Red Cell Biology & its Disorders

® Ferrata Storti Foundation

Haematologica 2021
Volume 106(9):2478-2488

Correspondence:

WASSIM EL NEMER
wassim.el-nemer@efs.sante.fr

Received: June 2, 2020.
Accepted: August 12, 2020.
Pre-published: August 27, 2020.

https://doi.org/10.3324/haematol.2020.261586

©2021 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode.
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions:

https://cr .org/li s/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

Oxidat_ivg s:tre§s activateg. red cell adhesion
to laminin in sickle cell disease

Maria Alejandra Lizarralde-lragorri,>**" Sophie D. Lefevre,
Sylvie Cochet,">® Sara El Hoss,">* Valentine Brousse,**** Anne Filipe,
Michael Dussiot,® Slim Azouzi,*?® Caroline Le Van Kim,**3

Fernando Rodrigues-Lima,® Olivier Francais,” Bruno Le Pioufle,® Thomas Klei,®
Robin van Bruggen® and Wassim El Nemer'?®

1,2,3*
1,2,3.5

*MALI and SDL contributed equally as co-first authors.

tUniversité de Paris, UMR S1134, BIGR, INSERM, Paris, France; “Institut National de la
Transfusion Sanguine, Paris, France; *Laboratoire d’Excellence GR-Ex, Paris, France;
“Service de Pédiatrie Générale et Maladies Infectieuses, Hopital Universitaire Necker
Enfants Malades, Paris, France; SUniversité de Paris, BFA, UMR 8251, CNRS, Paris,
France; ®Institut Imagine, INSERM U1163, CNRS UMR8254, Université Paris Descartes,
Hopital Necker Enfants Malades, Paris, France; "TESYCOM, Université Gustave Eiffel,
CNRS UMR 9007, ESIEE Paris, Marne-la-Vallee, France; 8Université Paris-Saclay, ENS
Paris-Saclay, CNRS Institut d'Alembert, LUMIN, Gif sur Yvette, France and °Department
of Blood Cell Research, Sanquin Research and Lab Services and Landsteiner
Laboratory, Academic Medical Center, University of Amsterdam, Amsterdam, the
Netherlands

ABSTRACT

aso-occlusive crises are the hallmark of sickle cell disease (SCD).

They are believed to occur in two steps, starting with adhesion of

deformable low-dense red blood cells (RBC), or other blood cells
such as neutrophils, to the wall of post-capillary venules, followed by
trapping of denser RBC or leukocytes in the areas of adhesion because of
reduced effective lumen-diameter. In SCD, RBC are heterogeneous in
terms of density, shape, deformability and surface proteins, which
accounts for the differences observed in their adhesion and resistance to
shear stress. Sickle RBC exhibit abnormal adhesion to laminin mediated
by Lu/BCAM protein at their surface. This adhesion is triggered by
Lu/BCAM phosphorylation in reticulocytes but such phosphorylation
does not occur in mature dense RBC despite firm adhesion to laminin. In
this study, we investigated the adhesive properties of sickle RBC sub-
populations and addressed the molecular mechanism responsible for the
increased adhesion of dense RBC to laminin in the absence of Lu/BCAM
phosphorylation. We provide evidence for the implication of oxidative
stress in post-translational modifications of Lu/BCAM that impact its
distribution and cis-interaction with glycophorin C at the cell surface
activating its adhesive function in sickle dense RBC.

Introduction

Sickle cell disease (SCD) is an autosomal recessive disorder caused by a single
mutation in the sixth codon of the B-globin gene resulting in the expression of an
abnormal hemoglobin that polymerizes under hypoxic conditions driving red
blood cell (RBC) sickling.! SCD is a multisystem disease characterized by hemolyt-
ic anemia, recurrent painful vaso-occlusive crises (VOC), stroke, acute chest syn-
drome, organ failure and high susceptibility to infections.”® On the cellular level,
SCD is characterized by dehydration and RBC sickling, which decrease cell
deformability and increase rigidity resulting in altered blood rheology and micro-
circulatory flow.”® In addition, RBC are known to be highly adhesive in SCD.”
This abnormal adhesion to the endothelium is a contributing factor of the VOC
and is believed to be triggered by signaling cascades that activate adhesion proteins
at the red cell surface.!” A two-step model, based on in vivo vaso-occlusion obser-
vations in SCD mouse models, postulates that adhesion of deformable low-dense
RBC and stress reticulocytes reduces effective lumen-diameter of post-capillary
venules promoting selective trapping of the denser and misshapen RBC in the areas
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of adhesion. However, random precapillary obstruction
by a small number of dense RBC also contributes to VOC
as well as the entrapment of leukocytes and platelets.""*

Sickle RBC are very heterogeneous in terms of age,
shape and surface proteins. These variabilities account for
the differences observed in cell adhesion and resistance to
shear stress under flow conditions." In SCD, among other
proteins and mechanisms, adhesion proteins LW/ICAM-4
(Landsteiner-Wiener/intercellular adhesion molecule-4)
and Lu/BCAM (Lutheran/basal cell adhesion molecule) are
abnormally activated and believed to prime adhesion of
RBC to endothelial cells and/or subendothelial matrix pro-
teins exposed to the bloodstream following vascular dam-
age, contributing to microvasculature blockade.'*'>?!

Lu/BCAM is an adhesion molecule with wide tissue dis-
tribution.””*® Lu/BCAM-mediated cell adhesion to laminin
can be triggered either by the phosphorylation of its serine
6217 or by the dissociation of its cytoplasmic domain
from the spectrin-based skeleton.?** In SCD, phosphory-
lation of Lu/BCAM was shown to occur in low-density
(LD) RBC,” mainly reticulocytes, consistent with the
adhesion of these cells to laminin.”*® However, despite
firm adhesion to laminin of high-density (HD) RBC,
Lu/BCAM phosphorylation is very minor in this subpop-
ulation and these cells do not respond to cAMP inducers
such as forskolin.?® The mechanism underlying this
increased adhesion is still unknown.

In this study, we investigated the molecular mechanism
responsible for the increased adhesion of sickle HD RBC
to laminin. We provide evidence for the implication of
oxidative stress in post-translational modifications of
Lu/BCAM that impact its distribution and cis-interactions
at the cell surface and activate its adhesive function.

Methods

Patients

The study was conducted in accordance with the Declaration of
Helsinki and was approved by the Regional Ethics Committee
(n°3215 CPP lle de France III). Blood samples were recovered from
blood tubes drawn for medical care at Necker Hospital (Paris) after
written informed consent. Blood samples were collected on ethyl-
enediaminetetraacetic acid (EDTA) from a total of 39 patients with
sickle cell anemia (SS and SP° genotypes) (females and males;
median age: 8 years [Min-Max, 2-53 years]), and from 26 healthy
donors (age range, 18-70, as per Etablissement Francais du Sang
[EES] criteria). Sickle patients were not on a regular transfusion
program nor under hydroxyurea (HU) treatment. All experiments
were performed with fresh blood samples, within 2 hours after
blood was drawn.

Percoll fractionation

RBC subpopulations were obtained from sickle whole blood
fractionation as previously described,? using a Percoll triple-densi-
ty fractionation (densities: 1.076, 1.096, and 1.11). Three different
density layers were obtained and collected as follows: LD (low
density, rich in reticulocytes), D (dense), and HD (high density,
rich in irreversibly sickled cells).

Microfluidic assays

The microfluidic filtering design is based on eight mechanical
filtering units associated in parallel and connected together with a
microchannel network. Each filtering unit is composed of five par-
allel rows comprising pillars of 15 um diameter separated by slits
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of 10, 8,7, 6 or 5 um (Figure 1A) or four parallel rows with slits of
5, 4, 3 or 2 um (Online Supplementary Figure S1). Side flow is ren-
dered possible in the device, the U form filter zone comprises pil-
lars with a 5 um gap between them. In order to reduce the
hydraulic resistance of the full design, the microchannel network
is 25 um-high compared to the 5 um height of each filtering unit
(Figure 1A). The microfluidic device was made of polydimethyl-
siloxane (PDMS, Sylgard), a silicone elastomer,” using standard
microfabrication and molding. The mold was fabricated by the
micro-patterning of two successive SU8 photoresist layers
(Microchem, Newton, MA) to obtain a two-levels negative mold
on a 4-inch Silicon substrate. The SU8 layers thicknesses were
5 um and 25 um, corresponding respectively to the height of the
filtering units and the microchannels network. A mixture of
PDMS and curing agent was poured on the SU8 mold, and reticu-
lated at 75°C for 2 hours. Access through-holes were then
punched, using biopsy punchers (diameter of 1.5 mm). The PDMS
device, with open channels formed on one of its sides, was then
assembled to a microscope coverslip, using O, plasma activation
(80 W, 300 mT, 20 s) to achieve a covalent bonding. Luer (TM)
connectors were then inserted at the inlet and outlet of this
microfluidic device, to achieve the sample injection with the flow
controller.

For each assay, 10 uL of RBC pellet were stained with either
PKH67 fluorescent Cell Linker Kit (green) or PKH26 fluorescent
Cell Linker Kit (red) according to the manufacturer’s instructions
(Sigma Aldrich). A 1% hematocrit solution in CellStab containing
equal concentration of green and red stained RBC were loaded in
the input well of the chip and perfused at constant pressure (250
mBar) using an MFCS™-EZ-1C pump (Fluigent). RBC trapping
within each filtering unit was monitored over time by sequential
fluorescence images acquired using an inverted AxioObserver Z1
microscope coupled with a high resolution AxioCam MRm Rev.3
camera (Carl Zeiss). Green and red fluorescent RBC were visual-
ized using the 470 and 555 nm Colibri LED (Carl Zeiss), respec-
tively. Images were then analyzed using Image] software.”

Flow adhesion assays and red blood cell counting

RBC adhesion to Laminin 521 was evaluated under flow condi-
tions using capillary flow chambers. Recombinant human
Laminin 521 (BioLamina, Sundbyberg, Sweden) at 5 ng/uL was
immobilized in Vena8 Endothelial+TM biochips (internal channel
dimensions: length 20 mm, width 0.8 mm, height 0.12 mm). RBC
were perfused at 5.10” RBC/mL for 10 min at 0.5 dyn/cm? and 6
min washouts were performed at 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10
dyn/cm?® using the ExiGo™pump (Cellix Ltd, Dublin, Ireland).
After each wash, images of adherent RBC were taken using the
AxioObserver Z1 microscope (10x objective) (Carl Zeiss, Le Pecq,
France). Adherent RBC were counted on each field using Image J.

The number of immobile RBC was assessed by using the Image
Calculator option of the Image J software.® The picture of one
area at 2 dyn/cm? was combined to the picture of the same area
taken at 3 dyn/cm?. On the newly created image, immobile cells
appeared in dark grey whereas cells present on only one of the
two combined images appeared in light grey. Dark grey objects
were counted with Image ] software after setting an appropriate

threshold.

Control blood sample oxidation

Control RBC were washed with phospate buffered saline (PBS)
1X (Thermo Fisher), suspended at 20% hematocrit in either PBS or
270 uM cumene hydroperoxide (SSIGMA-ALDRICH) and incubat-
ed for 2 hours with constant mild shaking. After incubation, RBC
suspensions were centrifuged, the supernatant was discarded and
the RBC pellets were used for subsequent experiments.
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4 Confocal microscopy with F241 (dilution [d]: 1/10), the secondary anti-mouse APC-con-

Imaging was performed on the Confocal LSM 510 META-TIRF  jugated antibody (d: 1/100) (Beckman Coulter) was added for 1
(Zeiss, Oberkochen, Germany). LASX software was used to setup  hour, then RBC were washed and suspended in 200 pL of thiazole
and analyze the experiments (Leica microsystems, Wetzlar, orange (TO) dye (Retic-CountTM, Becton-Dickinson) for 30 min-

Germany). utes (min) to label reticulocytes. RBC were analyzed using
ImageStream®X Mark II Imaging Flow Cytometer (Merck
Imaging flow cytometry assays Millipore) (60x magnification) and the IDEAS software (version

Expression of Lu/BCAM on the RBC surface was analyzed 6.2). Lu/BCAM-positive mature RBC (Lu APC) were gated,
using F241 mouse monoclonal antibody. After 1-hour incubation  excluding the reticulocytes (TO-positive events). Using the
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Figure 1. Analysis of red blood cell deformability using a microfluidic biomimetic chip. (A) Left panel: the microfluidic device comprises eight filtering units arranged
in parallel. Right panel: each filtering unit is 5 um-high and has a U shape composed of a series of 15 um pillars separated by 5 um slits, with two 10 um-wide side
channels. Inside the U shape, four rows are disposed in parallel with decreasing slit width (10, 8, 7 and 6 um). (B) Microscopy image showing SS red blood cells
(RBC) (green) and AA RBC (red) trapped into the filtering unit slits. (C) Retention percentage of AA and SS RBC in the 5 um slits. Mann-Whitney test, ***P<0.0001
(D) Microscopy image showing low-density (LD) RBC (green) and high-density (HD) RBC (red) trapped into the peripheral 5 um slits of the filtering unit. The majority
of the other cells are in motion in the space separating two consecutive walls (E) Retention percentage of LD and HD RBC in the peripheral 5 um slits. Wilcoxon test,
*P<0.05. In the graphs C and E the data is expressed as the percentage of cells from each RBC type trapped into the 5 um slits, considering the total number of
cells trapped into the 5 um slits as 100% (n=7).
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Figure 2. Legend on following page.
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Figure 2. Adhesion to laminin and shear stress resistance of SS red blood cell subpopulations. (A). Adhesion assays under flow conditions were done by perfusing
low-density (LD) and high-density (HD) red blood cells (RBC) from seven sickle cell disease (SCD) patients through a biochip coated with Laminin 521. The amount
of RBC, of each subpopulation and each blood sample, attached at 1 dyn/cm? was considered as 100% and used to determine the percentage of attached RBC at
increasing shear stress, as indicated on the x-axis. The percentage of HD RBC (m) attached to laminin was higher than the percentage of LD RBC (A). Paired t-test,
**P<0.005. (B) Tracking of mobile cells during a flow adhesion assay for LD (upper panel) and HD (lower panel) RBC at 3 dyn/cm?2. (C) Computational treatment of
brightfield images of the same field to identify immobile cells between 2 and 3 dyn/cm? during a flow adhesion assay. Overlaid image (bottom panel) revealing immo-
bile cells in dark grey and mobile cells in light grey (D) Quantification of immobile cells for LD (A) and HD (m) RBC from blood samples of four SCD patients. Results
are expressed as percentage of immobile cells between two consecutive shear stress values. Paired t-test, *P<0.05. (E) Representative images of Lu/BCAM detected
by immunofluorescence as well as tether length of LD and HD RBC in a flow adhesion assay at high shear stress (7 dyn/cm?). (F) Percentage of tether-containing
cells in each RBC subpopulation at 7 dyn/cm?2. Paired t-test, *P<0.05. (G) Tether length in LD and HD RBC. Mann-Whitney test, ****P<0.0001.

Modulation Feature, that measures the intensity range of an
image, normalized between 0 and 1 (formula: Modulation = Max
Pixel - Min Pixel / Max Pixel + Min Pixel), reflecting the fluorescent
signal distribution, we defined two subpopulations of mature
Lu/BCAM RBC: Low-Modulation (Spots) and High-Modulation
(Patches). Based on the x-axis Modulation_M11_Ch11 APC and
y-axis Mean Pixel M11_Ch11 APC, the “Spots” population was
between -0.039 and 0.231, and the “Patches” population was
between 0.235 and 0.552.

Flow cytometry assays

Protein sialylation was measured by incubating RBC suspen-
sions with biotinylated lectin (35 ng/mL) (Maackia amurens Lectin
I, VECTOR) for 1 hour with constant shaking. After washes,
Streptavidin-488 (10 ug/mL) (Streptavidin Alexa Fluor 488 conju-
gate, Invitrogen) was added to the pellet, and incubated for 30 min
in the dark. Glycophorin-C (GPC) sialylation on mature RBC was
determined by incubating the RBC suspensions with the anti-
BRIC 4 (dilution [d]: 1/100) antibody or anti-BRIC 10 (d: 1/200)
antibody (IBGRL Research Products). After 1-hour incubation at
room temperature and several washes, the RBC pellet was incu-
bated with the secondary anti-mouse APC antibody (d: 1/100)
(Beckman Coulter) for 45 min in the dark. RBC were analyzed
using a BD FACS Canto II (BD Biosciences), the data obtained was
analyzed using the FCS Express 6 software (De Novo).

Statistical analyses

Data was analyzed by two-tailed Mann-Whitney or Wilcoxon
test, and Paired #-test using the GraphPad Prism 7.00 software.
*P<0.05, **P< 0.01, ***P<0.001 and ****P< 0.0001 were considered
significant.

Results

Validating high-density and low-density red blood cell
isolation
Deformability of AA and SS red blood cells

HD RBC are known to be rigid cells with reduced
deformability, which contributes to capillary blockade
in vivo. In order to validate the fractionation method used
to isolate LD and HD RBC from SCD blood samples, we
assessed their deformability after isolation at the single
cell level using a microfluidic approach based on perfusing
RBC in a spleen-like biomimetic chip with filtering units
comprising slits from 5 down to 2 um?®' (Online
Supplementary Figure S1). First, we analyzed the deforma-
bility of total RBC using this biochip. AA and SS RBC
were fluorescently labeled with PKH26 (red) and PKH67
(green), respectively, and mixed at a 1:1 ratio into a sus-
pension at 0.1% hematocrit. Perfusing this RBC suspen-
sion led to a total blockade of the biochip indicating that
the slit dimensions were not suitable for testing deforma-
bility of SS RBC. As the blockade occurred at the 5 um
wall we designed a new biochip with slit dimensions of 10
to 5 um (Figure 1A). Perfusing the 1:1 AA-SS RBC suspen-

sion into this biochip showed preferential trapping of SS
RBC (Figure 1B), with these cells showing a higher reten-
tion rate than AA RBC (Figure 1C), indicating that the
biochip was a good tool to assess RBC deformability in
the SCD context.

Deformability of low-density and high-density sickle red blood
cells

RBC suspensions were prepared with PKH67-labeled
LD RBC and PKH26-labeled HD RBC (1:1) and perfused in
the biochip. Both LD and HD RBC were retained in the
biochip, mainly at the 5 pm wall, indicating the presence
of rigid cells in both populations (Figure 1D).
Quantification of both RBC types retained in the 5 ym
peripheral slits showed more HD than LD RBC (Figure 1E)
indicating that RBC from the HD fraction were less
deformable than those from the LD fraction, thus validat-
ing our fractionation method based on cell density.

High-density red blood cells are more resistant to
shear stress and adhere more firmly to laminin than
low-density red blood cells
Red blood cell adhesion to laminin under flow conditions

We assessed the adhesive properties and resistance to
shear stress of RBC sub-populations by performing adhe-
sion assays under flow conditions with LD and HD RBC
from seven SCD patients using channels coated with
Laminin 521. Both RBC types showed significant adhe-
sion to laminin but there was a difference between them
regarding resistance to shear stress. This resistance was
first assessed by calculating the percentage of cells adher-
ing at a given shear stress considering the number of
adhering cells at 1 dyn/cm? as 100%. HD RBC were more
resistant than LD RBC at physiological shear stresses for
capillaries or post-capillary venules (2-5 dyn/cm?), while at
high shear stress (10 dyn/cm?) both cell types showed no
significant difference (Figure 2A). Exploring the cellular
dynamics, we observed that LD RBC comprised a higher
proportion of rolling cells than HD RBC (Online
Supplementary Video S1), with a higher proportion of
mobile cells covering a greater distance within the same
time frame (Figure 2B). We assessed cell dynamics by
determining the percentage of immobile cells between
two consecutive shear stress steps. In order to do so, com-
putational treatment of brightfield images of the same
fields at two consecutive shear stresses was done to iden-
tify and count the cells that remained at the same spot
between the two time-points (Figure 2C; Ounline
Supplementary Figure S2A). The percentage of immobile
cells was constantly higher for HD than LD RBC (Figure
2D), indicating that HD RBC were more firmly attached
to laminin than LD RBC even at high shear stress.

Lu/BCAM expression pattern on adherent low-density and
high-density red blood cells

-m haematologica | 2021; 106(9)
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Figure 3. Effect of in vitro oxidation on AA red blood cell adhesion to laminin. (A) Left panel: typical microscopy images of non-oxidized and cumene hydroperoxide-
oxidized AA red blood cells (RBC) adhering to Laminin 521 at 3 dyn/cm?. Right panel: quantification of cell adhesion showing the mean number of adherent RBC/mm?
in seven oxidized and non-oxidized AA RBC samples at 3 dyn/cm?. Wilcoxon test, *P<0.05. (B) Flow cytometry analysis of Lu/BCAM expression at the RBC surface
expressed as percentage of Lu/BCAM-positive RBC (left panel) and mean fluorescence intensity (MFI) of these RBC (right panel) under non-oxidized (phosphate
buffered saline [PBS]) and oxidized conditions (cumene). No significant differences were observed, Wilcoxon test, P=0.0714.

In order to gain insight into the potential mechanism
underlying this difference between LD and HD RBC, cells
were fixed after the 7 dyn/cm? step, stained fluorescently
for Lu/BCAM and analyzed by confocal microscopy.
There was a difference in the expression pattern of
Lu/BCAM between LD and HD RBC at the interface with
Jlaminin. HD RBC showed a homogeneous distribution of
Lu/BCAM with some cells showing intense staining and
the presence of bigger spots suggestive of potential
Lu/BCAM aggregates (Figure 2E; Online Supplementary
Figure S2B). LD RBC showed cells with a smaller surface
contact area, large fluorescent patches and very fine fluo-
rescent membrane extensions tethering the cells to the
surface (Figure 2E). The proportion of RBC exhibiting
membrane tethers was higher in LD (55.6%) than in HD
RBC (8.2%) (Figure 2F), and tethers were also longer in LD
RBC (Figure 2G) suggesting a more dynamic lipid bilayer
in LD RBC.

Oxidation activates AA red blood cell adhesion
to laminin

We have previously shown that Lu/BCAM-mediated
adhesion to laminin is activated by phosphorylation of
serine 621 of its cytoplasmic tail.” In SCD, this phospho-
rylation takes place in reticulocytes, with very low levels

haematologica | 2021; 106(9)

of phosphorylation detected in HD RBC.” Considering
the high levels of adhesion of HD RBC, we hypothesized
that Lu/BCAM might be activated by post-translational
modifications triggered by oxidative stress. In order to test
this hypothesis, we assessed adhesion of control (AA)
RBC under oxidative conditions after incubation with
cumene hydroperoxide (270 uM), an agent that induces
membrane lipid peroxidation. AA RBC showed the
expected residual adhesion to laminin, that was signifi-
cantly increased after incubation with cumene hydroper-
oxide (Figure 3A; Online Supplementary Figure S3). This was
not due to a difference in the Lu/BCAM expression level
between oxidative and control conditions as determined
by flow cytometry measuring the percentage of
Lu/BCAM-positive RBC and their mean fluorescence
intensity (MFI) (Figure 3B). Moreover, this increased adhe-
sion was not due to increased phosphorylation of
Lu/BCAM as determined by western blot using an anti-
phosphoSerine antibody (not shown).

Oxidative stress alters Lu/BCAM distribution at the
red blood cell surface
Analysis of Lu/BCAM membrane distribution by confocal
microscopy

We evaluated the impact of oxidation on the distribu-
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Figure 5. Sialic acid levels, glycophorin C sialylation and Lu/BCAM distribution in AA and SS red blood cells. (A) Impact of neuraminidase (N’'ase) treatment on
Lu/BCAM Spots and Patches patterns on AA red blood cells (RBC). Wilcoxon test, *P<0.05. (B) Representative flow cytometry plots of Lu/BCAM expression in RBC
treated or not with neuraminidase. (C) Left panel: sialic acid levels expressed as mean fluorescence intensity (MFI) on the RBC surface of 11 SS and nine AA samples.
No significant difference was found between both groups. Mann-Whitney test, P=0.224. Right panel: representative flow cytometry plots of sialic acid distribution on
one AA and one SS RBC samples. (D) Left panel: sialic acid levels expressed as MFI on the RBC surface of eight low-density (LD) and high-density (HD) samples.
Wilcoxon test, **P<0.01. Right panel: representative flow cytometry plots of sialic acid distribution on LD and HD RBC from the same SS blood sample. (E) Left panel:
glycophorin C (GPC) sialylation levels expressed as mean fluorescence intensity (MFl) on the RBC surface of eight LD and HD samples. Wilcoxon test, *P<0.05. Right
panel: representative flow cytometry plots of silalylated GPC on LD and HD RBC from the same SS blood sample. (F) Left panel: GPC expression represented as MF|
on the RBC surface of eight LD and HD samples. No significant differences were observed. Wilcoxon test, P=0.64. Right panel: representative flow cytometry plots

of GPC expression on LD and HD RBC from the same SS blood sample.
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tion of Lu/BCAM at the red blood cell surface using con-
focal microscopy. As expected and previously shown,”
Lu/BCAM showed a punctuated expression pattern at the
red blood cell surface (Figure 4A left panel; Online
Supplementary Figure S4). Under oxidative conditions,
there was more RBC with large fluorescent patches sug-
gestive of Lu/BCAM aggregation (Figure 4A right panel;
Online Supplementary Figure S4). In order to check if this
was a general feature of membrane proteins under oxida-
tive conditions we stained for ICAM-4, another member
of the immunoglobulin superfamily, and found no differ-
ence in its membrane distribution between both condi-
tions (Figure 4B) indicating that oxidation targets
Lu/BCAM membrane distribution through a specific
mechanism.

Analysis of Lu/BCAM membrane distribution by imaging flow
cytometry

We assessed Lu/BCAM membrane distribution using a
high throughput approach based on imaging flow cytom-
etry. RBC were classified based on the expression pattern
of Lu/BCAM using the modulation feature that measures
the intensity range and distribution of a fluorescent signal
(see methods) (Figure 4C). Two main patterns were distin-
guished in this analysis: the “Low modulation” for weak
intensity dispersed spots (Spots) and “High modulation”
for strong intensity big patches (Patches) (Figure 4C, last
panel). Both patterns were concomitantly present in all
blood samples and all conditions. We compared the pro-
portion of each pattern under oxidative and control condi-
tions and found less RBC with Spots and more with
Patches in the presence of cumene hydroperoxide (Figure
4D; Online Supplementary Figure S5A), with no difference in
Lu/BCAM global expression (Figure 4E), indicating that
oxidation induces the formation of Lu/BCAM aggregates
at the cell surface. As expected, based on the confocal
microscopy results, oxidation did not impact the propor-
tions of ICAM-4 Spots and Patches subpopulations (Figure
AF; Online Supplementary Figure S5A) or its global expres-
sion at the RBC surface (Figure 4G).

Finally, we assessed Lu/BCAM distribution on SS LD
and HD RBC in which both the Spots and the Patches pat-
terns were found. Similar to oxidized AA RBC, the per-
centage of cells with the Patches pattern was higher in HD
RBC in comparison with LD RBC, while the Spots pattern
prevailed in the LD subpopulation (Figure 4H; Online
Supplementary Figure S5B). As expected and already report-
ed, Lu/BCAM expression was lower in HD than in LD
RBC (Figure 4I).

Less glycophorin C sialylation on SS red blood cells
Impact of sialic acid removal on Lu/BCAM membrane distribution
We have recently shown that Lu/BCAM can establish
cis-interactions with GPC sialic acids at the RBC surface
keeping it in a “locked” conformation impeding its interac-
tion with laminin.* In order to test if such interactions
modulate the Lu/BCAM expression pattern, AA RBC
were treated with neuraminidase (N’ase) in order to elim-
inate protein sialic acids, labeled with an anti-Lu/BCAM
antibody and analyzed by imaging flow cytometry. We
found that loss of sialic acids resulted in less Spots and
more Patches RBC (Figure 5A) with no impact on
Lu/BCAM global expression level (Figure 5B), indicating
that lateral interactions of Lu/BCAM with sialic acid
residues impede its capacity to aggregate at the cell sur-

face. Altogether, these results suggest that oxidation may
trigger Lu/BCAM release from sialic acid lateral interac-
tions leading to its aggregation and activated adhesive
function.

Total sialylation and specific glycophorin C sialylation levels

As HD RBC showed higher percentages of cells with the
Patches pattern and that treatment of AA RBC with N’ase
increases also the proportions of this sub-population, we
hypothesized that increased HD RBC adhesion to laminin
might result from aggregation of Lu/BCAM molecules
subsequent to altered GPC sialylation. Using biotinylated
lectins, we measured the sialic acid levels at the surface of
RBC from nine AA and nine SS blood samples by flow
cytometry and found no significant difference between
the two groups (Figure 5C). We performed the same
analysis on seven SCD fractionated blood samples and
found less sialic acid at the surface of all HD RBC when
compared to LD RBC (Figure 5D), suggesting that
increased adhesion to laminin of HD RBC might result
from the partial loss of interaction between Lu/BCAM and
GPC at the cell surface. In order to specifically address
GPC sialylation levels, we used an antibody directed
against sialylated forms of GPC. Flow cytometry analysis
showed less GPC sialylation levels in HD than in LD RBC
(Figure 5E), while no significant difference was observed
in total amounts of GPC at the cell surface as determined
by flow cytometry using a sialic acid-independent anti-
GPC antibody (Figure SF). This result supported our
hypothesis of increased HD RBC adhesion to laminin fol-
lowing altered cis-interactions of Lu/BCAM with GPC at
the cell surface.

Discussion

Oxidative stress is an important feature of SCD and
plays an important role in the pathophysiology of hemol-
ysis, vaso-occlusion and ensuing organ damage. In this
study we investigated the relationship between oxidative
stress and adhesion of RBC to laminin. We report altered
protein cis-interactions at the surface of sickle dense RBC
that may account for the activation of RBC adhesion in
the absence of signaling events and contribute to vaso-
occlusion. Using a microfluidic biomimetic chip, we con-
firm the importance of the mechanical parameter in the
preferential trapping of HD RBC at a single cell level, con-
firming the hypothesis of the two-step model in which
dense RBC contribute to the obstruction of fine blood ves-
sels because of reduced deformability.”® In addition, we
show that HD RBC adhere more firmly to laminin and are
more resistant to shear stress than LD RBC suggesting that
they would also contribute to initiate VOCs in vivo by
adhering to the vessel wall even at high shear stress. This
difference is probably partly due to the increased rigidity
of HD RBC, as well as to the difference in cell shape
between both subtypes, with a majority of very young
and round reticulocytes in the LD fraction having a small-
er contact surface with the capillary wall than HD RBC
that are flatter cells with a larger contact surface and a
smaller section facing the flow after adhesion is initiated.
This is supported by the presence of long cellular tethers
and of big patches of Lu/BCAM on several adhering LD
RBC indicative of important membrane dynamics in this
subpopulation, which is a characteristic of reticulocytes



known to undergo skeletal and membrane remodeling
during maturation.*?*

Several studies have investigated the dynamics and rhe-
ology of SS RBC under flow conditions using microfluidic
devices. Alapan et al. assessed sickle RBC adhesion in
fibronectin-coated microfluidic chips and observed signif-
icantly greater numbers of adhered non-deformable than
deformable RBC.* Our study extends these findings by
comparing the adhesion of deformable and non-
deformable RBC within both the young and mature pop-
ulations. As a matter of fact, fibronectin is the substrate of
integrin 04p1 that is expressed only in very young reticu-
locytes, restricting the analysis to a very small subpopula-
tion of RBC, while the laminin receptor Lu/BCAM is
expressed on RBC at all the maturation stages.

We show that oxidation can activate RBC adhesion to
laminin by inducing post-translational modifications of
Lu/BCAM that modify its distribution at the cell surface
generating aggregates with high binding potential to
laminin. This mechanism targets and abolishes Lu/BCAM
cis-interaction with GPC at the cell surface® and seems to
be specific for Lu/BCAM and to target GPC primarily, as
another IgSF member, i.e., LIW/ICAM-4, was not impacted
by in vitro oxidation and did not show altered distribution
at the surface of SS RBCs. Abnormal RBC adhesion to
laminin was reported in several pathologies with two
triggering mechanisms including Lu/BCAM phosphoryla-
tion'?***” and Lu/BCAM dissociation from the spectrin-
based skeleton.®?%% Here, the oxidation-driven mecha-
nism seems to be at the origin of increased adhesion of
HD RBC in the absence of Lu/BCAM phosphorylation
and seems in line with the high adhesion levels of HD
RBC in the absence of responsiveness to cAMP inducers.”®
Moreover, although abnormal actin oxidation has been
reported in irreversibly sickled cells affecting cytoskeletal
dynamics,” in our study oxidation and the subsequent
loss of interaction with GPC do not alter Lu/BCAM bind-
ing to the skeleton as we did not see a difference in
Lu/BCAM Triton extractability between i vitro oxidized
and non-oxidized AA RBC (data not shown). This is sup-
ported by the unchanged mobility of Lu/BCAM at the sur-
face of neuraminidase-treated RBC as measured by fluo-
rescence recovery after photobleaching assay.** As a mat-
ter of fact, oxidation may impact the interactions of mem-
brane proteins with the skeleton as it was reported for
Band 3***! but here Lu/BCAM activation seems to be trig-
gered by modifications at the extracellular rather than the
intracellular side.

During erythrocyte lifespan, sialic acid levels gradually
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