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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; (ii) 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.
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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 Piezo1 [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
[4].

Besides finely regulated calcium exchanges, RBC deformability has also been linked to
other specific features, i.e. (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 mBCD followed by repletion with 3.5 pg/ml mpCD: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 uM GsMTx4 peptide (Abcam) for 15 min
and observed upon treatment maintenance. To activate Piezol channels, labeled and immobilized RBCs
were incubated with 0.5 uM Yoda1l (Biotechne) for 20 sec, washed and directly observed. To activate protein
kinase C (PKC), RBCs were pre-incubated with 6 uM 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([3-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 a luminescent 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 V10.4 uncoated IBIDI chambers
(IBIDI, Proxylab; 100 pl 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 (Observer.Z1) 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 puM lysenin* or 0.55 pM 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 uM
BODIPY FL C5-SM, 1 uM BODIPY FL C5-GM1 or 1 uM BODIPY FL C5-HPC (Invitrogen) and 0.8 uM 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 uM Laurdan for 60 min. 1.25 pM 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: () = _r 1
SRy

Here, 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 uM 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 at 37°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 E
in abundance [25, 26] and B, 167 .. c

s — 100
preferentially associate _ 147 g

. . O 124 L
with high and low curvature » @ 10 5 754

. c P

areas of the biconcave RBC §£ 8.k R W central
membrane [29]. This analysis sg S 2 50 O edges
was limited to chol and SM 28 . B §
while not considering PC, :'g 1 <L S 25-
another abundant class of = ”# # ‘z; fc;
outer PM leaflet lipids, or ot————+— 0 .
glycosphingolipids, known to chol SM_FC GM1 chol

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.karger.com/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. 14, 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]r)lce 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.
24, [29]).
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Fig. 2. Unlike polar lipid-enriched
domains, chol-enriched domains
associate with both low and high ' > o~
curvature areas of suspended RBCs | g
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-
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/ 02 0.004
biphoton microscopy. Red arrows “ buk chol SM PC 10 102 10+ 100
point to high-curvature chol/ Correlation time t (sec)

Laurdan-enriched domains while
red, orange and green arrowheads
point to low-curvature lipid/Laurdan-enriched domains. (C) Generalized polarization (GP; proportional to

A, chol

SM PC GM1
SM PC

) chol

O

@ bulk ® GM1

0.10+

0.05+

FCS amplitude G (1)

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.

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 of its 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 A
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
leasttwo distinctlipid 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,
vs those located in LC areas with a lower
lipid order and enriched in polar lipids
and/or chol.
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Polar lipid-enriched domains depend

on chol for their formation and

maintenance

To next explore whether LC domains
were co-enriched in polar lipids and
chol, we performed double labeling o
with BODIPY-polar lipids and theta*
on spread RBCs (Fig. 3). ~25 % of chol- Fig. 3. The majority of lipid domains in low curvature
enriched domains colocalized with polar  areas are co-enriched in chol and polar lipids. (A)
lipids (yellow arrowheads in Fig. 3A and  Representative images of PLL-spread RBCs double-
yellow portions of red columns, Fig. 3B).  abeled at 20°C for polar lipids (top images) and chol
Considering that RBCs without any polar  (bottom images). Yellow arrowheads point to lipid
lipid-enriched domain were excluded domains co-enriched in chol and polar lipid, while

50

254

Lipid domains (% of total)

SM+chol PC+chol GM1+chol

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

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.

1551



Cellular Physiology Cell Physiol Biochem 2018;51:1544-1565

DOI: 10.1159/000495645

© 2018 The Author(s). Published by S. Karger AG, Basel

and Biochemistry Published online: 29 November 2018 |www karger.com/cpb

Conrard et al.: Three

Lipid Domains at the Erythrocyte Surface

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 C,
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 (mBCD), 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* labeling was no more visible (red, Fig. 4A and B). Polar lipid 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
LC-associated domains. In contrast, only a
small percentage of chol-enriched domains
(~15 %, red squared column, Fig. 4B) could
reform upon chol repletion. As those domains
were mainly located at the center of spread
RBC membrane (i.e. in LC areas) and highly
colocalized with SM-enriched domains (>75
% vs ~25 % in control conditions, yellow
arrowheads in Fig. 4C and yellow portions of
the columns in Fig. 4D), we suggest that chol-
enriched domains associated with HC areas B,

® SM ® PC ® GM1
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resting RBCs at physiological temperature Fig. 5. In contrast to SM-enriched domains,

To further investigate 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,  apundance of polar lipid-enriched domains at
we analyzed polar lipid domain behaviorupon  y,rigus temperatures, expressed as percentage
temperature increase between 20 and 37°C.  f maximal abundance. RBCs were mono-
Indeed, temperature modulates membrane |ypeled, spread and observed at the indicated

fluidity and thus phase separation and lipid temperatures. Means + SEM of 2 independent

domailn organizatior} [36]. TWO Opp.OSite experiments where >400 RBCs were analyzed.
behaviors could be evidenced: (i) SM-enriched () Extent of polar lipid co-enrichment at 20°C

domains whose number decreased by ~30 %  aq 37°C. Percentage of domains co-enriched

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,

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.

Fig. 5A). By performing double labeling of

polar lipids at 20°C and 37°C (Fig. 5B), we

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]. Immobilized 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 Piezo1l-mediated calcium entry into RBC upon deformation.

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

or the 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 uM 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
firstused mBCD, 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 m3CD
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.
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 mf3CD.

Finally, we wused 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.
9B) and a ~2-fold increase of intracellular
calcium (grey dots, Fig. 9B). As a matter of
fact, the decrease of SM domainsupon SMase
treatment was proportional (R?=0.9553) to
the intracellular calcium increase. These
data suggest that SM-enriched domains
are not only a marker of active calcium
extrusion, but are also required to maintain
a low intracellular calcium concentration.

Discussion

In the last decades, evidence for lipid
domains of various composition at the
surface of several cells has emerged. First
transient nanometric domains enriched in
sphingolipids and chol [11] and then more
stable and larger domains that could exhibit
a differential lipid composition than rafts.
In the last few years, we evidenced and
characterized two types of submicrometric
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Fig. 9. Intracellular calcium content is altered upon
lipid domain abrogation. (A) RBCs were treated
in suspension with the indicated concentrations
of mBCD and either (i) directly analyzed for chol
residual content (empty dots); or (ii) spread onto
PLL-coverslips foranalysis of lipid domain abundance
(red, orange, green or blue dots) at 37°C; or (iii) laid
down on PDMS chambers and analyzed 2 min after
stretching for intracellular calcium (expressed as
the percentage of calcium content in unstretched
RBCs; grey symbols). (B) RBCs were treated in
suspension with the indicated concentrations of
sphingomyelinase (SMase) and (i) directly analyzed
for SM residual content (open dots) and intracellular
calcium content (grey dots) at 37°C; or (ii) spread
onto PLL-coated coverslips for SM-enriched domain
abundance at 37°C counting (orange dots). Means *
SEM of 2-3 independent experiments where >200
RBCs were analyzed.

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). Piezo1, a mechanically-activated cation channel, has been evidenced to play
the major role in RBC deformation-induced calcium increase [3]. Moreover, mutations in
Piezo1 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 Piezo1 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
efflux is 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 Piezo1 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 Piezo1 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 Piezo1l-
independent calcium influx, as achieved through PKC activation [40], instead induced a
decrease of GM1-enriched domains does not support this hypothesis. Second Piezo1 could
modulate its surrounding environment upon activation by recruiting specific lipids such as
GM1 and chol, forming domains which might modify Piezo1l 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 Piezo1, 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); (ii) 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 DOPC liposomes [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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Suppl. Fig 1 Plasma membrane insertion of BODIPY-PC or TopFluor-TMR-PC at trace level
reveals domains that are comparable and that perfectly co-localize. RBCs were spread and
labeled with either BODIPY-PC or TopFluor-TMR-PC (A,B) or both probes (C) at 37°C. (A)
Representative images of simple labeling. (B) Quantification of lipid domains per hemi-RBC.
Means + SEM from 2-3 experiments where >480 RBCs were counted. (C) Representative

images of double-labeled RBCs. All scale bars 5 um.
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Suppl. Fig 2 Lipid domains differentially respond to osmolarity modulation. RBCs were
spread in a microfluidic chamber (CellAsic ONIX), labeled with theta* or BODIPY-polar
lipids in an iso-osmolar medium at 37°C and imaged (320 mOsm, top images). A hypo-
osmolar flow (180 mOsm, bottom images) was then applied and the same RBCs were
imaged after 3 min. Orange and green arrow heads show SM- and PC-enriched domains
that appear under hypo-osmolar flow; blue arrow head shows a GM1-enriched domain
that disappears under hypo-osmolar flow. Representative images of >2 independent

experiences. Scale bars 2 um.
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Suppl. Fig 3 Chol-enriched domains are modulated in size and distribution under RBC
mechanical stimulation. (A) Chol-enriched domain abundance at 20°C upon increased
spreading on PLL. (B, C) RBCs labeled for chol at 20°C and stretched in PDMS chambers. (B)
Chol-enriched domain surface occupation of hemi-RBC in unstretched condition and under
stretching in PDMS chambers. (C) Recruitment of chol-enriched domains in increased
curvature areas of the RBC edges upon stretching (#2, #2' vs #1, #1’). Panels B and C are

adapted from [28]. Scales bars 2 um.
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Suppl. Fig 4 Pharmacological agent innocuity. Released hemoglobin by RBCs either
untreated (full bars) or incubated in (i) GsMTx4-containing medium, (ii) Yodal-containing
medium, (iii) Ca*-free medium supplemented with EGTA followed or not by repletion in
Ca?*-containing medium, and (iv) glucose-depleted medium followed or not by repletion in
glucose-containing medium. Results are expressed as percentage of full hemolysis obtained

by 0.5 % Triton X100.



