification on images was performed using Image] software
on images where the RBC projected contours have been manually drawn on the transmission images.

Statistical analyses
Vlues are presented as means + SEM. Statistical significance was tested either with two-sample t-test

or one-way ANOVA followed by Tukey’s post-hoc test (NS, not significant; * p < 0.05; * p<0.01 and ***p <
0.001).
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Results

Polar lipid- and chol-
enriched domains differ
in abundance, curvature
association and lipid order
We have previously
shown that chol- and SM-
enriched domains  differ

in abundance [25, 26] and . !

preferentially associate o §

with high and low curvature wd 15: :' b

areas of the biconcave RBC '5% 8- E; R M central
memb'rape [29]. This analysis 5 é . 2 B edges
was limited to chol and SM 29 i o £

while not considering PC, =4 =, 2 s 3 2

another abundant class of = # e ﬁ; g

outer PM leaflet lipids, or ol o-

glycosphingolipids, known to e e oM} Ehot

play key pathophysiological Fig. 1. Unlike polar lipid (SM, PC, GM1)-enriched domains, chol-
roles. Here, we questioned enriched domains are abundant and equally associate with the
whether PC and GM1 could center and the edges of spread RBCs. (A) Representative confocal/
also  participate to the fluorescence imaging of PLL-spread RBCs labeled with theta* (chol),
formation of domains at the BODIPY-SM, -PC or -GM1 and examined at 20°C. Scale bars 5 pm. (B)
outer PM leaflet and whether  Quantification of lipid domains per hemi-RBC. Means + SEM from
they differ in abundance, 31-37 experiments, each dot representing one experiment in which
curvature association and  >100 RBCs were counted. (C) Distribution of chol-enriched domains
lipid order as compared between the edges (stripped) and the center of the membrane (full)
to chol- and SM-enriched on spread RBCs. Means + SEM of 4 independent experiments where
domains. To these aims, as >70 RBCs were analyzed.

fluorescent probes, we used

(i) theta* toxin to decorate

endogenous chol [25]; (ii) lysenin* toxin or PM trace insertion of BODIPY-SM to reveal SM
[26]; (iii) PM trace insertion of BODIPY-PC [27] or TopFluor-TMR-PC, two PC analogs that
evidence lipid domains of comparable size, shape, localization at the center of spread RBCs
(Suppl. Fig. 1A - For all supplemental material see www.kargercom/10.1159/000495645/)
and abundance (Suppl. Fig. 1B) and that perfectly co-localize (Suppl. Fig. 1C); and (iv) PM
trace insertion of BODIPY-GM1, as in [33].

As shown in Fig. 1A, insertion of BODIPY-PC or -GM1 also revealed well-defined round
lipid domains on spread RBCs. These domains exhibited similar abundance as SM-enriched
domains but were quite less abundant than those enriched in chol (green and blue dots,
respectively, vs orange or red dots, Fig. 1B). Moreover, as SM-enriched domains and ~40 %
of chol-enriched domains (pictures in Fig. 1A and quantification in Fig. 1C), those enriched
in PC and GM1 seemed restricted to the central area of spread RBC membrane (defined as
in [29]).

[ Si]xzce RBC spreading can impair RBC biconcavity, we also explored lipid domain
topography using plastic chambers compatible with confocal microscopy (IBIDI chambers)
as an alternative imaging system in which RBCs were laid down, resulting in suspended,
non-spread RBCs (Fig. 2A). This technique allowed to observe alternating regions of high
curvature (HC) at the edges of the RBCs and of low curvature (LC) at the center of the cell
[29]. We showed that PC- and GM1-enriched domains were preferentially associated with
the LC areas of the RBC, like SM-enriched domains (green, blue and orange arrowheads, Fig.
2A), while chol-enriched domains were preferentially located in HC areas (red arrows, Fig.
2A, [29]).
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Fig. 2. Unlike polar lipid-enriched
domains, chol-enriched domains
associate with both low and high
curvature areas of suspended RBCs
and present differential lipid order.
(A) Representative imaging of
chol-, SM-, PC- and GM1-enriched
domains on RBCs in suspension.
RBCs were labeled at 20°C, put in
IBIDI chambers and analyzed by
confocal imaging. Images shown
are reconstruction of Z-stacks
and are representative of >2
experiments. (B, C) Membrane
lipid order of chol-, SM- and PC- | C
enriched domains determined by
Laurdan. (B) RBCs double-labeled
at 20°C with theta*, lysenin* or
Top-Fluor-TMR-PC (top images)
and the fluidity-sensitive probe
Laurdan (bottom images) were
spread and observed in confocal/
biphoton microscopy. Red arrows 102 102 10+ 100
point to high-curvature chol/ Correlation time = (sec)
Laurdan-enriched domains while
red, orange and green arrowheads
point to low-curvature lipid/Laurdan-enriched domains. (C) Generalized polarization (GP; proportional to
membrane lipid order) of membrane without domains (bulk, grey bar) vs chol-enriched domains sorted
according to their curvature localization (HC: high-curvature domains, stripped bar; LC: low-curvature
domains, full bar) and polar lipid-enriched domains (orange and green bars). Means + SEM of 2-3
independent experiments where >100 RBCs have been analyzed. Red and orange bars were reproduced
from [31] to facilitate comparison with PC-enriched domains (green bar). (D) Diffusion in GM1-enriched
domains determined by FCS. Example of a FCS curve of diffusion in GM1-enriched domains (blue dots) or
in the surrounding membrane (grey dots) at 20°C. Time required to decrease the correlation amplitude by
half in the studied spot is inversely proportional to the lipid diffusivity. Representative graph of 9 RBCs. All
scale bars 2 pm.
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Next, we examined whether these differentlipid domains could exhibit a differential lipid
order by using Laurdan (2-dimethylamino-6-lauroylnaphthalene), an artificial fluorescent
probe known for its spectroscopic properties influenced by both the composition and
dynamics ofits local surrounding [34, 35]. Laurdan allowed us to reveal both the surrounding
membrane and submicrometric domains. Hence, each class of lipid domains was recognized
by co-labeling between a specific red fluorescent probe and Laurdan. We observed that the
vast majority of chol-, SM- and PC-enriched domains in LC areas was marked by Laurdan
(red, orange and green arrowheads, Fig. 2B) while only a part of chol-enriched domains in
HC was labeled (red arrows, Fig. 2B), in agreement with our previous study [31]. Thanks to
the Laurdan fluorescence emission at two wavelengths, we next calculated the Generalized
Polarization (GP, see material and methods; proportional to the membrane lipid order) of the
chol-, SM- and PC-enriched domains. As previously observed, chol-enriched domains located
in HC exhibited a higher lipid order than those present in LC areas (compare stripped to full
red columns, Fig. 2C) [31]. On the other hand, all the polar lipid-enriched domains in LC,
including those enriched in PC, exhibited a lower lipid order than the surrounding membrane
(compare colored columns to the grey column, Fig. 2C). These results indicate that, while
lipid domains presented a differential lipid order based on their curvature area association,
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those associated with LC cannot be discriminated by this criteria. As the only commercially-
available, vital imaging-compatible, monomeric probe for GM1 has an emission wavelength
similar to Laurdan, it was impossible to study GM1-enriched domain lipid order by this
method. We therefore used Fluorescence Correlation Spectroscopy (FCS) to circumvent this
difficulty and explored the diffusion properties of the dye FAST Dil in GM1-enriched domains
or in the surrounding membrane (blue dots vs grey dots, Fig. 2D). Over 11 analyzed RBCs, 9
had a mean ratio between the diffusion time of GM1-enriched domains and the surrounding
membrane of 0.53+0.12, indicating that the dye diffused twice faster in GM1-enriched
domains than in the surrounding membrane. The other 2 RBCs had a mean ratio of 2.49+1.09
and exhibited thus domains in which the dye diffused more than twice slower than in the
rest of the membrane. This opposite behavior might be explained by the co-existence of two
distinct GM1-enriched domain populations or by the presence of lipid domains starting to
vesiculate. Even if FCS does not measure the exact same membrane properties as Laurdan,
these results seemed in agreement with the hypothesis that most submicrometric polar
lipid domains exhibit a lower lipid order
than the surrounding membrane. Such
observation is in opposition with the
general idea that lipid domains are more
ordered than the membrane bulk. This
could result from the high chol content
and the strong membrane:cytoskeleton
anchorage found in RBCs.

Altogether, these data suggest that at
leasttwodistinctlipid domain populations
coexist at the outer PM leaflet of RBCs:
those located in HC areas, exhibiting a
similar lipid order than the surrounding

membrane and mainly enriched in chol, B, [ chol+polar lipid Michol M SM M PC l GM1
vs those located in LC areas with a lower =, 1007 . -
lipid order and enriched in polar lipids £
and/or chol. 5 75
X
Polar lipid-enriched domains depend },:T 50-
on chol for their formation and ‘s
maintenance %
To next explore whether LC domains = 23
were co-enriched in polar lipids and 8

chol, we performed double labeling
with BODIPY-polar lipids and theta*
on spread RBCs (Fig. 3). ~25 % of chol-
enriched domains colocalized with polar
lipids (yellow arrowheads in Fig. 3A and

 SM+chol  PC+chol  GM1+chol

Fig. 3. The majority of lipid domains in low curvature
areas are co-enriched in chol and polar lipids. (A)
Representative images of PLL-spread RBCs double-

yellow portions of red columns, Fig. 3B).
Considering that RBCs without any polar
lipid-enriched domain were excluded
from this quantification, this proportion
and the lipid domain distribution in LC
vs HC were in agreement with the simple
labeling presented in Fig. 1, excluding
artefactual redistribution upon double
labeling. In addition, most polar lipid
domains were also enriched in chol: ~65
% for SM- and ~85 % for PC- and GM1-
enriched domains (yellow portions of
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labeled at 20°C for polar lipids (top images) and chol
(bottom images). Yellow arrowheads point to lipid
domains co-enriched in chol and polar lipid, while
red arrowheads show domains mainly enriched in
chol. Scale bars 2 pm. (B) Quantification. Percentages
of chol-enriched domains that colocalize with polar
lipid-enriched domains are shown as yellow portions
of the red columns. Percentages of polar lipid-enriched
domains that colocalize with chol-enriched domains
are shown as yellow portions of orange, green or blue
columns. Means + SEM of 2 independent experiments
where 24-38 RBCs were analyzed.
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Fig. 4. All lipid domains vanish upon chol
depletion and only those in low curvature
areas can be restored after chol repletion.
RBCs were either kept untreated (control)
or chol-depleted by mBCD (0.9 mM; -25 %
chol), followed or not by chol repletion (-25
% chol — 100 %) with encapsulated chol.
RBCs were then either mono-labeled for chol,
SM, PC or GM1 as in Fig. 1. (A, B) or double-
labeled for chol and SM (C, D), spread on PLL
and observed in fluorescence microscopy, all
at 20°C. (A) Representative single-labeling
images of different RBCs from 3 independent
experiments. (B) Quantification of lipid
domains in control (full bars), chol depletion
(empty bars) and repletion (squared bars)
conditions, expressed as percentage of the
control values. Means + SEM of 3 independent
experiments where >300 RBCs were
analyzed. (C) Representative double-labeling
images of 2 independent experiments. Yellow
arrows point to lipid domains co-enriched in
chol and SM, while red and orange arrows
show domains mainly enriched in chol or SM,
respectively. (D) Quantification of chol- and
SM-co-enriched domains (yellow portions of
the bars), expressed as a percentage of the
total chol-enriched domains. Means + SEM
of 2 independent experiments where >200
RBCs were analyzed. All scale bars 2 pm.
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orange, green or blue columns, respectively, Fig. 3B). These results suggest that while chol-
enriched domains in HC were not co-enriched in polar lipids, the majority of those located in
LC was enriched in polar lipids.

To further evaluate the importance of chol for the formation and/or the maintenance
of LC-associated lipid domains, we partially depleted membrane chol with methyl-£-
cyclodextrin (mfCD), a cage-compound whose use on RBC membrane has been previously
validated (-25 % of total membrane chol after a 0.9 mM treatment; open columns, Fig. 4B)
[25]. As expected, chol-enriched domains completely disappeared under this treatment and
theta* labelingwas no more visible (red, Fig. 4A and B). Polarlipid domains were also affected,
but to a differential extent: SM-enriched domains were almost completely abrogated while
PC- and GM1-enriched domains decreased by ~65 % (orange, green and blue open columns,
respectively, Fig. 4B). Hence, upon restoration of the chol content thanks to mpCD cages
saturated with chol (squared columns, Fig. 4B), all polar lipid domains could be recovered.
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Chol content is thus not only essential for [a

maintenance, but also for the formation of " § 120, e L e
LC-associated domains. In contrast, only a g

small percentage of chol-enriched domains E 1004 &

(~15 %, red squared column, Fig. 4B) could 2 ~

reform upon chol repletion. As those domains < 807 /

were mainly located at the center of spread £

RBC membrane (ie. in LC areas) and highly g 607 %/

colocalized with SM-enriched domains (>75 b

% vs ~25 % in control conditions, yellow 4 40 20 25 30 a5 40

arrowheads in Fig. 4C and yellow portions of
the columns in Fig. 4D), we suggest that chol-
enriched domains associated with HC areas |® 100~

Temperature (°C)
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resting RBCs at physiological temperature Fig. 5. In contrast to SM-enriched domains,

Tf) furthe.r inve.stigate whether .lipid PC- and GM1-enriched domains prevail in
domains associated with LC were co-enriched  resting RBCs at physiological temperature. (A)

or not in all polar lipids, i.e. SM, PC and GM1,
we analyzed polar lipid domain behavior upon
temperature increase between 20 and 37°C.
Indeed, temperature modulates membrane
fluidity and thus phase separation and lipid
domain organization [36]. Two opposite
behaviors could be evidenced: (i) SM-enriched
domains whose number decreased by ~30 %
when temperature raised from 20°C to 37°C
(orange circles, Fig. 5A) in agreement with
[25], vs (ii) PC- and GM1-enriched domains
whose number doubled in the same range
of temperatures (green and blue circles,
Fig. 5A). By performing double labeling of
polar lipids at 20°C and 37°C (Fig. 5B), we

Abundance of polar lipid-enriched domains at
various temperatures, expressed as percentage
of maximal abundance. RBCs were mono-
labeled, spread and observed at the indicated
temperatures. Means + SEM of 2 independent
experiments where >400 RBCs were analyzed.
(B) Extent of polar lipid co-enrichment at 20°C
and 37°C. Percentage of domains co-enriched
in PC and GM1, PC and SM or GM1 and SM are
shown as yellow portions of total PC (green)- or
GM1 (blue)-enriched domains. Means + SEM of 2
independent experiments where >200 RBCs were
analyzed.

evidenced a nearly perfect colocalisation between PC- and GM1-enriched domains whatever
the temperature (columns 1 and 2, Fig. 5B), while the percentages of PC- or GM1-enriched
domains also enriched in SM decreased between 20°C and 37°C (columns 3 and 5 vs 4 and
6, Fig. 5B). Those results suggest that domains co-enriched in PC and GM1 are dominant
at physiological temperature while a drop in temperature induces their co-enrichment in
SM. This observation also suggests that SM-, PC- and GM1-enriched domains can be either
associated or dissociated based on RBC physiological needs.

GM1-enriched domains increase in abundance upon RBC mechanical stimulation while

SM-enriched domains increase thereafter upon RBC shape restoration

To further test this hypothesis, we analyzed domain abundance upon different
approaches of mechanical stimulations: differential RBC spreading on PLL (Fig. 6A), hypo-
osmotic swelling (Suppl. Fig. 2) and RBC (de)stretching on silicon (polydimethylsiloxane,
PDMS) chambers (Fig. 6B).
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Fig. 6. PC- and GM1-enriched domains increase in abundance upon mechanical stimulation. (A) Differential
spreading of RBCs on PLL. Morphometry of cell calcium content (grey dots) and domain abundance (SM,
orange; PC, green; GM1, blue) under increasing projected areas of spread RBCs. RBCs were labeled at 37°C,
immobilized on PLL for 4 min, washed and then let to spread for another 4 min, resulting in differential
spreading (represented by different projected hemi-RBC areas). Means + SEM of 3 independent experiments
where >500 RBCs were counted. (B) (De)stretching of RBCs on silicon (PDMS) chambers. RBCs were labeled
at 37°C for SM (orange dots), GM1 (blue dots) or calcium (grey dots). Lipid domains were counted and Fluo-
4 intensity was measured before (t = 0 min) and after RBCs were stretched for 1 min (grey stripped zone)
in PDMS chambers. Means + SEM of 3 independent experiments where >200 RBCs were analyzed at each
time. (C) (De)stretching of RBCs on PDMS chambers under inhibition of mechano-activated channels. RBCs
were labeled as in (B), treated with 7 pM GsMTx4 for 15 min, stretched for 1 min (grey stripped zone) in
PDMS chambers and analyzed during the indicated times upon destretching. Means + SEM of 3 independent
experiments where >100 RBCs were analyzed at each time.

We first took advantage of the differential spreading of RBCs on PLL that results from
variations in the local PLL concentration, the RBC density and the adhesion duration. This
heterogeneity, which was reflected in a 50 to 80 um? range of immobilized RBC projected
area (Fig. 6A) and a spreading-dependent accumulation of intracellular calcium (grey dots,
Fig. 6A), differentially impacted lipid domains. Indeed, while PC- and GM1-enriched domains
increased in abundance under RBC area increase (green and blue dots, Fig. 6A), SM-enriched
domains tended to disappear (orange dots, Fig. 6A). In contrast, the abundance of chol-
enriched was only slightly modified (red dots, Suppl. Fig. 3A). These observations point to
the specific potential involvement of PC- and GM1-, but not SM-, enriched domains in RBC
deformation upon mechanical stimulation.

We then checked whether basic mechanical stimulation by osmotic swelling could also
lead to a differential modulation of lipid domains. Real-time imaging revealed the de novo
formation of SM- and PC-enriched domains (orange and green arrowheads, Suppl. Fig. 2)
shortly after the application of a hypo-osmolar medium, whereas GM1-enriched domains
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disappeared (blue arrowhead, Suppl. Fig. 2) and chol-enriched domains remained unaffected.

Finally, we simulated RBC deformation using stretchable PDMS chambers that previously
allowed us to evidence the gathering of chol-enriched domains in high-curvature membranes
(Suppl. Fig. 3 B,C) and the increase of SM-enriched domains during shape restoration after
deformation [29]. Inmobilized RBCs were stretched for one min (grey stripped bar, Fig. 6B)
and then let to recover for an additional 14 min time interval. As expected [1, 2, 29], RBC
mechanical stress application occurred concomitantly with a transient intracellular calcium
increase, which reached a maximal accumulation 3 min after stretching (grey dots, Fig.
6B). GM1-enriched domains showed a similar (~3fold) and transient increase (blue dots,
Fig. 6B), thus perfectly coinciding with the transient calcium entry. After that, intracellular
calcium decreased back to its initial concentration 6 min after stretching. From that time, the
SM-enriched domain abundance started to increase (orange dots, Fig. 6B) [29].

Altogether; these results suggest that GM1-enriched domains could be linked to calcium
influx during deformation whereas SM-enriched domains are linked to calcium efflux and
shape restoration. This represents an additional line of evidence for the segregation between
GM1- and SM-enriched domains at the RBC PM upon physiological conditions.

To further test the potential link between lipid domains and calcium exchange kinetics
upon RBC deformation, we used the peptide GsMTx4, a validated inhibitor of the mechano-
activated ion channels [37] which are mostly responsible for the calcium entry upon RBC
deformation [1]. We showed that this treatment abolished calcium entry as well as GM1-
and SM-enriched domain increase without inducing detectable toxicity (Suppl. Fig. 4). These
results support our hypothesis of the correlation between GM1-enriched domain abundance
and the calcium influx. Moreover, they suggest that the delayed SM-enriched domain increase
is dependent on a primary calcium entry.

GM1-enriched domains are linked to Piezol-mediated calcium influx

As GM1-enriched domains seemed to be involved into the deformation-dependent
calcium influx, we explored the potential link between those domains and Piezol. This
non-selective mechano-activated cation channel plays a key role in the RBC deformation-
dependent calcium influx and the following cellular volume regulation [3]. To test this
hypothesis, RBCs were treated for 20 sec with Yodal, a small agonist of this channel [38].
As expected, an immediate strong increase of the intracellular calcium concentration was
observed (grey dots, Fig. 7) without detectable signs of toxicity (Suppl. Fig. 4). Intracellular
calcium concentration then slowly decreased, suggesting the activation of the calcium
efflux mechanisms and/or a possible slow desorption of Yodal. The immediate increase
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of intracellular calcium was concomitant with a 2-fold increase of GM1-enriched domains
(blue dots, Fig. 7), while the SM-enriched domain increase was delayed and only appeared 5
min after the treatment (orange dots, Fig. 7). PC-enriched domains showed an intermediate
behavior, with a first slight increase 3 min after the treatment followed by a second, more
important, increase after 6 min (green dots, Fig. 7).

From all these data, we concluded that GM1-enriched domains, but not those enriched
in SM, are closely linked to the Piezol-mediated calcium entry into RBC upon deformation.

SM/PC-enriched domain abundance is closely related to the secondary calcium efflux and/

orthe extent of the membrane:cytoskeleton anchorage

The delayed increase of SM-enriched domains and the intermediate behavior of PC-
enriched domains under Yodal activation suggested that not only SM- but also PC-enriched
domains might contribute to secondary calcium efflux. In RBCs, this efflux is exclusively
operated by the energy-dependent PMCA. This pump is regulated by calmodulin binding
(and thus intracellular calcium concentration) but also by calpain cleavage, intracellular
domain modifications and even acidic lipids from the inner leaflet [39].

To test an eventual link between SM- and PC-enriched domains and PMCA activation,
secondary calcium efflux was stimulated without activating the Piezol-mediated influx. In
2002, Andrews and collaborators reported that the treatment of RBCs with a phorbol ester
stimulates a protein kinase C (PKC) mediated Ca 2.1-like calcium permeability pathway [40].
As this calcium entry is Piezol-independent, we speculated that SM- and PC-, but not GM1-
enriched domains, would be increased by this treatment. We thus used phorbol myristate
acetate (PMA, a diacylglycerol analog) and calyculin A (CalA, a phosphatase inhibitor) to
activate PKC. As expected, we observed a slight increase of intracellular calcium (data not
shown) as well as a ~2-fold increase of SM- and PC-enriched domains that contrasted with
the decrease of GM1-enriched domains (images in Fig. 8A and quantification in Fig. 8B).

We then stimulated calcium efflux in a more direct approach. To this aim, we used the
calcium chelator EGTA to remove all traces of calcium in the extracellular medium (Fig. 84, C)
[29]. This treatment induced an important decrease of intracellular calcium (-95 % of control
fluorescence, data not shown) and led to a ~2.5 fold increase of SM-enriched domains, as
previously reported [29], but also a ~1.8 fold increase of PC-enriched domains (empty bars,
Fig. 8C). The GM1-enriched domains were, on the other hand, decreased by this treatment,
supporting the hypothesis of their involvement in calcium influx but not in its efflux. This
treatment seemed not toxic since RBC re-incubation in 1.8 mM calcium-containing medium
fully restored domain abundance (squared bars, Fig. 8C) and since hemoglobin release
remained unchanged as compared to untreated RBCs (Suppl. Fig. 4).

We next aimed to target the PMCA pump by depleting the RBC energy content by
incubation in a glucose-free medium for 2 h (Fig. 8D). This treatment, which led to a 75%
decrease of the RBC ATP content (from ~2-3 mM in control cells to ~500-750 pM in depleted
cells, data not shown), was not sufficient to directly inhibit the PMCA (K|, for ATP, ~3 uM).
Nevertheless and in agreement with [41] and [42], it was able to indirectly impair the PMCA.
Indeed, while calcium initial content was fully restored 6 min after stretching in control
RBCs (see Fig. 6B and full grey points in Fig. 8E), it could not be restored even after 12 min
in energy-deprived RBCs (empty grey points in Fig. 8E). Surprisingly, this PMCA inhibition
also induced a high increase of SM- and PC-enriched domains, while GM1-enriched domains
were not affected (empty bars, Fig. 8D). We can reasonably exclude toxicity to explain this
observation, as revealed by the reversibility of the ATP depletion effect (squared bars, Fig.
8D) and the low hemoglobin release (Suppl. Fig. 4). Those results could be related to the
increase of reactive oxygen species (ROS) upon energy privation through the inhibition of the
anti-oxidant enzymes like the glutathione synthase (K, for ATP, ~400 uM, [43]). Produced
ROS might in turn disturb the PMCA, but also the membrane:cytoskeleton anchorage. This
hypothesis is discussed in the last section of the Discussion but remains to be tested.

Our results suggest that while SM- and PC-enriched domains increase in abundance
upon calcium efflux and/or cytoskeleton modulation, those enriched in GM1 are instead
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unaffected or even decreased. Hence, they suggest the association between SM- and PC-
enriched domains upon calcium efflux, at the detriment of GM1-enriched domains. This was
confirmed by double-labeling of RBCs upon EGTA treatment. Indeed, GM1-enriched domains
that were not co-enriched in SM decreased (blue columns, Fig. 8F) as new lipid domains co-
enriched in SM and PC, but not in GM1, were formed (orange columns, Fig. 8F).

Polar lipid domain integrity is needed for calcium exchanges at the RBC surface

Finally, we questioned whether polar lipid-enriched domains were only modulated
through, or needed for, calcium exchanges at the RBC PM by abrogating lipid domains. We
first used m BCD, which disrupted all lipid domains at moderate concentration (0.9-1 mM, -25
% chol, see Fig. 4B). Under this concentration, calcium entry upon RBC stretching in silicon
chambers was completely inhibited (from a 2.7-fold increase of fluorescence in untreated
RBCs to no increase in mf3CD-treated RBCs, grey dot at 1 mM, Fig. 9A). At a lower mpCD
concentration (0.5 mM, -15 % chol, empty dot, Fig. 9A), chol- and SM-enriched domains
were already disrupted (red and orange dots at 0.5 mM, Fig. 9A), while PC and GM1-enriched
domains were not affected (green and blue dots at 0.5 mM). At this concentration, calcium
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entry was non-significantly decreased
(from a 2.7-fold increase of fluorescence in
untreated RBCs to a 2.4-fold increase upon
mfCD treatment, grey dot at 0.5 mM, Fig. A, O residual chal
9A), indicating that RBCs were still able to
respond to stretching by a calcium entry.
The abolition of the stretching-induced
calcium increase at 1 mM could result
from the absence of resting-state GM1/PC-
enriched domains for the primary Piezol
activation or from the impossibility for
these domains to get formed around Piezol
under activation to sustain an efficient
calcium entry. However, we cannot discard
the possibility that this effect only resulted
from the slight (~8 %) decrease of the chol
content between 0.5 mM and 1 mM mfCD.
Finally, we used sphingomyelinase
(SMase), a hydrolase catalyzing the
breakdown of SM and allowing to decrease
the PM SM content by up to 60 % (empty
dots, Fig. 9B) without detectable cell
toxicity [26]. We showed that a moderate
SM depletion (-30 % at 3 mU/ml) led to
the nearly complete disappearance of SM- —
enriched domains (-90 %, orange dots, Fig. 0: 2 & & 8 0
9B) and a ~2-fold increase of intracellular Siiase (m10)
calcium (grey dots, Fig. 9B). As a matter of  Fig. 9. Intracellular calcium content is altered upon
fact,the decrease of SMdomainsuponSMase  lipid domain abrogation. (A) RBCs were treated
treatment was proportional (R*=0.9553) to  in suspension with the indicated concentrations
the intracellular calcium increase. These of mBCD and either (i) directly analyzed for chol
data suggest that SM-enriched domains residual content (empty dots); or (ii) spread onto
are not only a marker of active calcium  PLL-coverslipsforanalysis oflipid domain abundance
extrusion, but are also required to maintain  (red, orange, green or blue dots) at 37°C; or (iii) laid
alow intracellular calcium concentration. down on PDMS chambers and analyzed 2 min after
stretching for intracellular calcium (expressed as
the percentage of calcium content in unstretched
Discussion RBCs; grey symbols). (B) RBCs were treated in
suspension with the indicated concentrations of
In the last decades, evidence for lipid  sphingomyelinase (SMase) and (i) directly analyzed
domains of various composition at the forSM residual content (open dots) and intracellular
surface of several cells has emerged. First calcium content (grey dots) at 37°C; or (i) spread
transient nanometric domains enriched in  onto PLL-coated coverslips for SM-enriched domain
sphingolipids and chol [11] and then more  abundance at 37°C counting (orange dots). Means *
stable and larger domains that could exhibit ~ SEM of 2-3 independent experiments where >200
a differential lipid composition than rafts.  RBCs were analyzed.
In the last few years, we evidenced and
characterized two types of submicrometric
lipid domains at the RBC surface, mainly enriched in chol and/or SM [25, 26, 29]. We here
extended this study to PC and GM1, two other main lipids of the outer PM leaflet, and mapped
their relationship and functional relevance.
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Lipid domain diversity at resting state

Based on previous results on chol- and SM-enriched domains and on the new data we
acquired on PC- and GM1-enriched domains, we suggest the coexistence of three populations
of lipid domains in RBCs at resting state at physiological temperature: (i) mostly chol-
enriched ones, abundant (~8/hemi-RBC), HC-associated and exhibiting high lipid order; (ii)
GM1/PC/chol-enriched ones, less abundant (~1.5/hemi-RBC), LC-located and presenting
lower ordering; and (iii) SM/PC /chol-enriched ones, rare (~0.6 /hemi-RBC), also LC-located
and with low ordering. Considering the wide range of domain features that lipid-lipid
interactions can generate in molecular simulations of simple and complex bilayers, it is not
so surprising to unveil such a diversity of lipid domains in living cell membranes. As a matter
of fact, lipid clusters in simulated membranes show various (i) composition, as they are not
only enriched in SM and chol, but also in gangliosides (GM1 and GM3) and in PC analogs
[44, 45]; (ii) lipid order; and (iii) topography, as some GM3 nano-clusters have been shown
to preferentially associate with concave (when viewed from the extracellular medium)
membranes [46]. Such lipid domain diversity is also supported by several experimental data
on simple lipid mixtures [47-49].

Direct lipid:lipid interactions could be able to induce lipid clusters in systems devoid
of proteins and certainly help to understand some of the lipid domain behaviors that we
evidenced on RBCs. For example, differential temperature dependence between GM1-
and PC-enriched domains vs those enriched in SM is partly explainable by individual lipid
intrinsic properties (e.g. head group, acyl chain length and saturation [50]). Moreover, lipid
domain biogenesis and/or maintenance also depend on the chol content, as chol is a key
regulator of membrane fluidity (and thus space between phospholipids for optimal head
group interactions) and is able to directly interact with SM or GM1 [45, 51].

In a complex active system including lipids and proteins like living cell membranes,
it is however unlikely that such lipid:lipid interactions are the only key regulators of lipid
domains. We previously proposed several regulators for chol-enriched domains located in
RBC HC areas [29]. We will here focus on the LC-associated lipid domains. The maintenance
of GM1/PC/chol- and SM/PC/chol-enriched domains at a low level in LC areas of RBCs at
resting state could involve membrane:cytoskeleton anchorage and/or charge-mediated
interactions. Lipid domain stability in time and space at resting state supports the hypothesis
of their restriction by anchorage of the membrane to the spectrin cytoskeleton, either via
direct interactions with anchorage complex proteins or via an inner PM leaflet coupling. The
strong dependence of SM/PC/chol-enriched domains to the intracellular calcium increase
(either after stretching in PDMS chambers or under pharmacological treatments) suggests
their restriction through the 4.1R anchorage complex. Indeed, anchorage through 4.1R
complex is strongly decreased following calcium increase, as the binding of calmodulin/
calcium to the proteins of this complex decreases their affinity for each other [2]. PKC
activation and ATP depletion also led to the modulation of the anchorage through 4.1R, and
SM/PC-enriched domains were also highly sensitive to those two treatments. GM1/PC/chol-
enriched domains seemed on the other hand closely linked to the ankyrin-based anchorage
complexes (our unpublished data).

Lipid domain modulation upon stretching and calcium exchanges

The three domain populations did not exhibit the same response to stimuli applied to the
RBCs. Chol-enriched domains gather in increased curvature areas upon RBC deformation but
donotincreaseinabundance. They could beinvolvedin creating/maintaining HCareas needed
for RBC deformation (red domains, Fig. 10) [29]. In contrast, both GM1/PC/chol- and SM/
PC/chol-enriched domains were strongly increased during calcium exchanges accompanying
RBC (re)shaping process, but in different kinetics. To the best of our knowledge, this is the
first time that lipid domains of the external PM leaflet are proposed to contribute to calcium
exchanges, crucial for the RBC to gain in flexibility when it is subjected to mechanical stress
(e.g. in small capillaries or in the spleen). Indeed, a transient calcium influx will lead to the
Gardos channel activation and a consequent cell dehydration, increasing the surface/volume
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Calcium influx  cell volume decreases via activation of the Gardos channels and the RBC
can occur through flexibility increases via uncoupling between membrane and the cytoskeleton
several channels like atthe 4.1R complexes. The cell volume is restored after the end of the stress
Piezol, Cav2.1 and application by calcium efflux thanks to the contribution of SM/PC-enriched
TRPC (ie. transient domains (orange/green).
receptor potential
cation channel). Piezol, a mechanically-activated cation channel, has been evidenced to play
the major role in RBC deformation-induced calcium increase [3]. Moreover, mutations in
Piezol causing an increased cation permeability have been linked to hereditary xerocytosis
where RBCs are dehydrated [53]. Here, we show a close relation between the number of
GM1/PC/chol-enriched domains at the RBC surface and the activation state of Piezol
(blue/green, domains, Fig. 10), based on three lines of evidence: (i) the strong increase of
lipid domain abundance under RBC stretching, which is inhibited by a mechano-activated
channel inhibitor; (ii) the same increase under the chemical Piezol activation; and (iii) the
concomitant inhibition of the stretching-mediated calcium entry and abrogation of domains
under chol depletion.

SM/PC /chol-enriched domains seem also to be related to calcium exchanges, not during
its influx but instead during its efflux (orange/green domains, Fig. 10). Calcium efflux is as
important as influx since a prolonged calcium increase will lead to the RBC senescence and
removal from the blood [2]. The involvement of SM/PC/chol-enriched domains in calcium
effluxis based on the following evidences. First, they exhibit a delayed increase in abundance
upon calcium entry (either by stretching or chemical activation). Second, they specifically
increase in abundance when secondary calcium efflux is activated (either via PMA/CalA or
EGTA treatment).

Lipid domains as modulators of Piezol and PMCA membrane localization and /or activity?

Sorting and activation of membrane proteins is the most studied function of lipid
domains [54-57]. These effects can be attributed either to the modification of bilayer
properties (thickness, curvature or surface tension) or to the binding of specific lipids to
the protein surface. It is easily imaginable that mechanically-activated channels like Piezo
could be affected by the surrounding membrane properties. Their activity have already been
shown to be highly dependent on the membrane stiffening [58] and thus the membrane chol
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content, but also on the level of fatty acid saturation [59]. Moreover, new insights in Piezol
structure evidenced a bend in its transmembrane section [60], whose stabilization energy
might be partly compensated by the surrounding lipids.

Based on the results presented in this article, we suggest that GM1/PC/chol-enriched
domains could contribute to the regulation of Piezol by modulating its environment
biophysical properties to allow an efficient and transient calcium influx. This is based on the
three following facts. First, GM1 are inverted cone shaped lipids and the bend evidenced in
the structure of Piezo1 at resting state supports the possibility that Piezol rests in a locally
curved lipid bilayer environment, while upon rising membrane tension, the reduction of
curvature could open the pore. Second, domains co-enriched in GM1 and chol should present
a higher thickness than other domains, which could favor the recruitment/stabilization of
Piezo1 transmembrane domains [61]. Indeed, a mechanically-activated protein has recently
been shown to have a more expanded constriction pore in the presence of a positive
mismatch (thicker lipids) than in negative mismatch (thinner lipids) [62]. Third, GM1-
enriched domains appear dependent on the anchorage through ankyrin (our unpublished
data) and the cytoskeleton is known to modulate Piezo1 activity [63].

While the sequence of events linking lipid domains to Piezol remains to be elucidated,
several hypotheses can be suggested. First, GM1/PC/chol domains could be formed following
the calcium ion influx and represent a secondary event. However, the fact that a Piezol-
independent calcium influx, as achieved through PKC activation [40], instead induced a
decrease of GM1-enriched domains does not support this hypothesis. Second Piezol could
modulate its surrounding environment upon activation by recruiting specific lipids such as
GM1 and chol, forming domains which might modify Piezol dynamic properties and allow
an efficient and transient calcium influx. Third, Piezol could be preferentially localized in
GM1/PC/chol-enriched domains in RBCs at resting state, an association necessary for the
primary activation of the channel. Simulation studies and localization experiments are
needed to investigate these hypotheses.

While the results we present in this article suggest a correlation between calcium
efflux and SM/PC/chol-enriched domain abundance, their specific role in PMCA regulation
remains to be elucidated. We here propose two non-mutually exclusive hypotheses. On one
hand, as for Piezol, SM/PC/chol-enriched domains could represent a favorable environment
for the protein activity. This could be linked to (i) the domain specific biophysical properties
(e.g. lipid order); (i) the strength of their cytoskeleton anchorage; and/or (iii) their
correspondence with specific lipids in the inner leaflet, a.o.. The membrane lipid order
hypothesis is supported by (i) our present observation that SM/PC /chol-enriched domains
were more disordered than the rest of the membrane; (ii) our previous observation that lipid
domain order increases to a bigger extent than the bulk membrane order upon stimulation
of calcium efflux by treatment of RBCs with EGTA [31]; and (iii) several studies in model
membranes, although with sometimes conflicting information. For instance, PMCA activity
is decreased in highly-ordered areas of liposomes made of PC/SM/chol [64] but is favored in
highly ordered lens fiber lipids in comparison with disordered DOPCliposomes [65]. Besides
membrane fluidity, SM/PC/chol-enriched domains could contribute to the regulation of
PMCA activity through the reversible and controlled modulation of membrane:cytoskeleton
anchorage upon deformation-induced calcium entry. As a matter of fact, the protein 4.1R
has been shown to directly interact with PMCA1 and to be essential for its activity in
enterocytes [66]. The close relationship between the membrane:cytoskeleton anchorage,
the PMCA activity and the SM/PC/chol-enriched domains could partly explain the a
priori contradictory results we obtained by stimulating the PMCA through PKC activation
vs impairing the pump through ATP depletion. Indeed, both treatments could induce the
uncoupling of the membrane:cytoskeleton anchorage (by phosphorylation of the 4.1R
complexes vs potential increase of ROS damages) and the increase of calcium (by stimulating
a Piezol-independent calcium influx vs indirectly impairing the PMCA) together with a
secondary membrane:cytoskeleton uncoupling (by calmodulin binding). One hypothesis
is that the reversibility of lipid domain abundance increase depends on the transient
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membrane:cytoskeleton uncoupling, which became permanent under the two treatments,
resulting into an incapacity to de-form the domains. Finally, SM/PC/chol-enriched domains
at the external PM leaflet could contribute to the regulation of PMCA activity through their
potential coupling with specific lipids in the inner PM leaflet, known to regulate PMCA
activity [67, 68]. For example, electrostatic interactions and subsequent clustering of PIP, at
the inner leaflet have been shown to be induced by a local calcium increase [69]. This could
in turn induce a transbilayer clustering in superposition in the outer leaflet resulting into
SM-enriched domain formation, as shown by super-resolution microscopy [70].

On the other hand, SM/PC/chol-enriched domains might modulate the PM distribution
of PMCA to protect the pump from the reactions with ROS. Indeed, PMCA activity has been
shown to be decreased by direct oxidation [71] or by binding of oxidized calmodulin [72].
This oxidation leads to conformational changes and the formation of aggregates that cannot
recover their activity [73]. SM, on the other hand, is proposed to be a natural antioxidant that
inhibits the peroxidation of unsaturated phospholipids and chol [74].

Altogether, our study opens new avenue to explore the importance of PM lipid domains
in cell deformation associated to other physiological processes, such as the phagocytic cup,
the immunological synapse, cell division or migration and invasion.
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Abstract: Extracellular vesicles (EVs) contribute to several pathophysiological processes and appear
as emerging targets for disease diagnosis and therapy. However, successful translation from
bench to bedside requires deeper understanding of EVs, in particular their diversity, composition,
biogenesis and shedding mechanisms. In this review, we focus on plasma membrane-derived
microvesicles (MVs), far less appreciated than exosomes. We integrate documented mechanisms
involved in MV biogenesis and shedding, focusing on the red blood cell as a model. We then provide
a perspective for the relevance of plasma membrane lipid composition and biophysical properties
in microvesiculation on red blood cells but also platelets, immune and nervous cells as well as
tumor cells. Although only a few data are available in this respect, most of them appear to converge
to the idea that modulation of plasma membrane lipid content, transversal asymmetry and lateral
heterogeneity in lipid domains may play a significant role in the vesiculation process. We suggest
that lipid domains may represent platforms for inclusion/exclusion of membrane lipids and proteins
into MVs and that MVs could originate from distinct domains during physiological processes and
disease evolution.

Keywords: microvesicle; cytoskeleton; cholesterol; ceramide; sphingomyelinase; raft; lipid domains;
calcium; oxidative stress; red blood cell

1. Introduction

In recent decades, the field of transcellular signaling has been revolutionized by the emerging
concept of signal transmission through extracellular vesicles (EVs). For a long time, vesicles seen in
intercellular spaces by electron microscopy were thought to be artifacts or inert cellular fragments
resulting from damaged cells in the vicinity. Nonetheless, all cells, from bacteria to plants and animal
cells, seem to have the ability to produce EVs [1,2]. However, there is still no real consensus regarding
EV classification and nomenclature [3], probably due to the variety of EV size, composition, origin and
targets, but also due to difficulties related to their isolation and analysis (see Section 2). Most reviews
classify EVs into three groups: exosomes, microvesicles (MVs) and apoptotic bodies (Figure 1) [4-7].
Exosomes are the smallest EVs (50-150 nm in diameter) and are released upon multivesicular bodies
exocytosis. MVs are produced by direct local deformation and budding of the plasma membrane (PM)
leading to vesicles of more heterogeneous and bigger size (100 nm-1 um in diameter). It should
be noted that these vesicles are often given other names, including ectosomes, microparticles,
shedding vesicles or oncosomes (in the particular case of cancer cells). Apoptotic bodies (1-5 pm in
diameter) are generated by blebbing of cells undergoing apoptosis. However, this classification should
be taken with caution as most of the currently used techniques only make it possible to separate small
EVs enriched in exosomes from large EVs enriched in MVs (see Section 2) [8]. Yet, other studies have

Biomolecules 2018, 8, 94; doi:10.3390/biom8030094 www.mdpi.com/journal /biomolecules
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evidenced by imaging the budding from the PM of vesicles with size closer to that of exosomes [9-11].
In this review, we will focus on PM-derived vesicles whatever their size.

Exosomes Microvesicles Apoptotic bodies

¢ PM Y

proteins @ M,
o exosomal O ﬂkﬁ’-

proteins (3

PM

o cytoplasmic /'\f_.i%" 08

proteins { %@ U

%, nucleic acids
cellular 4 ’

fragment 0. \_,
endosome ®@ VB

Size 50-150nm 0.1-1um 1-5um
Origin endosome plasma membrane plasma membrane of
apoptotic cells
Isolation + differential ultracentrifugation differential

+ density gradient ultracentrifugation

* size-exclusion chromatography (standard protocol
* immune-capture needed)

Other names prostasomes ectosomes

microparticles
shedding vesicles

Figure 1. Characteristics of the three main classes of extracellular vesicles. MVB, multivesicular body;
PM, plasma membrane.

Extracellular vesicles have been shown to contribute to a large variety of pathophysiological
processes including red blood cell (RBC) senescence [12], coagulation [13], inflammation [13,14],
migration [15], tumorigenesis [16] and infection [17]. As they are found in body fluids (e.g., blood, urine,
cerebrospinal fluid, milk), they are easily accessible and might represent useful diagnostic biomarkers
and/or targets for therapeutic applications (reviewed in [18]). In this review, we will focus on vesicles
derived from the PM of RBCs, platelets, immune cells, nervous cells and tumor cells. Before providing
detailed information regarding their biogenesis, we present below a short non-exhaustive overview of
their pathophysiological effects.

Erythrocytes undergo multiple changes during their 120-day lifespan in the circulation,
including the decreased activity of multiple enzymes, the gradual accumulation of oxidative damage,
the redistribution of ions, the loss of membrane by vesiculation as well as cell volume, density and
deformability alterations (for reviews, see [19-21]). Microvesicle generation constitutes a central
mechanism in the RBC homeostasis and is responsible for the loss of ~20% of the PM while the
hemoglobin concentration increases by ~14% [22,23]. Microvesicles have been proposed to contribute
to RBC senescence by two opposite mechanisms. On one hand, they protect RBCs from premature
elimination via transport of molecules that could induce recognition by the reticuloendothelial system
such as non-functional hemoglobin, oxidized and aggregated Band3 and oxidized proteins [23]
(Figure 2a). On the other hand, they appear to contain CD47, a self-marker that prevents the recognition
and clearance of RBCs by macrophages. Elimination of CD47 from the RBC membrane through
selective shedding could then promote the removal of old RBCs [24] (Figure 2b). Studies on mice
suggest that MVs from RBCs are removed very fast from the circulation by the reticuloendothelial
system [25] because they can have deleterious effects on other cells. For instance, MVs bear at
their external leaflet phosphatidylserine (PS), which acts as an “eat me” signal for macrophages but
also promotes coagulation, as PS enhances prothrombinase activity and other coagulation factors
(Figure 2a,c). Moreover, RBC-derived MVs induce an excessive production of reactive oxygen species
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(ROS) in neutrophils and could be responsible for exhortation of the respiratory burst, i.e., the rapid
release of ROS necessary to answer to an infection [26] (Figure 2d). Finally, they contain hemoglobin,
which allows them to bind nitric oxide modifying thereby bioavailability of the latter for vascular
homeostasis regulation [27] (Figure 2e). However, these effects have been shown with MVs isolated
from blood storage. Although the biological content should reflect the functional properties of
circulating MVs, further investigations in vivo are needed to confirm these hypotheses. Nevertheless,
the properties described above could partly explain reduced post-transfusion efficacy and increased
risk of adverse reactions in patients after transfusion [28,29].

O microvesicles © PS™microvesicles ‘ Band3 !.. phosphorylated Band3

@ haemoglobin & oxidized haemoglobin == CD47

(a) Elimination of (c) Coagulation
harmful components
- prothrombin
%rothrombi.nasc
thrombin
XN
oo
fibrinogen fibrin
fibrin mesh
(e) Vasodilatation
No
NO
blood vessel
P @
NO

Figure 2. Pathophysiological effects of erythrocyte-derived microvesicles. PS, phosphatidylserine; RBC,
red blood cell; SIRP, signal regulatory protein o; NADPH; reduced form of nicotinamide adenine
dinucleotide phosphate; ROS, reactive oxygen species; NO, nitric oxide.

Platelet is another blood cell type able to release a high quantity of EVs. Platelet EVs represent
~30% of the blood EVs [30] and, in contrast to RBCs, these include MVs as well as exosomes.
Platelet-derived vesicles are essential for the regulation of the hemostasis, as revealed by the
bleeding disorders caused by the decreased formation of platelet-derived MVs in patients with Scott
Syndrome [31]. Their pro-coagulant activity is due to the exposition on their surface of pro-coagulant
molecules, such as PS and tissue factor (TF), one initiator of the coagulation cascade [30]. Additionally,
platelet-derived MVs promote cell proliferation, survival and migration, which are essential for
endothelial repair and wound healing [32]. They are also effectors of the immune response by
increasing monocyte adhesion, promoting inflammatory pathways and cytokine release in monocytes
and endothelial cells (ECs) [33], stimulating antigen-specific IgG production [34] and upregulating
neutrophil aggregation, activation and phagocytic activity [35].

Monocytes and neutrophils themselves are also able to release MVs and exosomes,
producing autocrine effects or serving as mediators to communicate with other cells (reviewed
in [36,37]). They can have either pro-inflammatory or anti-inflammatory effects [38]. They also
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promote blood coagulation through exposure of PS and TF in monocyte MVs and through direct
interaction between neutrophil MVs and platelets, which promotes platelet activation [39] and TF
expression [36].

In the central nervous system, only exosome-like EVs have been described in neurons,
oligodendrocytes and Schwann cells in physiological conditions [40]. On the other side, microglia cells
(i.e., the macrophage resident cells) and astrocytes (i.e., support cells, also involved in the blood brain
barrier) have been shown to release both exosomes and MV-like EVs [41]. The major MVs described
are released by microglia cells and astrocytes upon ATP activation of P,X; receptors and contain
the interleukin-13 which is released at the site of tissue damage to initiate an acute inflammatory
response [42]. Extracellular vesicles also appear to play critical role in neurodegenerative diseases.
For example, in Alzheimer disease, MVs released by microglia promote the amyloid-3 pathogenesis
by increasing the solubility of the misfolded protein (i.e., the soluble form is more neurotoxic than the
aggregated one) [43]. Moreover, as microglia-derived MVs regulate the inflammatory response,
they have been shown to be increased and to play major role in multiple sclerosis, a form of
neuroinflammation [44]. Those MVs carry inflammation factors that promote the degradation of
the extracellular matrix and tight and adherens junctions, leading to the disruption of the blood brain
barrier [45].

Cancer cell-associated vesicles were reported for the first time in 1978 in patients suffering
from Hodgkin disease. Since then, evidence has been accumulating that tumor-derived MVs
constitute important players in cancer initiation and progression through communications between
cancer cells. Microvesicles also facilitate intercellular communication between cancer cells and
microenvironmental cells (e.g., stromal, immune and vascular cells), either located directly in the
primary tumor-environment or at distance, promoting pre-metastatic niche formation. Microvesicles
are implicated in several stages of tumorigenesis and metastasis by increasing angiogenesis and
extracellular matrix remodeling, promoting escape from the immune system, inducing resistance to
therapy and triggering blood coagulation (reviewed in [16,18,46,47]). Because of the multiple roles of
MVs in cancer, they could be seen as prognostic and/or diagnostic biomarkers. Hence, they could
represent emerging targets for cancer therapy (reviewed in [18]).

2. Microvesicle Isolation and Characterization

Several methodologies have been developed over the years to optimize EV isolation. Differential
ultracentrifugation is the most frequent one, even if protocols can considerably vary in terms of
speed and time intervals. Increasing centrifugal forces allow to separate EVs from cell debris and
intact cells thanks to their difference in size and density [48-51]. This method makes it possible
to reach a recovery of up to 80% and offers the possibility to process large volumes without the
need for chemicals that could interfere with downstream analysis [50]. Among limitations, one can
cite EV aggregation, contamination by protein aggregates and viruses as well as EV damaging
during high-speed centrifugation [48]. Moreover, since it is moderately time-consuming and
the equipment is expensive, it is not considered to be a clinically applicable isolation technique.
Another method based on centrifugation is the density gradient centrifugation, which presents
a lower recovery of 10-50% but avoids protein contamination of samples thanks to density
differences [48,52]. Nevertheless, co-isolation of lipoproteins cannot be excluded. For the same
reasons as for differential ultracentrifugation, this methodology finds no clinical application [48].
Filtration represents an alternative method that can be applied alone or in combination with
ultracentrifugation. However mechanical damage due to the pressure applied for passing EVs through
the filter can affect their properties [50]. According to the size cut-off of the column, size-exclusion
chromatography allows EV separation from non-aggregated proteins and high density lipoproteins
(HDL) but contamination with material of similar size, such as aggregated proteins and viruses,
cannot be excluded. The excellent recovery rate (up to 90%), the absence of EV damaging, the low cost
and the quickness make this methodology interesting for clinical applications. However, this method is
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not suitable for large volumes and requires a pre-concentration step by ultracentrifugation [48]. Finally,
the affinity-based methods (better known as immune-capturing methods) are based on the interaction
of EV surface molecules with antibodies, lectins or lipid-binding proteins, either biotinylated or
coupled to magnetic beads. These techniques are fast and simple and contamination of purified sample
is minimal. However, it is cost-effective and not adapted to processing large-volume samples [50].
In the face of the large diversity of isolation methods, the quantity and the quality of the starting
material must guide the researcher.

Another criterion to consider is the type of analysis downstream of EV purification, including their
structural characterization. Here also several techniques exist. Electron microscopy makes it possible
to assess EV size and morphology and to identify their cellular origin [48,53]. Since dehydration and
fixation required for traditional electron microscopy could possibly lead to EV morphology changes,
cryo-electron microscopy is widely recommended. Atomic force microscopy (AFM) also makes it
possible to determine EV structural properties via the interaction of a probing tip (cantilever) with the
surface of the sample, which generates a 3D-image of the surface topography. However, as for electron
microscopy, changes in EV morphology can occur due to the necessity of immobilizing the material [53].
Additionally, one can cite the dynamic light scattering and nanoparticle tracking, which are both based
on the same principle. Thanks to the recording of light scattering over time and its modification due
to EV Brownian motion, it is possible to determine their size and size distribution. This approach
is more reliable when the sample size is homogenous and not polydispersed [53]. For larger EVs,
flow cytometry is an alternative technique combining light scattering and fluorescence. The labeling
of EVs with fluorescent antibodies /probes allows the specific recognition of surface markers [48,53].
In addition to structural characterization, it is also possible to biochemically characterize the EVs.
This is beyond the scope of the manuscript and we invite the reader to refer to the review by
Ramirez et al. for more insights regarding techniques for biochemical and in vivo characterization [51].

3. Microvesicle Molecular Properties

The abundance and properties of MVs appear to fluctuate depending on the cell origin,
the pathophysiological context and also the subject tested (e.g., age, gender, fasting state,
medication exposure, physical activities, pregnancy and diseases) [54-58]. Moreover, variations
in isolation techniques, culture conditions and methods to stimulate the shedding (e.g., calcium [Ca?*]
ionophores, lipopolysaccharide, hypoxia, tumor necrosis factor TNFx, ATP) could lead to conflicting
data [59]. Finally, most studies related to MV content are based on “MYV pellets” obtained by differential
ultracentrifugation, which most of the time contain mixed populations (especially when extracted from
body fluids) [8]. It is then difficult to provide a digest of the MV content and even more to erect rigid
rules. Nevertheless, efforts have been made to collect datasets from many EV studies and put them
online (Vesiclepedia; EVpedia) [60,61] and to carefully characterize co-isolated mixed EV populations
from “traditional” isolation procedures to refine and determine new optimized protocols [8].

Microvesicles are limited by a lipid bilayer (Section 3.3) and can carry a diversity of proteins
(Section 3.1) and nucleic acids (Section 3.2). Although they are expected to exhibit a similar content
as the PM from which they derive, accumulated evidence highlights that the MV composition is the
outcome of a regulated sorting mechanism at the PM, leading to enrichment or despoliation of some
chosen components.

3.1. Protein Content

Proteins associated with MV biogenesis are generally found in these vesicles. For instance,
the MVs produced by the tumoral LOX cell line are positive for the small GTPase ARF6 known
to regulate their release [62]. Likewise, Rab GTPases suspected to play a role in MVs released by
neuroblastoma cells associate with these vesicles [63]. Regarding cytoskeleton proteins, actin has
been detected in neutrophil- [64] and RBC-derived MVs while spectrin, the structural basis of RBC
cytoskeleton, is lacking [65,66]. Proteins known to localize in lipids rafts appear also enriched in
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some MVs [39,66,67], but it is not a common rule (see Section 5.3). Some MVs, in particular those
released by ECs, neutrophils and tumor cells, are charged with proteolytic enzymes, allowing tissue
microenvironment remodeling which is essential for angiogenesis, tissue repair or cancer cell invasion.
For instance, matrix metalloproteinases are found in large oncosomes from prostate cancer tissues
and cells [68,69] and in MVs from human breast carcinoma cells, neutrophils [64] and ECs [70]. For a
complete review on metalloproteinases in EVs, see [71]. Adhesion molecules are also commonly found
in MVs as they can mediate direct stimulation of the recipient cells or initiate MV internalization. Thus,
different classes of integrins are associated with MVs from monocytes/macrophages, neutrophils,
platelets, endothelial progenitor cells and tumoral cells [39,72-76]. For example, P-selectin is
found in platelet-derived MVs [73] and the P-selectin glycoprotein ligand-1 (PSGL-1) is detected in
monocyte/macrophage-derived MVs able to fusion with platelets [39]. Finally, MVs could contribute
to the propagation of oncoproteins among the tumoral cells, as it was shown for the oncogenic form of
the epidermal growth factor receptor (EGFRVIII) present in aggressive human brain tumors [77].

3.2. Nucleic Acid Content

The study of RNA in EV samples represents a growing field of research thanks to technical
advances in the detection of scarce and complex RNA samples. Using high-throughput RNA
sequencing, various mRNAs and many types of non-coding RNAs have been found in EVs [78].
For instance, MVs from endothelial progenitor cells are loaded with mRNAs associated with
the PI3K/Akt signaling pathway, which triggers angiogenesis in ECs and promotes cell survival,
proliferation and organization in capillary-like structures [76]. Another example is the transfer
of mRNA for growth factors from tumoral-derived MVs to monocytes. This enhances monocyte
survival in vitro [79]. Non-coding RNAs might also be present in MVs [80]. For instance, miRNA has
been detected in embryonic stem cell MVs [81] and human adult liver stem cell-derived MVs [82].
The presence of far more types of non-coding RN As has been assessed in mixed EV populations or
non-defined EVs [78,80]. However, several investigations have pointed out that, when comparing
MVs with exosomes, the latter is the richest reservoir for almost all RN As [83,84]. Even if that does
not mean the RNA transfer through MVs is inefficient, it suggests that transcellular transfer of genetic
material is less important in MVs than in exosomes. To the best of our knowledge there is no indication
that DNA is present in MVs, but it was already found in apoptotic bodies, exosomes, “exosome-like”
vesicles (i.e., unknown origin) and mixed EV populations [85]. However, it is possible to artificially
load MVs with plasmid DNA with effective transfer to the recipient [86].

3.3. Lipid Content

Lipids are the basic structural constituents of EVs but are the least-studied components and
the least-appreciated topic in dedicated reviews. Although EVs have for a long time been mainly
distinguished based on their size, origin and protein content, protein-to-lipid ratio has recently been
proposed as an alternative criterion, at least until selective markers become available. For instance,
apoptotic bodies exhibit the highest protein-to-lipid ratio, followed by MVs and then by exosomes,
as revealed by a comprehensive analysis of EV preparations from various myeloid and lymphoid
cells lines as well as blood plasma [87]. As lipids present a density of approximately ~1 g cm ™~ and
proteins of >1.3 g cm ™, density gradients (see above Section 2) could therefore be used to separate
subpopulations of EVs with differential protein-to-lipid ratios [52].

Focusing on MV lipid content, only a few reliable data can be found in the literature,
with sometimes conflicting information (Table 1). Although ceramide (Cer) and sphingomyelin
(SM) are enriched in the MVs originating from some tumor cells (namely U87 glioblastoma and
Huh? hepatocellular carcinoma cells) and from human bone marrow-derived mesenchymal stem
cells [88], these two sphingolipids (SLs) are less enriched in MVs from platelets and not at all
in MVs isolated from plasma or RBCs upon storage. Regarding phospholipid (PLP) content,
while PS and phosphatidylethanolamine (PE) appear to be depleted from MVs, phosphatidylcholine
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(PC) seems to present a similar content as in the PM. No reliable information can be found on
cholesterol (chol) content, except in two studies showing no spectacular enrichment. To summarize,
some studies reveal that MVs exhibit a similar lipid composition as the PM, while others show
specific enrichment/depletion, leading to the suggestion that MVs can shed from specific PM locations.
Discrepancies between studies could be related to the cell origin and the pathophysiological context,
but also to the MV isolation, purification and characterization conditions.

Table 1. Lipid content in microvesicles and enrichment as compared to the originating cells.
Data are expressed as percent of total lipid quantified and as MV/ cell ratios (brackets), except when
specified. Percentages or ratios were calculated from raw data when furnished or estimated on
graphs. MS, mass spectrometry; TLC, thin layer chromatography; PM, plasma membrane; -,
not determined; SM, sphingomyelin; Cer, ceramide; PC, phosphatidylcholine; PS, phosphatidylserine;
PE, phosphatidylethanolamine; chol, cholesterol; PLPs, phospholipids.

e : % of Total Lipid Content (MV/Cell Ratio) Ref.
Cell Type/Body Fluid ~ LiPid ~ MVSize % :
Analysis (nm) SM Cer PC PS PE Chol/PLPs
X 15% 07% 25% 17% 9.6% .
U87 glioblastoma cells MS 50-600 @ 24) (09 (1) (0.9) - [88]
Huh7 hepatocellular 50-60 15% 03% 27% 74% 68% :
carcinoma cells MS 0 (3.6) (1.5 (1.3) (06) (0.7) - [88]
Bone marrow derived 86% 05% 25% 8% 37%
stem cells MS 50-600 16 (19) (12) (07) (05) g [88]
Placenta MS - 37% 1% 15% 17% 2% - [89]
Plasma EVs (ratio on 21% 59% 3.6% 94%
platelets) TLC 7 T (18 (03) (03) 7 (001
Stored RBCs (53 =+ 4 days) MS - (1) - (1) 7) (0.8) - [91]
33% 26% 10%  30%
Stored RBCs (3542 days MS 100-300 - - 92,
( ¥ ) DO i
. 26% 27% 25%
5 ~ - - 93
ATP-depleted RBCs Enzymatic 200 0.9 ©09) 08) 0.9) [93]
14% 07% 27% 17% 37%
Platelets MS - 3 13 (07 () N - [94]
Platelets (ratio on PM 25% 31% 14%  30%
platelets) e ) Ly @) 08 (1) (1.5) [95]

Remodeling of membrane asymmetry in MVs appears at first glance less debated. Accordingly,
PS exposure at the outer leaflet is the most widespread tool to identify EVs. However, it should be
noted that Annexin V, a specific tool for outer PM leaflet PS, seems not able to unveil the entire EV
population. For instance, by cryo-electron microscopy, Arraud et al. revealed that a large amount of
EVs from plasma does not expose PS [30]. Whether this population refers to exosomes remains to be
determined. Moreover, Annexin V appears to bind only 20% of unstimulated platelet-derived MVs and
its binding on activated platelets depends on the agonist used for platelet activation [96]. Furthermore,
severe disruption of protein-protein interactions associated with RBC morphology changes can induce
increased MV production without increased PS exposure [97]. Finally, MVs induced upon RBC
treatment with sphingomyelinase (SMase) are much more heterogeneous in PS exposure than those
generated by spontaneous vesiculation, suggesting distinct mechanisms for biogenesis [98]. Therefore,
one should be careful not to discard relevant MV population(s) when using Annexin V as a MV
marker. Hence, these observations could suggest that different MV types can be generated by the
same cell population depending on its activation state, suggesting distinct mechanisms of biogenesis
(see Sections 4 and 5).

Lipids present in MVs could also act as messengers (for a complete review [99]). For instance,
diacylglycerol and PLPs of MVs released from platelets, RBCs, ECs and thymocytes can be hydrolyzed
by phospholipases A; to release a polyunsaturated fatty acid that is necessary for eicosanoids
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(i.e., lipophilic hormones) production [100]. In vivo, phospholipases A; could trigger the incorporation
of the target MVs to the recipient cells with the help of the produced eicosanoids. For instance,
in rheumatoid arthritis, the concerted action of secreted phospholipase A, enriched in inflamed joint
fluid and platelet-type 12-lipoxygenase present in platelet-derived MVs produces an eicosanoid
(the 12(S)-hydroxyeicosatetranoic acid) which triggers the fusion of MVs with the neutrophil
membrane [101].

4. Microvesicle Biogenesis and Shedding—General Mechanisms

In this section, we describe in detail the mechanisms involved in RBC microvesiculation. We then
provide some clues on nucleated cells.

4.1. Red Blood Cells

4.1.1. Main Determinants of Red Blood Cell Integrity Maintenance

Through its life span, alterations of one or several factors that regulate RBC deformability will
rapidly affect the RBC integrity and therefore initiate MV shedding from the membrane. Four major
factors regulating the RBC deformability have been described: (i) the cytoskeleton structural properties
and its vertical interactions with the membrane; (ii) the cytoplasmic viscosity; (iii) ion balance and
subsequent volume regulation; and (iv) metabolic processes controlling ATP levels and redox state.

First, the RBC cytoskeleton strengthens the lipid bilayer and endows the membrane with durability
and flexibility to survive in the circulation [102]. It is made of a pseudohexagonal meshwork of
spectrins linked to the membrane by two multiprotein anchorage complexes: the ankyrin and the 4.1R
complexes (Figure 3a). Ankyrin links the spectrin tetramers to the membrane through association with
the membrane channel Band3. This complex is completed by association with the “marker of self”
CD47, among others. 4.1R forms the second anchorage complex with actin and Band3, inter alia (for a
complete review see [102]). The modulation of the interactions between cytoskeleton and membrane is
tightly regulated by protein phosphorylation [103-105], association with PLPs [106,107] and Ca2* [108],
among others.
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Figure 3. Schematic representation of lipid and protein composition of red blood cell-derived
microvesicles. (a) RBC plasma membrane. (b—f) RBC-derived microvesicles in (b,c) physiological
processes (senescence invivo and storage at 4 °C), (d) pharmacological Ca?* boost, and (e,f)
pathological situations (hemoglobinopathies and membrane fragility diseases).
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Second, RBC cytoplasmic viscosity, determined by hemoglobin concentration (comprised between
32 and 36 g/dL [109]) and state (i.e., polymerization, crystallization, degradation and oxidation [110]),
is finely regulated.

Third, RBC ion balance and subsequent volume control is regulated by ion channels, symporters,
antiporters and pumps. Among ion channels, one can cite Piezol, a mechanosensitive non-selective
cation channel recently identified as the link between mechanical forces, Ca* influx and RBC volume
homeostasis. The Ca?*-activated K* channel (named Gardos), the CI~ /HCO; ™ antiporter Band3
and the plasma membrane Ca?* ATPase pump (PMCA) are also essential for the RBC homeostasis.
For additional information regarding the regulation of RBC hydration and volume, please refer
to [110,111].

Fourth, deformability of RBCs is affected by metabolic processes controlling ATP content and
redox state. Intracellular ATP represents an energy source needed for (i) ion pumps like Na* /K*- and
Ca?*-ATPases, ATP-dependent glucose transporters, flippases and floppases; (ii) modulation of the
compliance of the membrane with the cytoskeleton; and (iii) de novo synthesis of glutathione that is
essential for the antioxidant system [104,112-114]. The extensive antioxidant system in RBC is designed
to neutralize the harmful ROS generated through the constant exposure to variable oxygen pressures.
Indeed, the major source of RBC oxidative stress is hemoglobin redox reactions. The reactive free
radical species generated by hemoglobin reactions and the interactions of hemoglobin with membrane
and cytoskeleton proteins both induce oxidative stresses and are involved in RBC aging. In addition,
exogenous oxidants enter the RBC and react with hemoglobin [115]. The main antioxidant protein is
the glutathione which presents two forms: the reduced GSH and oxidized GSSG. GSH scavenges ROS
and reacts with another glutathione to form the inoffensive GSSG. The GSH pool is then restored by
the action of the glutathione reductase and the reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH) [19].

4.1.2. Microvesicles upon Red Blood Cell Senescence, Blood Storage and Intracellular Calcium Boost

In plasma, RBC-derived MVs are a homogeneous population of ~150 nm in diameter [116].
Regarding composition, RBC-derived MVs from the plasma of healthy individuals (i) exhibit a very
high content of Band3 and actin, contrasting with a lack of spectrin and ankyrin, (ii) are enriched in
enzymes involved in redox homeostasis and in irreversibly modified hemoglobin, (iii) present PS at
their outer lipid leaflet, and (iv) contain the glycosylphosphatidylinositol (GPI)-anchored proteins
CD55 and CD59 (Figure 3b; reviewed in [21]).

During blood storage, remodeling of the RBC membrane is associated with the oxidative
cross-linking and subsequent loss of Band3, lipid raft rearrangement and loss, as well as caspases
activation [117]. Accordingly, RBC storage-derived MVs (i) accumulate oxidized and clustered
Band3 and actin but lack spectrin, (ii) contain aggregated hemoglobin, (iii) expose PS at the surface,
and (iv) contain the GPI-anchored proteins acetylcholinesterase and CD55 as well as stomatin and
flotillins [65,66].

As the features of MVs stored in vitro are reminiscent of those of aging-released MVs, one can
suggest a similar if not identical mechanism of shedding, even though some aspects of RBC aging
in vivo may be more pronounced in blood bank RBC concentrates [118]. However, the loss of
Band3 and several raft proteins from the RBC membrane upon storage seems to occur with distinct
kinetics [117], suggesting several distinct vesiculation processes during storage. In agreement with this
hypothesis, RBC-derived MVs upon storage present size and total protein content that increase
over time. Moreover, the oxidation index of the MVs is very high before 3 weeks of storage,
then abruptly decreases. Finally, while the vesicles contain apoptosis-related signaling molecules after
day 10 of storage, the presence of CD47 is only visible from day 17 [65]. Our unpublished data also
suggest multiple vesiculation processes during RBC storage.

Two non-mutually exclusive mechanisms have been proposed in the literature to explain MV
release from RBCs:
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e Band3 Model

Accumulation of Band3 and actin, which contrasts with the absence of spectrin in MVs generated
upon RBC aging and blood storage, supports the hypothesis that partial membrane:cytoskeleton
uncoupling, due to the breakage of ankyrin:Band3 binding, could contribute to the vesiculation
process [21]. Accordingly, a simulation study highlighted that a significant reduction of the local
anchorage density is required for vesiculation [119]. Furthermore, it has been shown that cytoskeleton
stiffness and density both increase upon RBC senescence, leading to larger compressive forces on the
cell membrane. These cytoskeleton modifications have been hypothesized to result from the vesicle
detachment from the membrane and the subsequent increased membrane curvature [120-122].

However, cytoskeleton instability is probably not the primary event leading to vesiculation.
Indeed, MV enrichment in enzymes involved in redox homeostasis and in irreversibly modified
hemoglobin suggests that oxidative damage also contribute to the vesiculation process. Bosman et al.
even suggested that this constitutes the primary trigger for vesiculation [21]. The increase in
oxidative stress during RBC senescence results from a decrease in the anti-oxidative defense due to a
lower activity of superoxide dismutase, catalase, glucose-6-phosphate dehydrogenase and aspartate
aminotransferase. These latter two enzymes are involved in the formation of anti-oxidant glutathione
(GSH) and NADPH molecules [123-125]. Oxidative stress appears to lead to the clustering of Band3
thanks to two mechanisms (Figure 4a). First, ROS activate Src tyrosine kinases, which in turn induce
phosphorylation of Band3. Accordingly, hyper-phosphorylation of Band3 has been evidenced upon
RBC aging and storage [126]. This phosphorylation in turn induces Band3 detachment from membrane
skeleton, most probably by disruption from ankyrin, increasing its mobility and its clustering [126].
Second, ROS induce oxidation of hemoglobin into hemichromes, which are unable to bind O,.
The hemichromes interact with the Band3 cytoplasmic tail, also favoring its aggregation and its
detachment from the cytoskeleton. The key role of hemoglobin in Band3 clustering is supported by
two recent observations: (i) in the early phase of RBC storage, a significant amount of hemoglobin is
associated with the lipid bilayer in MVs [127]; (ii) accumulation of oxidized hemoglobin during storage
occurs together with its enrichment into MVs [128]. It should be noted that membrane peroxidation
also seems to be required for Band3 clustering and termination of the RBC life [129]. Once Band3 is
aggregated, it will both (i) promote the binding of autologous immunoglobulin G and initiates the
removal of senescent RBCs from the bloodstream [19,130], and (ii) initiate the membrane budding and
the subsequent MV release. This vesicle release is most probably due to the membrane:cytoskeleton
anchorage destabilization. This involvement of oxidative stresses in vesicle release is supported by the
fact that a treatment with antioxidants decreases the formation of MVs from RBCs [131].
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Figure 4. Models described in the literature for the biogenesis and shedding of red blood cell-derived
microvesicles. Hb: haemoglobin; P: phosphorylation; a-SMase: acid sphingomyelinase.

e (Calcium Accumulation Model

An alternative model to Band3 aggregation relies on the increase of intracellular Ca?*
concentration. This increase is observed during RBC physiological senescence [132], which could
partly result from the decreased efficiency of Ca®* extrusion due to the accumulation of oxidative
stresses. This increase is also seen in eryptosis (i.e., apoptosis of anucleated cells) which is triggered by
a variety of stimuli including hyperosmolarity, oxidative stress and exposure to xenobiotics [133].

To induce Ca?* accumulation inside the RBCs, Ca?* ionophores like A23187 are often used.
The sudden increase in Ca?" is known to trigger biochemical and morphological changes that
finally result into the release of vesicles. Vesicles collected under this treatment (i) are free of
cytoskeleton components, (ii) contain hemoglobin, and (iii) are enriched in GPI-anchored proteins
(e.g., acetylcholinesterase and CD55) and raft lipids (Figure 3d). Two types of vesicles differing in size
have been described: on one hand MVs with a diameter of ~150 nm and on the other hand nanovesicles
(NVs) with a diameter of ~60 nm [67,134,135]. These two types of vesicles can be further distinguished
based on biochemical contents. For instance, synexin and sorcin are the most abundant proteins after
hemoglobin in NVs, while stomatin is highly enriched in MVs [67]. Two populations of Ca?*-induced
vesicles differing in size (~200 vs. ~120 nm in diameter) have further been confirmed by another
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group [136]. The correspondence between the NVs described in [67] with the smallest MV population
observed in [136] remains to be determined. Anyway, all these data suggest that different types of
vesicles exist [136], which is an additional argument in favor of their formation and shedding from PM
specific regions (see Section 5).

Mechanistically, budding and release of MVs under Ca?* increase correlate with the production
of diacylglycerol on the inner leaflet and its flop to the outer one [137]. Moreover, altered CaZ*
levels induce the recruitment and activation of Ca**-dependent enzymes such as scramblases with
subsequent PS externalization, which appears to be one of the main features of MVs, even if PS-negative
MVs have been reported [138]. Last but not least, increased Ca?* level activates proteolytic enzymes
such as calpains which disrupt the membrane:cytoskeleton connection, favoring vesiculation [67,139]
(Figure 4b).

Since Ca?* ionophore-induced MVs and those generated upon senescence and storage differ in
protein composition, Bosman et al. suggested that alteration in intracellular Ca?* concentration is
not the primary factor in RBC MV generation in vivo nor in the blood banks [21]. We propose the
alternative hypothesis that different types of MVs are produced by the same cell, either simultaneously
or sequentially, generating MVs with differential lipid and protein compositions. In favor of this
hypothesis, Le Van Kim et al. postulated that, only from day 35 of storage, RBCs become very old and
exhibit a clustered form of Band3 and membrane microvesiculation [126], which could suggest that
another process is responsible for MV release before day 35.

4.1.3. Microvesicles in Red Blood Cell Hemoglobinopathies

The concentration of RBC-derived MVs is increased in the blood of patients with
hemoglobinopathies like thalassemia or sickle cell disease [140]. In «- and -thalassemia, one of
the globin chains is mutated leading to an insufficient quantity of hemoglobin heterotetramers and to
the formation of hemoglobin precipitates within the erythroid precursors [141]. Blood MVs of those
patients contain high concentrations of oxidized denatured globin chains, as well as catalase and
peroxiredoxin-2, two enzymes involved in the control of the redox status (Figure 3e). Mechanistically,
hemichromes (i.e., oxidized hemoglobin) bind to Band3, inducing the formation of Band3 dimers that
are subsequently phosphorylated by tyrosine kinases. According to the Band3 vesiculation model
(see Section 4.1.2), this phosphorylation leads to the weakening of the binding between the membrane
and the cytoskeleton, as well as the clustering of Band3, finally leading to the membrane instability
and the release of M Vs [142].

Sickle cell disease is associated with the formation of hemoglobin S (HbS) polymers of
deoxygenated hemoglobin. Sickle RBCs were the first pathologic cells described as a source of
MVs [140]. Oxidative stress is nowadays recognized as a key component of the chronic inflammatory
state associated with sickle cell disease. Reactive oxygen species-mediated damage to sickle RBC
membrane proteins and lipids contribute to their rigidity and fragility [143]. It leads to membrane
destabilization, poor deformability, changes of the hydration status, increase in intracellular Ca?
and tyrosine phosphorylation of Band3 [110]. One of the consequence is the production of MVs
which (i) contain Band3, glycophorin A and protein 4.1 but lack spectrin, (ii) exhibit increased
CaZ* level, (iii) contain, but are not enriched in, SM, PC, PS, PE nor in chol, (iv) present a similar
acetylcholinesterase activity as in the parental cell membrane, and (vi) contain heme [140,144]. Thus,
in haemoglobinopathies, oxidative damage inducing Band3 clustering appears as the initial key step
in the microvesiculation process.

4.1.4. Microvesicles in Red Blood Cell Membrane Fragility Diseases

Besides haemoglobinopathies, some membrane fragility diseases like hereditary spherocytosis are
associated with an increased vesicle release. This disease is caused by defects in proteins of the ankyrin
complexes that vertically connect the membrane to the cytoskeleton [145]. When these interactions
are compromised, membrane:cytoskeleton cohesion is lost, leading to membrane destabilization,
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decrease of the RBC surface area-to-volume ratio with the formation of spherocytes that are trapped
and destroyed in the spleen, resulting into hemolysis [146]. Elliptocytosis is another RBC membrane
fragility disease that is linked to disruptions of horizontal cytoskeleton interactions, resulting into
an alteration of the spectrin tetramer self-association. The RBCs are characterized by an elliptical
or elongated shape and by a decreased deformability [147]. Shear-stress induced vesiculation could
contribute to membrane loss in this disease but this is not supported by sound evidence.

A recent simulation study nevertheless revealed that (i) vesicles released from spherocytotic
and elliptocytotic RBC membranes are more diverse in size than those released from healthy RBCs,
and (ii) vesicles released from the elliptocytotic, but not from the spherocytotic, membrane may
contain fragments of the cytoskeleton [148] (Figure 3f). However, to the best of our knowledge,
no comprehensive analysis of the MV content from the blood of these patients is available in
the literature. Even less information is available regarding their biogenesis and shedding from
the PM. Several hypotheses have nevertheless been proposed to provide a link between cytoskeleton
alteration and vesiculation in spherocytosis. First, since proteins of the ankyrin complex are needed
for the vertical anchorage of the membrane to the cytoskeleton, their simple loss could result in
reduced mechanical strength and the subsequent vesiculation. Second, secondary loss of cytoskeleton
components may create an area of weakness in the membrane. Third, loss of Band3, the most abundant
integral membrane protein of the RBC surface, could affect RBC membrane integrity [149]. However,
the vesiculation process might differ depending on the underlying molecular defect (i.e., ankyrin,
spectrin or Band3 mutation) and thus lead to MVs with different compositions [150]. Accordingly,
Band3 has been found in MVs from spherocytotic RBCs with a defect in ankyrin or spectrin, but not
from spherocytotic RBCs with a mutation in Band3 [150,151]. A comprehensive study on vesicle
composition and shedding mechanisms in spherocytosis and elliptocytosis is therefore required.

4.2. Nucleated Cells

Most of the knowledge regarding the mechanism of MV biogenesis in nucleated cells comes
from studies on cancerous cells [152,153]. Following cell stimulation, the shedding mechanism seems
to start with the influx of Ca?*, resulting in the activation of Ca?*-dependent proteases, such as
calpains. This in turn disrupts the membrane cytoskeleton with formation of membrane protrusions.
At the same time, the Ca?*-dependent scramblase is activated, leading to PS exposition to the external
leaflet [154,155].

To start outward-budding vesiculation at the PM, membrane curvature is required and can be
induced by several mechanisms (reviewed in [156]), including changes in lipid composition and
asymmetry (see Section 5) and clustering of integral membrane proteins with an inherent curvature.
However, little is known about the involvement of these processes in membrane vesiculation and
only assumptions can be made. For example, while tetraspanins (integral membrane proteins
known to gather together to form PM microdomains [157]) are often proposed as exosomal markers,
specialized tetraspanins can also induce PM curvature [158], and their presence in shedding vesicles
has been reported [83]. The establishment of a membrane bud could then participate in the sorting
of proteins into the shedding MVs. Assisting proteins could also actively help sorting other proteins
into MVs. For example, some matrix metalloproteases are delivered to nascent MVs through
the association of vesicle-associated membrane protein 3 (VAMP3) with tetraspanin CD9 [159].
Other studies suggest that proteins can be sorted through the endosomal recycling pathway regulated
by the GTPase ARF6. This idea arises from the observation that MHC class I, 1-integrin and VAMP3
are contained within MVs and known to be trafficked via ARF6 pathway [16,160].

The mechanisms underlying MV production involve multiple partners, depending on cell type
and stimulation. However, Ras superfamily GTPases are postulated to be major mediators of MV
formation. Indeed, activated RhoA promotes actin-myosin contraction that is required for MV
formation through the downstream signaling of ROCK (Rho-associated coiled-coil containing kinases)
and ERK (extracellular signal-regulated kinases) [161]. In cancerous cells in hypoxic conditions,
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the small GTPase RAB22A colocalizes with budding MVs. Moreover, MV release under hypoxic
conditions is completely abrogated upon RAB22A knockdown while it is modestly preserved under
non-hypoxic conditions, suggesting that alternative mechanisms exist depending on the hypoxia state
of the cell [162]. Muralidharan-Chari et al. showed that ARF6 is responsible for the regulation
of MV release in tumor cells. Indeed, once ARF6 is activated, it promotes the recruitment of
ERK to the PM. ERK then phosphorylates myosin light-chain kinase which in turn phosphorylates
myosin light-chain. This allows the contraction of actomyosin at the necks of MVs and thus MV
release [62]. Another pathway implies the endosomal sorting complexes required for transport
(ESCRT). This complex was initially thought to only play critical role into exosome biogenesis from the
endosomal membrane, but it was later described that some proteins from the ESCRT (named TSG101
and VPS4 ATPase) can be relocated from the endosomal membrane to the PM where they mediate the
release of MVs [11]. Accordingly, Booth et al. visualized the budding of domains enriched in proteins
from the ESCRT at the lymphocyte PM [9].

5. Microvesicle Biogenesis and Shedding—Role of Plasma Membrane Composition and
Biophysical Properties

As highlighted above, data available for RBC microvesiculation upon aging in vivo and in vitro
and upon Ca?* intracellular boost are rapidly increasing. Accordingly, two models for MV shedding
have been proposed (Figure 4a,b). On the other hand, it is not known whether there are different types
of EVs that are simultaneously or sequentially released by cells and that could have different roles.
Last but not least, the above models do not include the contribution of PM lipids in the vesiculation
process. For instance, it is not known whether the budding of MVs could occur from specific regions
of the PM and if some specific lipid domains could represent the starting point of the vesiculation
process. Although only limited data are available in this respect, most of them appear to converge to
the idea that (modulation of) PM lipid content (Section 5.1), transversal asymmetry (Section 5.2) and
lateral heterogeneity (Section 5.3) may play a significant role in the vesiculation process.

5.1. Plasma Membrane Lipid Composition

As highlighted in Section 3.3, MVs and the PM from which they derive can differ in terms of
lipid composition, suggesting a selective sorting into MVs. In this section, we summarize current
knowledge of the role of specific SLs and chol in the formation and release of MVs. Comparison to
exosome formation is sometimes provided. However, for extended information regarding the role of
SLs and chol in the biogenesis of exosomes, please refer to [163,164], respectively.

5.1.1. Sphingolipids and Sphingomyelinases

SLs exhibit both structural and signaling roles. Among SLs, Cer not only serve of structural roles
in biomembranes through its conical shape (see below), but also have a variety of effects on signal
transduction and the regulation of cell function, particularly the potentiation of signaling pathway
leading to cell death. On the other hand, sphingosine 1-phosphate is an important signaling lipid,
controlling cell growth, adhesion, migration, survival and inflammatory response, highlighting the
importance to maintain an adequate Cer/sphingosine 1-phosphate balance [165]. Among other ways,
Cer can be generated upon hydrolysis of SM through the action of SMases. Neutral SMases (n-SMases)
are found in the Golgi and the endoplasmic reticulum or in the Golgi and the nucleus but also at the
PM [166]. Although n-SMases have been shown to facilitate exosome biogenesis (reviewed in [163]),
their role in MV biogenesis has been less explored. One recent study shows that n-SMase inhibition
increases the basal release of MVs from epithelial cells while decreasing secretion of exosomes,
suggesting that n-SMase differentially controls the release of exosomes and MVs in these cells [167].
This contrasts with the observation by Bianco et al. that n-SMase activity is not required for MV
shedding from the cell surface of primary microglia under stimulation with ATP, a very efficient
way to promote EV release [168]. Besides n-SMase, acid SMase (a-SMase) is able to generate Cer in
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lysosomes, but also at other subcellular places. Indeed, an acidic environment also exists outside of
lysosomes and the membrane lipid composition could alter the Km of the enzyme, thus allowing
a-SMase activity at higher pH [169]. Thus, after certain stimuli, a-SMase can reach the outer PM
leaflet by fusion of secretory lysosomes with the PM [170]. Moreover, the enzyme can also be secreted
by myeloid cells and the vascular endothelium. The molecular mechanisms behind regulation of
a-SMase are only partially characterized (for a review, see [169]). The role of a-SMase in MV shedding
has been evidenced in a large diversity of cells under stress membrane conditions (e.g., sickle cell
disease, RBCs upon storage) or danger signals (e.g., ATP). For instance, RBC membrane alteration in
sickle cell disease enhances SMase activation, resulting in strong increase of production and storage of
sphingosine and sphingosine 1-phosphate as well as MV generation. Treatment with amitryptiline,
a functional inhibitor of a-SMase, reduces MV generation both in vitro and in vivo. As suggested by
the authors, this mechanism could be applicable to other RBC disorders [171]. Acid sphingomyelinase
is also implicated in the biogenesis of MVs from RBCs during storage [172] (Figure 4c). Moreover,
Bianco et al. have demonstrated that ATP-induced MV shedding by glial cells upon ATP activation
of the P, X7 receptor is associated with the rapid activation and PM translocation of a-SMase [168].
The contribution of a-SMase in MV shedding has been recently confirmed in macrophages upon ATP
stimulation [173].

Although the above examples support a role for SMase in MV shedding, the link between Cer
production and membrane blebbing is still unclear. Alterations of the PM biophysical properties
due to Cer generation could partly provide this link, based on the following features. First, Cer has
a cone-shaped structure that can give a spontaneous curvature to the membrane. This property,
combined with the fact that Cer synthesized in the external leaflet may be redistributed to the
inner one, could lead to membrane evagination [163,174]. Second, hydrolysis of SM, which has
a high affinity for chol in membranes, results in increased chol efflux from the PM to intracellular
membrane [175] and increased fluidity. Third, several studies report the capacity of Cer to form
domains. For instance, real time fluorescence imaging on lipid monolayers treated with SMase has
revealed Cer-enriched domains with shape and long-range organization controlled by line tension
and dipolar electrostatic repulsion [176]. Hence, hydrophobic Cer molecules separate from other
lipids in membranes and self-associate into small Cer-enriched domains which have the tendency to
spontaneously fuse into large Cer-enriched platforms easily detectable by fluorescence microscopy
(reviewed in [169]). Moreover, although chol- and Cer-enriched domains are dissociated, they are
largely interplayed [177] and Cer competes with chol for the formation of domains with SM [178].
Finally, substantial amount of n-SMase PM activity in human skin fibroblasts has been shown to reside
at the cytosolic leaflet of SM /Cer-enriched caveolae, suggesting that metabolism of these lipids might
occur locally ([166]; see also below).

Besides Cer and sphingosine 1-phosphate, psychosine (also called galactosylsphingosine) has been
shown to play a role in MV shedding. This inverted cone-shaped SL progressively accumulates in brain
membrane of Krabbe disease (a genetic leukodystrophy due to mutations in the galactosylceramidase
gene) and causes demyelination by the killing of oligodendrocytes. Using Twitcher mouse as
a model for Krabbe disease, the group of Bongarzone showed ten years ago that psychosine
specifically accumulates in lipid rafts. This accumulation occurs together with an increase in chol
in these domains, as well as changes in the distribution of the raft markers flotillin-2 and caveolin-1.
Altogether, these alterations lead to the deregulation of raft-associated signaling [179]. More recently,
the group established a link between raft disruption, membrane microvesiculation and demyelination.
For instance, using RBCs and oligodendrocytes, they showed that psychosine disrupts SM-enriched
domains and increases the rigidity of local PM areas while promoting the shedding of MVs. Areas of
higher rigidity have been confirmed in Twitcher myelin and correlate with higher contents in
psychosine and myelin microvesiculation [180] (see also Section 5.3.5).
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5.1.2. Cholesterol

As highlighted in Section 3.3, reliable information regarding chol enrichment in MVs as compared
to the PM is still lacking. In the same way, only a few studies have been dedicated to the importance
of chol to MV biogenesis and shedding, a role that has been proposed for exosome release (reviewed
in [164]). Using flow cytometry and EVs stained with anti-chol antibody, Osteikoetxea et al. have
shown stronger staining for exosomes than MVs whereas the two populations are enriched in
GML1 [87]. Moreover, living keratinocytes labeled by the liquid-disordered (L4) marker DilC18 and
the liquid-ordered (L,) GM1 marker cholera toxin B subunit reveal submicrometric lipid domain
separation together with spontaneous vesiculation of the Ly domains and cortical cytoskeleton
detachment from the membrane, phenomena enhanced by chol depletion by methyl-f-cyclodextrin
(mBCD) [181]. In contrast, depletion of chol from the PM of THP-1 monocytes leads to impaired
membrane shedding and reduction of MV abundance [39] while loading of the same cells with chol
stimulates MV release [182]. Besides the possibility that high mpBCD concentration could affect PM
integrity and extract other molecules than chol, one hypothesis to reconcile these observations is the
differential chol PM level and PM:cytoskeleton anchorage strength which could strongly vary from
one cell to another [183].

Chol could contribute to the microvesiculation process through its ability to modulate PM
lipid order and/or via its capacity to cluster into lipid domains. We indeed specifically found that
chol-enriched domains are lost by vesiculation upon RBC storage at 4°C, suggesting they could
represent sites for vesiculation upon aging. While additional work is needed to demonstrate the
contribution of chol in the MV process, our data are supported by theoretical work [184] and biophysical
experiments on model membranes [185,186] that have proposed the line tension associated with the
domain boundary as driving force for specific lipid domain vesiculation.

5.2. Plasma Membrane Transversal Asymmetry

Cell membranes exhibit transbilayer asymmetry, first hypothesized in the 70’s by Bretscher [187].
This asymmetry contributes to PM complexity and diversity by the differential repartition between the
two leaflets of lipid molecular shapes, lipid order as well as lipid charge and dipole, thereby leading to
optimal physiological output. SM, glycosphingolipids (GSLs) and PC are preferentially found in the
outer PM leaflet of mammalian cells whereas PE, PS and phosphatidylinositol-4,5-biphosphate (PIP;)
are mostly located in the inner leaflet.

Lipid asymmetry participates in several cellular functions involving the formation of high
local membrane curvature. For example, inner PIP; contributes to phagocytosis [188]. Moreover,
translocation to the outer leaflet of PLPs normally restricted to the inner one (e.g., PE and PS) has been
proposed to play a role in a large variety of cell events. First, it participates in hemostasis by regulation
of thrombin production [189,190] (see Section 1). Second, appearance of PS and PE at the cell surface
often accompanies RBC microvesiculation during storage, resulting into RBC removal [191]. However,
as explained at Section 3.3, this is not always the case. Third, PS surface exposure contributes to the
clearance of apoptotic cell bodies [192], viewed as a cellular response contributing to the shedding of
intracellular Ca* excess allowing the cell to recover after stress and apoptotic triggers [193]. In parallel
to PS externalization, SM flips to the inner leaflet, where it is hydrolyzed to Cer by an intracellular
n-SMase. SM hydrolysis disturbs its tight interaction with chol, resulting in chol redistribution from
the PM towards the cell interior. Reduced SM and chol contents in turn alter PM biophysical properties,
allowing for membrane blebbing and vesicle shedding [194].

5.3. Plasma Membrane Lateral Heterogeneity

5.3.1. General Features

Although membrane transversal asymmetry is well accepted, lateral distribution within the
same leaflet in lipid domains has been subjected for a long time to intense debates. Limited
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availability of reliable fluorescent probes, poor lipid fixation, imaging artifacts due to membrane
protrusions/projections and utilization of highly disruptive methods of isolation have been often
denounced. Moreover, lipid domains have sometimes been reported under non-physiological
conditions, potentially explaining the discrepancies between the results obtained by different research
groups (reviewed in [183]). Nevertheless, membrane lateral heterogeneity has been shown at different
scales, times, compositions and regulations, resulting in a wide diversity of domains in cell membranes.
The concept of lipid rafts, introduced in the 90's by Simons et al. is used to describe unstable
(seconds) nanoscale assemblies (<100 nm) enriched in SLs, chol and GPI-anchored proteins [195,196].
Besides rafts, various types of membrane domains are characterized by their enrichment in specific
proteins, such as caveolae [197] and tetraspanin-enriched domains [157]. Rafts can sometimes be
stabilized to form larger platforms through protein:protein and protein:lipid interactions [198]. In the
past decades, owing to the development of new probes and imaging methods, morphological evidence
for stable (min vs. sec for rafts) submicrometric domains (>200 nm in diameter vs. <100 nm for rafts)
has been reported in artificial models [199-201], highly specialized biological membranes [200,202]
and a variety of cells from prokaryotes to yeast and mammalian cells [203-209]. A substantial,
albeit non-exhaustive, list of examples is presented in [183] and [210]. Finally, lipid domains could
be not stably present but transiently generated by the hydrolysis of specific lipids. An example is the
SM degradation by SMase that can form Cer-rich domains with diameters of ~200 nm up to several
micrometers [211,212] (see also Section 5.1.1).

It is generally admitted that lipid domains present a different lipid order from the surrounding
membrane. This was first suggested in the 90’s by the lipid raft hypothesis, which proposed that
sterols and SLs, due to their favorable interactions, can self-aggregate into domains of higher lipid
order as compared to the surrounding lipids (bulk membrane). Later, evidence was provided in
membrane models. First, sterol-containing biomimetic model membranes, including planar supported
lipid layers and giant unilamellar vesicles (GUVs), exhibit the coexistence of two liquid phases, the L,
phase enriched in chol and SLs and the Ly phase enriched in unsaturated lipids [213,214]. Second,
giant PM vesicles (GPMVs) derived from living cells [199] reveal that L, and Ly phases in natural PM
can assume a wide range of lipid order states [215]. Finally, regions of different lipid order than the
bulk have been shown at the surface of several cells including RBCs, platelets and monocytes [216-220]
(see below).

Using a combination of mechanical modeling and GUV experiments, Phillips et al. showed that
lipid domains can adopt a flat or dimpled morphology, depending on domain spontaneous curvature,
boundary line tension and size [221]. Hence, several studies support the possibility that molecule
inclusion/exclusion in lipid domains of differential lipid order could provide a way for their sorting
into MVs. First, Lq phases tend to spontaneously reside in curved membrane regions of GUVs whereas
L, phases are preferentially localized in flat regions [185]. Second, modification of the outer PM leaflet
by a chol/SM-binding protein (Ostreolysin A) promotes formation of MVs from Madin-Darby canine
kidney (MDCK) cells. These MV exhibit a significant enrichment in lysophosphatidylcholine and
chol and could result from the Ostreolysin-binding to chol/SM membrane domains, suggesting that
Ostreolysin-induced vesiculation is accompanied by specific lipid sorting into membrane patches that
bud from the PM to create vesicles and tubules [222]. Third, submicrometric lipid domain separation
together with spontaneous vesiculation of the Ly domains has been provided in living keratinocytes
labeled by the Ly marker DiIC18 and the L, GM1 marker cholera toxin B subunit. Such vesiculation is
increased by chol depletion, which further enhances L, /L4 domain separation and detachment of the
cortical cytoskeleton from the membrane [181]. Finally, evidence for lipid domains and their possible
role in membrane vesiculation are provided here below for RBCs (Section 5.3.2), platelets (Section 5.3.3),
immune cells (Section 5.3.4), nervous cells (Section 5.3.5) and tumor cells (Section 5.3.6). In all these
sections, we started by summarizing the state of the art regarding evidence for lipid domains and
thereafter provided some clues for their possible involvement in membrane vesiculation.
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5.3.2. Red Blood Cells

Stable lipid domains at the RBC surface have been evidenced and characterized by our group.
They were first revealed by vital fluorescence and/or confocal imaging thanks to the trace insertion
at the external PM leaflet of fluorescent analogs of SM, PC, GM1 and Cer (Figure 5a) [204,207,223].
They were later confirmed using fluorescent toxin derivatives specific to endogenous SM [203] and
chol (illustrated at Figure 5a for chol) [206], validating a posteriori the use of fluorescent SM analogs to
study the behavior of endogenous SM. Those domains are differentially dependent on the chol content,
the membrane:cytoskeleton anchorage and the membrane tension. They also differentially associate
to high and low RBC membrane curvature areas and exhibit a different response to RBC mechanical
stimulation [224]. Altogether, our data suggest the coexistence at the RBC surface of at least three types
of domains (i) those mostly enriched in chol, which gather in high-curvature membranes during the
RBC deformation, (ii) those mostly enriched in GM1 which might be associated with the Ca?* entry
regulation during deformation, and (iii) those mostly enriched in SM and chol, which might regulate the
Ca?* efflux during the shape restoration after deformation [183,203,206,210,220,224,225]. Using other
probes (e.g., cholera toxin B subunit conjugates, antibodies or treatment with PIcHR2, a phospholipase
C/SMase from Pseudomonas aeruginosa) and techniques (e.g., SDS-digested freeze-fracture replica
labeling), other groups have evidenced stable domains enriched in GM1 [226], GM3 [227] or Cer [228].

[) RBCs

2pum

Figure 5. Visualization of plasma membrane lipid domains. (a) RBCs labeled for chol with
Theta-D4-mCherry or with boron-dipyrromethene-sphingomyelin (BODIPY-SM), -GM1 (BODIPY-GM1)
or —ceramide (BODIPY-Cer) and analyzed by fluorescence or confocal microscopy. (b) Platelets labeled
with DilC18 and analyzed by fluorescence microscopy. (c) Macrophage labeled with Laurdan and
vizualized by two-photon microscopy. (d) Jurkat cell labeled for GM3 and GM1 using anti-GM3 serum
and cholera toxin B subunit, respectively, and visualized by confocal imaging. (¢) Human neutrophil
stained for phosphatidylglucoside (PtdGlc) and lactosylceramide (LacCer) and examined by stimulated
emission depletion microscopy (STED). (f) HeLa cell labeled for chol with Theta-D4-DRONPA and
processed by photoactivated localization microscopy (PALM). Adapted from (a) [225]; (b) [229];
(c) [230]; (d) [231]; (e) [232]; (£) [233].

Besides those domains, detergent-resistant membranes (DRMs) enriched in stomatin, flotillins,
Glut-1, aquaporin-1 and Band3 have been evidenced [234,235]. Those raft-like domains have been
linked to the Plasmodium falciparum infection [236] and to vesicle release upon Ca?* influx [66,67].

Additional lines of evidence for the existence of lipid domains at the RBC surface are based on
multiphoton microscopy of Laurdan-labeled RBCs and AFM imaging of unlabeled RBCs. Domains of
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various sizes and lipid order have been shown [104,205,220,237,238], suggesting that a large variety of
lipid domains might exist at the RBC membrane.

Lutz et al. already provided in 1976 the first indirect clue that RBCs could vesiculate from specific
areas of the PM. In fact, they observed that vesicles from sheep RBCs stored at 4°C exhibit the same
PLPs as the ghost membrane but a 2-fold increase of lipid-to-protein ratio and an enrichment in
glycoproteins, suggesting that those proteins are mobile and can cluster in specific membrane areas,
leading to vesiculation [239]. From that time, several observations have supported the potential
involvement of lipid domains in RBC membrane vesiculation.

First, DRMs can be prepared from MVs [240] and the MVs present raft-associated lipids
and proteins. Indeed, MVs released upon Ca?* increase contain GPl-anchored proteins [241]
and stomatin [65-67]. Interestingly, RBCs from patients suffering from paroxysmal nocturnal
hemoglobinuria do not present GPl-anchored proteins and exhibit a disturbed vesiculation
capacity [242]. Moreover, in patients with stomatocytosis associated with stomatin deficiency,
Ca?*-induced MVs are more numerous and of abnormal size as compared to healthy individuals [243],
suggesting that stomatin is important, but not essential, for the regulation of proper MV shedding.

Second, MV shedding is highly dependent on chol, which is essential for both lipid rafts and
submicrometric lipid domains. As a matter of fact, Santos et al. have postulated that the total
RBC membrane chol content is declined by the release of chol-enriched vesicles [244]. Moreover,
upon strong chol depletion (at high mBCD concentrations) in erythroleukemia cells, PS movement to
the external leaflet upon addition of a Ca?* ionophore is inhibited [245], suggesting the involvement
of lipid domains in transversal lipid asymmetry associated with membrane vesiculation. At low
concentrations, mBCD appears to instead increase the number of MVs released [246]. These a priori
contradictory observations could partly be explained by the very different mBCD concentration used.

Third, we recently provided clues for the vesiculation of chol- and SM/chol-enriched domains
upon RBC storage at 4 °C for <15 days [224]. Our data are, at first glance, in conflict with the
observations that (i) RBCs and MVs obtained during storage in blood banks for ~40 days do not
exhibit any difference in the main PLP classes (i.e., PC, PE, PS and SM) [92], and (ii) RBCs and MVs
from leukoreduced stored RBC units for >50 days show similar PLP composition, except PS [91].
Differences could be related to chol enrichment (not assessed in the two latter studies, to the best of
our knowledge), conditions of blood conservation (leukoreduction or not) and/or time of storage
(<15 vs. 40 and >50 days).

Finally, Dinkla et al. showed that the formation of Cer-enriched platforms upon RBC incubation
with a-SMase is accompanied by the induction of membrane irregularities enriched in the GPl-anchored
protein CD59 [98]. Likewise, upon addition of Cer at the RBC membrane, slow transformation of
the biconcave RBC in echinocyte has been shown, suggesting that Cer is responsible for forming
membrane spicules thanks to its conical shape [174].

We recently proposed a hypothesis for the control of vesicle formation from lipid domains.
By labeling with Laurdan, we revealed that chol-enriched domains exhibit lower lipid order than the
rest of the membrane in RBCs at resting state. In contrast, upon RBC vesicle release, the lipid order of
the domains increases, leading to a lower lipid order difference between domains and the bulk [220].
We therefore speculated that lipid domains represent specific sites of MV budding by a mechanism
driven by the lateral tension applied by the cytoskeleton and its impact on the line tension at phase
boundary [220]. A local detachment of the cytoskeleton from the membrane and the echinocytic shape
formation seem to be required for normal vesiculation in RBCs. It was already proposed in 2008
that the membrane:cytoskeleton uncoupling favors the coalescence of small rafts into large domains
able to curve and to detach from the membrane [240]. Moreover, in comparison to healthy RBCs,
fresh spherocytotic RBCs present higher differential lipid order between lipid domains and the bulk
membrane together with an accelerated initiation of domain vesiculation upon aging. This suggests
that the cytoskeleton pressure could give the main contribution that controls the differential lipid order
and drives RBC vesiculation [220].
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5.3.3. Platelets

The first proof for lateral lipid heterogeneity at the PM of activated platelets occurred in 1996
when Dorahy et al. isolated at 4°C DRMs enriched in GSLs, chol and GM1 [247]. A few years later,
Gousset et al. used fluorescence microscopy and Fourier transform infrared spectroscopy to show that,
under platelet activation (either by chilling or thanks to thrombin or collagen), a reversible phase
separation in large domains takes place (Figure 5b) [229]. This phase separation, as well as the
platelet activation, is highly dependent on the membrane chol content, as both are abrogated by
mpCD [248,249]. Those domains have been thought to be involved into platelet early activation
by recruiting key receptors like GpVI (a collagen receptor) or FcyRlIla (a low affinity receptor for
immune complexes), thus allowing the recruitment and the spatio-temporal activation of tyrosine
kinase-dependent pathways [249]. On the other side, chol-enriched domains also appear as sites
where the phosphoinositide (PI) metabolism is highly active [250]. The presence of PIP, induces
interactions with the actin cytoskeletal elements through their plekstrin homology (PH) domains [251].
Thereby, an artificial enrichment of PIP; in membrane increases the membrane:cytoskeleton energy
(and decrease the vesicle release upon activation) while the artificial expression of a PH domain,
which sequestrates PIP;, results in a reduction of the cytoskeleton membrane adhesion energy [252].

As first evidence for the importance of lipid domains in platelet vesiculation, their activation by
thrombin leads to translocation of intracellular stomatin to the PM. Moreover, stomatin is selectively
sorted into released MVs while flotillin, another raft marker which exposes different subcellular
localization in resting platelets, is excluded [253]. This supports the existence of different types of
platelet rafts and maybe vesiculation mechanisms. Several years later, it has been shown that alteration
of chol content and /or distribution using mpCD and filipin reduces the release of PS-bearing MVs
upon Ca?" activation. While the MVs and the resting platelets present the raft-associated GM1 on their
surface, the stimulated platelets from which the MVs originate lose the GM1 signal, suggesting its loss
by vesiculation [254].

Lipid rafts in platelets are also connected to platelet membrane deformation. The addition of a
low amount of short-chain PLP analogs (1-2% of endogenous PLPs) into the outer leaflet of human
resting platelets induces the formation of cell membrane extensions enriched in GM1. Chol depletion
impedes formation of these PM extensions, GM1 enrichment and actin polymerization [255]. The same
observation has been obtained on thrombin-activated platelets [255]. These data are consistent with the
previous observation that chol accumulates in the tips of filopodia and the leading edges of spreading
cells [256]. Moreover, PIP kinases are particularly active in lipid domains. After platelet activation
and subsequent increase of the intracellular Ca;, concentration and filopodia extension, they are
shown to be cleaved by calpain [250]. This would in turn decrease the PIP; levels in domains and
in fine the adhesion between the membrane and the cytoskeleton at those places, favouring vesicle
release [257]. This reinforces the idea that lipid rafts could actively participate to membrane dynamic
and actin reorganization.

5.3.4. Immune Cells

Stable lipid domains have been shown on resting macrophages at physiological temperature by
two-photon microscopy [230]. Those domains are highly ordered, chol-dependent and grouped at
protrusions (filopodia), adhesion points and cell-cell contacts (Figure 5c¢).

Lipid domains are also relevant to immune cells upon activation. First, in response to
chemoattractants, T lymphocytes and neutrophils polarize and migrate, and this is accompanied
by lipid coalescence to form domains with different properties at the front and rear of the cell [231,258]
(Figure 5d). Although differences have been shown according to cell type and mode of migration
(transmigration or migration in a two-dimensional system), domains located at the uropod (rear)
are generally (i) resistant to Triton X-100 extraction (and thus highly ordered), (ii) enriched in GM1
and GPI-anchored proteins, and (iii) associated with receptors and signaling molecules involved
in cell adhesion [259-261]. Regarding domains at the leading edge, they are (i) sensitive to Triton
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X-100 extraction, as they are not as ordered as uropod domains, (ii) enriched in GM3 and PIP;,
and (iii) associated with the machinery that induces localized actin polymerization and that senses the
environment (G-coupled receptors, PI3kinase, among others) [259,261]. Domains at both cell edges
depend on the membrane chol content, and their reversible disappearance inhibits the cell polarization
as well as the chemoattractant-stimulated actin polymerization [261].

A second example for the implication of lipid domains in immune cells upon activation occurs in
phagocytes once at the site of infection. Nakayama et al. showed that neutrophil phagocytosis signaling
through the CD11b /CD18 integrins is dependent on Lyn-coupled lactosylceramide (LacCer)-enriched
domains. Those domains colocalize with integrins in actin-enriched phagocytotic cup regions [262].
Moreover, as shown by stimulated emission depletion microscopy (STED), those domains are distinct
from phosphatidylglucoside (PtdGlc)-enriched domains, which might on their side mediate the
differentiation of neutrophils as well as their apoptosis (Figure 5e) [232].

Chol is not only essential for monocyte deformation [263] but seems also to be involved in their
vesiculation, as revealed by the fact that chol depletion decreases MV abundance [39] whereas chol
loading stimulates their release [182]. These MVs contain TF and PSGL-1, which are both found
in DRMs. Moreover, disruption of rafts by mpCD leads to relocalization of these proteins in non-raft
fractions [39].

In ATP-activated macrophages, an elegant study has demonstrated the involvement of lipid
rafts in the regulation of membrane receptor trafficking onto filopodia in the course of MV
generation. Macrophages release MVs enriched in TF, integrin 31 and PSGL-1 at the tip of filopodia.
When filipin is added to perturb raft dynamics, TF translocation onto filopodia and enrichment
in MVs are lost, whereas production of PS*-MVs and the associated prothrombinase activity are
unaltered, suggesting that different mechanisms of sorting and /or MV production also exist in those
cells [264]. Another recent study postulates that TF is maintained in a noncoagulant/cryptic state
through SM at the PM of macrophages until vesiculation. Accordingly, when macrophages are
stimulated with ATP, the a-SMase is translocated to the PM and the hydrolysis of SM increases both TF
activity at the cell surface and the release of TF*-MVs, without changing the PS externalization. It has
been suggested by the authors that inactive TF is associated with rafts and is activated by disruption of
these structures [173]. Although at first glance in contradiction with the idea that MVs are shed from
lipid domains, this observation could once again be related to the fact that PM exhibits different types
of lipid domains with different potential to vesiculate.

5.3.5. Nervous Cells

DRMs have been evidenced on neurons as well as glial cells. Their composition varies
depending on the cell type, the activation state and the pathological conditions. In agreement
with observations acquired via the DRM technique, nanometric domains with specific biophysical
properties (i.e., stiffer than the surrounding membrane) have been revealed by AFM on hippocampal
neurons. Those domains are enriched in GPI-anchored proteins and increase in size without changing
in stiffness upon actin depolymerization [265]. In oligodendrocytes, signaling domains enriched
in galactosylceramide and sulfatide have also been shown to coalesce in submicrometric domains
under activation by apposed membranes in wrapped myelin. This process implies actin filament
depolymerization and regulates the lateral diffusion of myelin proteins [266,267]. In microglial cells,
the ATP receptor P>X7 is localized in raft domains [268].

Those lipid domains have been shown to depend on membrane chol, gangliosides and Cer
contents [269,270]. Their integrity is essential for major neuronal and glial functions like the
neurotransmitter signaling [271], the survival and proliferation signaling in oligodendrocytes [272]
and pro-inflammatory response in microglia [270]. As a consequence, they are often associated with
neurodegenerative diseases. For example, resulting from a defective SL metabolism, their composition
and biophysical properties are altered in the brain cortex from patients suffering from Alzheimer
disease. This disruption has been linked to an impaired generation and degradation of amyloid-f3
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peptide [273,274]. In Parkinson’s disease, the mutation of the protein DJ-1, which is associated with
rafts in astrocytes, results in raft disruption and consequent glutamatergic signaling disruption [275].
Lipid domains are also affected in lipid-related diseases (e.g., Krabbe disease), where a defective
enzymatic activity leads to altered lipid raft signaling pathways [179,276].

In microglial cells, activation of the raft-associated ATP receptor P,X7 leads to the release of
MVs [268] in an a-SMase-dependent manner [168]. In brain tumors, an oncogenic factor is released
in MVs containing flotillin-1 [277]. Diseases where the membrane lipid content is altered are
also associated with an abnormal vesicle release. For example, in Krabbe disease, the abnormal
accumulation of psychosine in the oligodendrocyte membrane disrupts lipid rafts [179]. This leads
to the disruption of several signaling pathways but also to an increased rigidity of localized areas
promoting the shedding of MVs [180], thought to be essential in the demyelination observed in this
disease (see also Section 5.1).

5.3.6. Cancer Cells

Lipid domains have also been observed at the surface of various cancerous cells. First,
AFM imaging of purified membranes from human breast cancer cells has revealed the presence
of submicrometric domains which contain chol, SM and flotillin 1 [278]. Second, super-resolution
fluorescence microscopy of HeLa cells has demonstrated two types of lipid domains of ~250 nm in
diameter that are differentially enriched in chol and SM [279] (Figure 5f). Third, electron microscopy
of Jurkat T-cells indicates the coexistence of SM- and GM1-enriched domains [280].

Moreover, the lipid domain composition is suggested to be different in the cancerous cells
vs healthy cells. For example, the carcinoembryogenic antigen (CEA) is not only localized at the
apical surface of some colon cancer cells, as in healthy colon epithelial cells, but also at their
basolateral side. This observation has been explained by the increased pH within the Golgi which
apparently affects GPI-anchorage of CEA in rafts [233]. As another example, Apaf-1 (Apoptotic
peptidase activating factor 1, a protein involved in the apoptosome) is abnormally located in
rafts instead of in the cytosol in diffuse B cell lymphoma. Upon raft perturbation by mpCD,
cytosol location of Apaf-1 is restored and the apoptosome can be correctly assembled [281]. Finally,
in multidrug-resistant tumor cells, caveolae-associated caveolin-1, phospholipase D, chol and SM are
upregulated, supporting the hypothesis that multidrug-resistance of tumor cells could partially result
from lipid domain modifications [282].

As lipid domain modification seems to actively participate to the phenotype of cancerous cells,
they could represent interesting targets for anti-cancer treatments. Actually, edelfosine, a synthetic
alkyl-lysoPLP with anti-tumor activity, has been shown to destabilize synthetic membranes composed
of POPC (palmitoyloleoylphosphatidylcholine) /SM/ chol or SM/ chol [283]. It preferentially localizes
in rafts in lymphoma cells, where it inhibits the PI3K/Akt proliferation signaling pathway and
promotes the recruitment of the death receptor Fas [283,284]. Likewise, saponins are widely used
in medicine for their anti-cancerous activity [285]. One steroid saponin, ginsenoside Rh2, has been
reported to disrupt rafts and to consequently lead to apoptosis, either via the inactivation of the
PI3K/Akt pathway [286] or via the activation of the Fas pathway [287]. We recently showed that the
activity of ginsenoside Rh2is decreased by membrane chol, renewing the idea that saponin cytotoxicity
is only ascribed to an interaction with membrane chol [288].

Significant evidence supports a role for lipid domains in cancerous MV biogenesis and
shedding. For instance, murine leukemia cells release MVs specifically enriched in mammary tumor
virus-induced antigens and in chol and SM, suggesting a lipid raft origin [289]. Another example
is that the heat shock protein HSP-70-1A, which is located at low concentrations in the cytosol of
healthy cells, is upregulated and found at the PM of tumor cells and is associated with increased
resistance to radiotherapy and poor survival chances. Biophysical studies on supported lipid bilayers
indicate that its membrane location results from interaction with the anionic lipid PS and is enhanced
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by saturation of the lipid chains as found in dipalmitoylphosphatidylserine (DPPS). Upon addition of
chol in the lipid bilayers made of DPPS/DPPC, membrane blebbing occurs [290].

6. Future Challenges

As EVs appear to be emerging as targets for disease diagnosis and therapy, a deeper understanding
of their composition, biogenesis and shedding mechanisms as well as their pathophysiological roles
is required. Whereas EV pathophysiological effects and composition have been extensively studied,
biogenesis and shedding mechanisms are still poorly understood. As already stressed by many
other reviews, the inherent complications of working with EVs are the extreme versatility of cells to
produce different EV subpopulations with distinct sizes, cargoes, morphologies and probably distinct
biogenesis mechanisms. This is in addition to the already complicated mixture of EVs in body fluids
which contain EVs from different cell origins. In this context, there is a great need to improve the
standardization of isolation and analysis of EVs, including identification of specific markers. Hence,
once isolated, it is essential to determine MV diversity in a specific physiological process or disease,
while providing a comprehensive proteomic and lipidomic analysis in comparison with the PM
from which they originate. MVs derived from a same cell type should also be compared in different
pathophysiological contexts.

Concerning MV biogenesis, it is still unclear whether a cell is able to simultaneously release
distinct populations that contain specific types of molecules or if the content is determined by distinct
stimuli, for instance the stage of the disease. Answering these questions will require to determine
whether MVs originate from distinct PM areas differentially enriched in specific molecules along
physiological processes and disease evolution. The hypothesis behind this is that sorting of proteins
or lipids into MVs may rely on their accumulation or exclusion in lipid domains. Several lines of
evidence provided in this review support the implication of those domains in membrane vesiculation.
First, the lipid raft as MV origin hypothesis is supported by several studies. However, one should
remain cautious, since the depletion of membrane chol content to explore the implication of lipid
rafts in this process is not sufficient to draw sound conclusions. Second, the biophysical properties
of the lipid domains are in accordance with theoretical models and imply the importance of the line
tension on domain edge due to differential lipid organization/composition between domains and the
bulk membrane. Third, upon membrane:cytoskeleton uncoupling, small rafts are able to coalesce into
larger domains able to curve and detach from the membrane, suggesting the interplay between lipid
domains and the cytoskeleton in the vesiculation process. Confirming these hypotheses will depend
on the development of live cell imaging methods and reliable probes to define the diversity of MVs
and to follow the dynamics of lipid domain conversion into MVs.
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