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RED CELLS, IRON, AND ERYTHROPOIESIS

Abnormal properties of red blood cells suggest a role in the pathophysiology
of Gaucher disease
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Gaucher disease (GD) is a lysosomal storage disorder caused by glucocerebrosidase
deficiency. It is notably characterized by splenomegaly, complex skeletal involvement,
ischemic events of the spleen and bones, and the accumulation of Gaucher cells in
several organs. We hypothesized that red blood cells (RBCs) might be involved in some
features of GD and studied the adhesive and hemorheologic properties of RBCs from GD
patients. Hemorheologic analyses revealed enhanced blood viscosity, increased aggre-
gation, and disaggregation threshold of GD RBCs compared with control (CTR) RBCs.
GD RBCs also exhibited frequent morphologic abnormalities and lower deformability.
Under physiologic flow conditions, GD RBCs adhered more strongly to human microvascular endothelial cells and to laminin than
CTR. We showed that Lu/BCAM, the unique erythroid laminin receptor, is overexpressed and highly phosphorylated in GD RBCs,
and may play a major role in the adhesion process. The demonstration that GD RBCs have abnormal rheologic and adhesion
properties suggests that they may trigger ischemic events in GD, and possibly phagocytosis by macrophages, leading to the

¢ We provide evidence that red
blood cells from patients suf-
fering from Gaucher diseases
exhibit morphologic and func-
tional abnormalities.

appearance of pathogenic Gaucher cells. (Blood. 2013;121(3):546-555)

Introduction

Gaucher disease (GD) is caused by B-glucocerebrosidase (Glu-
Cerase) deficiency and is the most common autosomal recessive
lysosomal storage disorder. GD is a multisystem disorder with high
clinical heterogeneity. Ten percent of GD patients, including
fetuses (fetal GD), infants (type 2), older children, and adults (type
3), have signs of central nervous system involvement. However, the
majority of patients belong to the subgroup of nonneuronopathic
GD (type 1). In patients with GD1 and GD3, visceral enlargement
(splenomegaly and hepatomegaly), hematologic manifestations
(anemia, thrombocytopenia), and bone involvement are the most
frequent and significant features of the condition.! Bone disease, a
major characteristic of GD1,*7 is characterized by chronic features
related to bone fragility (osteopenia/osteoporosis, osseous defor-
mity, thinning of long bones cortex),®® as well as acute or subacute
events related to bone infarcts, such as bone infarcts (“bone crises”)
and avascular necrosis (AVN) of the head of long bones or of
vertebral bodies. Ischemic events also occur in the spleen. The
spleen of untreated patients may become large and fibrotic and
contains numerous abnormal macrophages called Gaucher cells.
GluCerase deficiency results in the accumulation of its substrate,
glucosylceramide (GlcCer), into macrophages because these cells are

natural phagocytes that are involved in the degradation of membrane
glycolipids from red blood cells (RBCs) and leukocytes. GlcCer-laden
macrophages are not killed by the accumulation of the substrate, but
tend to transform into Gaucher cells. Although dysfunction of macro-
phages/Gaucher cells is probably involved in the pathophysiology of
many aspects of GD, other cell types could be involved as well.2In vitro
studies and animal models showed that GluCerase deficiency reduces
the differentiation of bone marrow stem cells into osteoblasts,'%!! and
alters the proliferation and differentiation capacity of CD34" cells.'?
Thus, it appears that the complex pathophysiology of GD may involve a
wide array of cell types and processes.

It has been known for several decades that RBCs from GD
patients also accumulate GlcCer.!'>!# However, RBC properties
from GD patients have been investigated in a limited number of
studies.’>'® Among those is a hemorheologic study, which sug-
gested a role for RBCs in the pathophysiology of GD.!¢

This study prompted us to further investigate the properties of
GD RBCs using multiple techniques, in particular flow adhesion
assays. We found that a significant proportion of GD RBCs exhibit
abnormal shapes, adhere excessively to the endothelial vascular
wall, and have abnormal rheologic properties. These results
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indicate that GD encompasses an overlooked erythrocytopathy.
They suggest the involvement of RBCs in ischemic events
occurring in GD, including infarcts of spleen, bone, and AVN, as
well as in the process leading to the appearance of pathogenic
Gaucher cells in several organs.

Methods

Patients and blood samples

Blood samples were collected from 22 GD patients (10 men and 12 women;
mean age 29 years) and 27 healthy volunteers age 20-years-old or more
(CTR; 15 men and 12 women; mean age 33 years). The patients were
recruited prospectively between July 2009 and February 2012. They were
not under enzyme replacement therapy (ERT) when samples were col-
lected. However, 2 of them had previously received ERT, which was
discontinued 2 and 5 years before enrolment in this study. None of the
GD patients had been splenectomised. Except for one patient who had the
GD3 phenotype and another one with the D409H/D409H genotype usually
associated with neurologic signs, all patients had the GD1 phenotype
(n = 20). Seven patients had significant clinical or radiologic skeletal
involvement (other than deformation of bones or medullar infiltration).
On the whole, the studied population was representative of the French
GD population and was distributed in 2 groups composed by 13 pediatric
patients and 9 adult patients. GD was moderately severe as 12/22 patients
enrolled in this study met the criteria for ERT. Detailed clinical information
is available in Table 1.

Giemsa-stained blood smears were performed in CTR and GD, and
RBCs with abnormal morphologies were quantified. This study and other
experiments were done with RBCs from children and adult GD patients
with various genotypes. In our experiments, these genotypes were equally
distributed between those usually associated with a severe and those usually
associated with a mild phenotype, except for the deformability study (df) in
which 6/7 involved patients have a “severe” genotype.

GluCerase activity and expression during erythropoiesis

Peripheral blood mononuclear cells were isolated and erythroblasts were
expanded and differentiated, as described.!” Aliquots were taken daily
during the 7-day differentiation from proerythroblasts to reticulocytes.
Cells were washed twice in ice-cold PBS, lysed in 20mM Tris-HCI pH 8.0,
137mM NaCl, 10mM EDTA, 100mM NaF, 1% (vol/vol) Nonidet P-40,
10% (vol/vol) glycerol, 10mM NazVOy,4, 2mM PMSF, 1% (vol/vol) protease
inhibitor cocktail set V (Calbiochem), and nuclei were removed through
centrifugation (15 700g, 10 minutes, 4°C). Proteins were analyzed by
Western blotting using mouse antibodies against band 3 (BRIC 170,
IBGRL) and Rho-GDI (Transduction Labs), and a rabbit antibody against
GluCerase (Sigma-Aldrich). For GluCerase activity, 0.5 X 10¢ cells/
experiment were washed once in PBS and resuspended in PBS with
4% fetal calf serum (FCS). Flow cytometry analysis of intracellular GC
activity was performed using the fluorogenic GluCerase substrate
5'pentafluorobenzoylaminofluorescein-di-B-D-glucoside (PFB-FDGlu, Life
Technologies). Cells were incubated with ImM of the GluCerase substrate
or DMSO as control, for 30 minutes at 37°C. The reaction was stopped with
addition of 3 mL of ice-cold PBS and PFB-F fluorescence was measured by
FACS.?’ When necessary, cells were pre-incubated for 1 hour at 37°C with
500M conduritol B epoxyde (CBE), a GluCerase inhibitor.

Adhesion assay

RBC adhesion assays were performed using a plate flow chamber and
ibiTreat or uncoated microslide 12 Luer (Ibidi). For RBC adhesion on
human microvascular endothelial cells (HMEC-1) under semistatic condi-
tions, HMEC-1 were cultured in MCDB131 medium (Invitrogen) contain-
ing 15% FCS (Invitrogen), 10 ng/mL EGF (Sigma-Aldrich), 1 ng/mL
hydrocortisone (Sigma-Aldrich), and antibiotics. HMEC-1 cells were
activated with TNFa (10 ng/mL) for 48 hours at 37°C. The day before the
adhesion assay, cells were plated at a concentration of 16 X 10° cells/mL,
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and medium was changed via a peristaltic pump system every 4 hours.
RBCs were washed and resuspended in Hanks buffer supplemented with
0.2% bovine serum albumin (BSA) at 0.5% hematocrit (Hct). The RBC
suspension was perfused through the HMEC-1—coated microslide at a
flow-rate of 0.2 dyn/cm? for 2 minutes. Then, the flow-rate was stopped
during 45 minutes at 37°C to allow RBC adhesion to endothelial cells. The
flow-rate was restarted, followed by a 5-minute wash of nonadherent RBCs
at 0.2 dyn/cm? and 3-minute washouts from 0.2 to 3 dyn/cm?. After each
wash, adherent RBCs were counted in 6 representative areas by micros-
copy, using the Optimas 6.1 image analysis system (Media Cybernetics).
For RBC adhesion to laminin, 10 pg of laminin a5 chain from human
placenta (Sigma-Aldrich) was immobilized on uncoated microslide at 4°C
overnight. Washed RBCs were resuspended at 0.5% Hct, and the suspen-
sion was perfused through the microslide at a flow rate of 0.3 dyn/cm? for
5 minutes at 37°C. After nonadherent cells were washed out for 5 minutes at
0.3 dyn/cm?, flow rate was progressively increased from 0.4 to 1.6 dyn/cm?
for 3 minutes each and adherent RBCs were counted as described. To
compare RBC adhesion to laminin and fibronectin, laminin (10 pg) and
human plasma fibronectin (7 pg; Sigma-Aldrich) were immobilized on
microslides at 4°C overnight. Perfusion was performed at 0.2 dyn/cm? for
5 minutes. After a 5-minute wash, a shear stress of 0.4 dyn/cm? was applied
and gradually increased from 1 to 4 dyn/cm? every 2 minutes. After each
wash, adherent cells were counted in 11 representative areas using the
AxioObserver Z1 microscope and AxioVision 4 analysis software (Carl
Zeiss). Images of the same areas were obtained throughout each experiment
using the “Mark and Find” module of AxioVision analysis software.

Immunofluorescence studies of HMIEC-1 and adherent RBCs

To confirm laminin expression, HMEC-1 were activated with TNFa,
cultured for 48 hours on microslides, and fixed for 20 minutes with
4% paraformaldehyde. After permeabilization for 10 minutes with 0.5% Tri-
ton X-100, HMEC-1 were incubated with antilaminin o5 chain (mAb 4C7,
1:40) for 1 hour at room temperature (RT) as previously described.?!
Microslides were washed with PBS-0.5% BSA and incubated with an
AlexaFluor488—conjugated anti-mouse antibody (1:200) for 1 hour at RT.
Microslides were examined by confocal microscopy using a Nikon EC-1
system equipped with 60X/1.4 NA and 100X/1.30 objectives. To visualize
RBC morphology and Lu/BCAM expression pattern during the adhesion
process, RBCs were fixed after washouts at 1 or 4 dyn/cm? for 20 minutes
with 1% formaldehyde (Merck) and 0.025% glutaraldehyde (Sigma-
Aldrich). RBCs were rinsed in PBS, incubated with F241 anti-Lu mAb
(1:5000 in Dako Dakocytomation) for 1 hour at RT. Microslides were
washed with Dako and incubated with AlexaFluor 488—conjugated anti—
mouse antibody (1:200) for 1 hour at RT. To perform Lu/BCAM and
alB1-spectrin staining, RBCs were fixed for 20 minutes, permeabilized for
10 minutes in 0.5% Triton X-100, and incubated with F241 anti-Lu mAb
and rabbit anti—a1@1-spectrin (obtained by immunization of rabbits with
B1-spectrin purified chain) diluted in Dako for 1 hour at RT. RBCs were
washed with Dako and incubated with AlexaFluor 488—conjugated anti—
mouse antibody and AlexaFluor 568—conjugated anti-rabbit antibody
(Invitrogen), respectively.

Flow cytometry

The expression of CD36, CD49d, CD29, and CD242 was assessed using
specific monoclonal antibodies (Becton Dickinson). The percentage of
reticulocytes in blood samples and the expression of Lu/BCAM were
determined using thiazole orange dye (Reticount, BD Bioscience) and
anti-Lu/BCAM mAb F241,2? respectively. Acquisition and analysis were
performed with the BD FACS Canto II flow cytometer (BD Bioscience) and
with the BD FACS Diva software (Version 6.1.2).

To detect GluCerase activity by FACS, HEL cells (human erythroleuke-
mia cells) or control RBCs were pretreated or not with CBE (100 mM,
Sigma-Aldrich) for 1 hour, and incubated 30 minutes at 37°C in the
presence of ImM of PFB-FDGlu or DMSO as described.?
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Figure 1. GC activity and expression in RBCs and during erythropoiesis. Erythroblasts expanded from peripheral blood mononuclear cells (PBMCs) were differentiated as
indicated in “Methods.” (A) GC activity was detected in human primary erythroblasts, but not in RBCs. GC activity was detected by flow cytometry, using cells treated with the
PFB-FDGlu substrate (1mM) or DMSO for 30 minutes. The fluorescence histograms were overlaid to indicate the relative fluorescence levels of each sample. The dotted line
represents DMSO-treated cells, the bold line represents cells incubated with the PFB-FDGlu substrate, and the straight line represents cells pretreated with the GC inhibitor
CBE (1 hour, 1mM) before substrate incubation. (B) GC activity is rapidly decreasing during erythroblast differentiation. PFB-FDGlu substrate geometric mean fluorescence
intensity (MFI) was measured at the indicated time points, and was normalized to the activity of GC in erythroblasts that was set at 100%. Standard deviation represents the
variation between 4 independent experiments. The histogram overlays show representative figures of GC activity during erythroblast differentiation (dotted line = DMSO-
control; bold line = PFB-FDGlu substrate; straight line = PFB-FDGlu substrate + CBE). (C) Aliquots were taken at the indicated time points and proteins were separated by
SDS-PAGE. Blots were stained with antibodies against GC and band 3, and with an antibody to Rho-GDlI as a loading control.

Phosphorylation status of Lu/BCAM in GD RBCs

The phosphorylation of Lu/BCAM was assessed as previously described.?
Briefly, RBCs (200 L) were washed and incubated in 2 mL phosphate-free
medium for 4 hours at 35°C and 5% CO,. After additional washes, RBCs
were resuspended in 2 mL phosphate-free medium supplemented with
orthophosphate 3?P (300 .Ci) and incubated overnight at 35°C. RBCs were
washed twice with cold PBS and lysed with lysis buffer supplemented with
protease (Roche Diagnostics) and phosphatase inhibitor cocktails (Sigma-
Aldrich). After overnight immunoprecipitation of Lu/BCAM with anti-Lu®
(clone LM342, from Dr R. H. Fraser, Regional Donor Center, Glasgow,
United Kingdom) and protein A-Sepharose CL4B beads (Roche Diagnos-
tics), the immunoprecipitates were washed and analyzed by SDS-PAGE,
followed by protein transfer on nitrocellulose membranes. Lu/BCAM
phosphorylation was quantified using the FujiFilm BAS-1800II Phospholm-
ager and Multi Gauge Version 3.0 software. Total immunoprecipitated
Lu/BCAM was quantified by Western blotting using a biotinylated anti-Lu
antibody (R&D Systems) and Quantity One Version 4.5.2 software
(Biorad).

Hemorheology, hematologic, and biochemical analyses

Blood samples were immediately used for measurements of hemoglobin
concentration, Hct, mean corpuscular volume (MCV), mean corpuscular
hemoglobin concentration (MCHC), and platelet and white blood cell
counts. Trisodium citrate blood samples were used for measurements of
fibrinogen and von Willebrand factor antigen (VWF Ag test kit) levels. All
hemorheologic measurements?* were carried out within 4 hours of the
venipuncture to avoid blood rheologic alterations® and after complete
oxygenation of the blood.>* We followed the guidelines for international
standardization of blood rheology techniques/measurements and interpreta-
tion.>* Blood viscosity was determined at native Het, at 37°C and at various
shear rates using a cone/plate viscometer (Brookfield DVIII+ with CPE40
spindle, Brookfield Engineering Labs). We used a “loop” protocol where
the shear rate started at 22.5 seconds ™!, was increased every 30 seconds
until 225 seconds ™!, at which point it was decreased every 30 seconds to the
initial shear rate. This loop protocol provides information on the effects of
RBC aggregation and deformability properties on blood viscosity during

the dynamic transition from a given shear rate to another shear rate. RBC
deformability (EI, elongation index) was determined at 37°C at 9 shear
stresses ranging from 0.30 to 30 Pa by laser diffraction analysis (ektacytom-
etry), using the laser-assisted optical rotational cell analyzer (LORCA, RR
Mechatronics). The value of 3.00 Pa is often considered as the threshold
between low/moderate shear and high shear stress values. At less than 3.00 Pa,
RBC deformability is more dependent on the ability of the RBC membrane to
deform under shear, whereas at more than 3.00 Pa RBC deformability mainly
depends on the internal viscosity of the cells.?* RBC aggregation was determined
at 37°C via syllectometry, (ie, laser backscatter versus time, using the LORCA)
after adjustment of the Het to 40%, and was reported as the aggregation index
(AI). The RBC disaggregation threshold (), that is, the minimal shear rate
needed to prevent RBC aggregation or to breakdown existing RBC aggregates,
was determined using a reiteration procedure.2

Statistical analyses

Results are presented as the mean = SEM. Mann-Whitney test was used to
compare RBC morphology, RBC adhesion to HMEC-1 and laminin at
every shear stress, Lu/BCAM expression and phosphorylation state, RBC
membrane properties during flow experiment, RBC aggregation and
disaggregation, and RBC deformability at every shear stress between
the CTR and GD groups. A 1-way analysis of variance (ANOVA) was used
to compare the blood viscosities determined during the 2 steps of the loop
protocol between the 2 groups for any given shear rate, and RBC adhesion
to laminin and fibronectin between the 2 groups. Pairwise contrasts were
used to determine differences. Statistical significance was established at
P < .05.

Results

GluCerase is expressed and active in erythroid progenitors but
not in late differentiation and mature red cells

GluCerase activity was measured in normal RBCs and erythroid
progenitors. Flow cytometry analysis using a specific fluorogenic
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Figure 2. Adhesion of GD and CTR RBCs to HMEC-1 endothelial cells under flow conditions. (A) Typical microscopic images showing that more GD RBCs adhere to
HMEC-1 monolayer than healthy volunteer RBCs at 1 dyn/cm? flow rate. (B) Number of RBCs remaining adherent to HMEC-1 after inflow at 0,2 dyn/cm? and washout at
increasing shear stresses. Blood samples were from 12 healthy CTRs and 15 GD patients. Bars denote SEM (*P < .05; **P < .01; Mann-Whitney test).

GluCerase substrate failed to reveal GluCerase activity in RBCs
(Figure 1A), which is in agreement with the absence of lysosomes
in mature RBCs. In contrast, GluCerase activity was clearly
detected in the erythroleukemic cell line HEL and in human
primary proerythroblasts, suggesting that, in case of GluCerase
deficiency, the accumulation of GlcCer would occur at early stages
during erythroid differentiation (Figure 1A). We then assessed the
GluCerase activity and expression during in vitro erythropoiesis.'®
The enzyme activity was high in proerythroblasts, but decreased
sharply within the first 72 hours of differentiation and was absent at
later stages (Figure 1B). In agreement with the enzyme activity,
Western blot analysis revealed that GluCerase was expressed only
at the earliest stages of erythroid differentiation (proerythroblast to
basophilic stage; Figure 1C).

Abnormal morphologies of GD RBCs

RBC morphology was examined on Giemsa-stained peripheral
blood smears from CTR (n = 12) and GD (n = 14) individuals. We
observed significantly greater proportion of abnormal RBC shapes
in GD patients (2.90% * 1%) compared with CTR samples, with
presence of dacryocytes (“tear drop” cells), elliptocytes, echino-
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cytes, and schistocytes (supplemental Figure 1, available on the
Blood Web site; see the Supplemental Materials link at the top of
the online article). This confirms a previous observation,'” and
suggests that GD RBCs may have membrane or cytoskeleton (or
both) abnormal properties with potential functional consequences.

Enhanced adhesion of GD RBCs to HMEC-1 and laminin 5

The adhesive properties of GD RBCs (n = 15) versus CTR RBCs
(n = 12) to HMEC-1 were examined under flow. GD RBCs were
significantly more adherent than CTR RBCs (Figure 2A) at all shear
stresses, ranging from 0.5 to 3 dyn/cm? (P < .05 or < .01; Figure 2B).
Laminin a5 is known to facilitate the adhesion of RBCs to
HMEC-1.?' Immunofluorescence studies showed that laminin a5
was expressed at the cell surface, and on the basal and apical sides
of HMEC-1 (data not shown). The adhesion of GD (n = 18) and
CTR RBCs (n = 18) on microslides coated with purified laminin
oS5 was analyzed under flow. GD RBCs adhered significantly better
than CTR RBCs at all shear stresses (P < .05 or < .01; Figure 3A).
However, neither GD RBCs nor CTR RBCs adhered to fibronectin
(Figure 3B). These data indicate that GD RBCs exhibit enhanced
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Figure 3. Adhesion of GD and CTR RBCs to purified laminin a5 under flow conditions. (A) Blood samples were from 18 healthy CTRs and 18 GD patients. Number of
RBCs remaining adherent to purified laminin «5-coated microslide after inflow at 0.3 dyn/cm? and washout at increasing shear stresses. Bars denote SEM (*P < .05; **P < .01;
Mann-Whitney test). (B) Increased GD RBC adhesion compared with CTR RBCs is specific to laminin «5 and not to fibronectin (after inflow at 0.2 dyn/cm? and increasing
washout until 1 dyn/cm?, P < .01; ANOVA followed by Dunn multiple comparison test). Blood samples were from 4 healthy CTRs and 4 GD patients. GD RBCs were more

adherent to laminin than CTR RBCs.
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Figure 4. Expression and phosphorylation status of Lu/BCAM in GD and CTR
RBCs. (A-B) Lu/BCAM cell-surface expression was measured in RBCs from
16 CTRs and 18 GD patients using anti-Lu/BCAM monoclonal antibody F241 and
flow cytometry. Compared with control RBCs, a higher geometric fluorescence
intensity was observed in mature RBCs (***P < .0001; Mann-Whitney test [A]) and
reticulocytes of GD patients (**P < .01; Mann-Whitney test [B]). Horizontal lines
represent medians. (C) Typical results of radiophospholabeling of GD and CTR RBCs
followed by immunoprecipitation of Lu/BCAM protein by a specific anti-Lu antibody.
The phosphorylated proteins were detected using phosphoimager and the
corresponding total immunoprecipitated Lu/BCAM proteins were quantified by
Western blot (WB) using a biotinylated anti-Lu/BCAM antibody. The P/WB ratio
(arbitrary units) estimates the proportion of phosphorylated Lu/BCAM protein.
(D) P/WB ratio obtained with CTR (n = 16) and GD (n = 18) RBCs. Horizontal
lines represent medians. We observed more phosphorylated Lu/BCAM in GD
RBCs than in CTR RBCs (*P = .0113; Mann-Whitney test).

adhesion to endothelial cells via laminin a5 expressed on endothe-
lial cells.

Lu/BCAM expression and phosphorylation is increased in
GD RBCs

Flow cytometry was used to investigate the expression of adhesion
molecules known to be involved in RBCs-endothelium/laminin
interactions.?” We used specific adhesion molecule antibodies in
association with Reticount staining to discriminate membrane
protein expression in reticulocytes and in mature RBCs. No
significant differences were observed for the adhesion molecules
CD36, CD49d (a4 integrin), CD29 (B1 integrin), and CD242
(I-CAM4) between reticulocytes or erythrocytes from GD and
CTR samples (data not shown). In contrast, the expression of
CD239 (Lu/BCAM), the unique receptor of laminin o5 on RBCs
and erythroblasts?® was in average significantly higher in circulat-
ing mature GD RBCs (P < .01) and reticulocytes (P < .001) than
in CTR cells (Figure 4A-B), although the expression levels varied
widely between GD samples. A correlation was found between
Lu/BCAM geometric fluorescence intensity and percentage adhe-
sion to laminin a5 (p = 0.64, P < .01; not shown).

Because Lu/BCAM activation by phosphorylation enhances the
adhesion of RBCs to laminin «5,2>?8 we performed radiophospho-
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labeling experiments to determine the phosphorylation status of
Lu/BCAM in GD (n = 18) versus CTR (n = 16) RBCs. As shown
in Figure 4C and D, a significant increase in Lu/BCAM phosphory-
lation was observed in immunoprecipitates from GD RBCs com-
pared with those from CTR RBCs (P < .05). These results indicate
that Lu/BCAM is highly expressed and is activated in the RBCs
from GD patients.

Abnormal membrane properties of GD RBCs during
flow adhesion

To more precisely analyze the membrane properties of GD RBCs
during adhesion to laminin a5, confocal imaging was performed
during adhesion experiments under flow. At 1 dyn/cm?, CTR RBCs
were elongated and underwent a deformation of their membrane,
with RBCs exhibiting a typical racket shape (Figure 5A). In
contrast, GD RBCs did not change shape, suggesting reduced
membrane deformability. Counting RBCs with a racket shape at
1 dyn/cm? indicated that the proportion of deformed RBCs was
significantly higher in CTR RBCs (~70%) compared with GD
RBCs (~ 40%; P < .01; Figure 5A). When applying higher shear
stress (4 dyn/cm?), GD RBCs exhibited frequent and elongated
membrane tethers (Figure 5B), with a length that was significantly
greater in GD than in CTR RBCs (P < .001; Figure 5B). These
data suggest uncoupling of the membrane lipid bilayer from the
cytoskeleton in GD RBCs.?30 The segregation between the
membrane lipid bilayer and the spectrin-based membrane skeleton
under high shear stress was confirmed by immunolabeling, show-
ing that a131 spectrin, in contrast to Lu/BCAM, was not detected
at the level of the membrane tether (Figure 5C). These findings
suggest that the properties of the GD RBCs membrane may be
altered in a way that prevents cell deformation and favors
membrane dissociation from the cytoskeleton on shear stresses.

Abnormal hemorheologic properties of GD RBCs

RBC hemorheologic properties of 9 GD and 11 CTR blood samples
were analyzed. GD RBC deformability was reduced compared with
CTR RBCs at 0.3, 0.53, 0.95, 1.69, and 3.00 Pa (P < .05 or < .01,
or < .001; Table 2). At more than 3.00 Pa, the deformability was no
longer different between the 2 groups. In addition, RBC aggrega-
tion was higher in GD patients than in CTR (P < .05; Figure 6A),
as was the RBCs disaggregation threshold (P < .05; Figure 6B).
Blood viscosity was greater in GD patients than in CTR at every
shear rate during the increasing phase of the loop (P < .05; Figure
6C curve 1), but not during the decreasing phase of the loop (Figure
6C curve 2). Blood viscosity at a given shear rate decreased
between the incrementing and the decreasing phases of the loop
protocol in the GD group (P < .05 or < .0l; Figure 6C). In
summary, the “up” (curve 1) and “down” (curve 2) curves did not
coincide in GD patients and this hysteresis loop, denoting thixot-
ropy, reflects the effects of increased RBC aggregation on blood
viscosity.

The hematologic and biochemical parameters were measured
in the same GD patients. Hb (12.59 = 0.32 g/dL) and Hct
(36.42% = 0.91%) levels were within the normal range, except for
3/9 patients who were slightly anemic, with microcytosis because
of lower MCV values. The mean MCV of all 9 GD patients was
within the lowest values of the normal range (80.8 = 2.7 fL). All
GD patients exhibited thrombocytopenia (106 = 31 10°/L). Nei-
ther fibrinogen (2.51 * 0.17 g/L, normal range 1.5 to 4 g/L), nor
VWEF antigen (89.41% = 12.27%, normal range 50% to 150%)
values were out of the normal ranges. No correlation between RBC
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Figure 5. Confocal imaging of adherent GD and CTR RBCs to laminin o5 at different shear stresses. (A) Typical microscopic images showing the shape of adherent
RBCs from 7 healthy CTRs and 7 GD patients at 1 dyn/cm?2. The flow is from the left to the right. Lu/BCAM cell-surface expression was visualized by immunofluorescence using
the monoclonal antibody F241 and confocal microscopy. Percentage of adherent RBCs with racket shape after inflow at 0.2 dyn/cm? and increasing washout until 1dyn/cm?
was higher in CTR RBCs compared with GD RBCs (P < .01, Mann-Whitney test). (B) Same experiments as in panel A but with final washout at 4 dyn/cm?. GD RBCs frequently
exhibited typical tether shape. Bars scales represent 1 um. RBCs from GD patients exhibited more frequently a tether shape than CTR RBCs (***P < .0001). RBCs from
GD patients exhibited longer tethers than CTR RBCs. Tether measurement was performed on 30 cells per condition (***P < .0004). (C) Same experiments as in panel B but

GD RBCs were double-stained with anti-Lu/BCAM (top panel) or anti-spectrin (bottom panel) antibodies.

aggregation properties and VWF antigen (RBC aggregation/VWEF,
p=—-029, P=.50; RBC disaggregation threshold/VWF,
p=—0.59, P=.11) or fibrinogen levels (RBC aggregation/
fibrinogen, p = —0.18, P = .71; RBC disaggregation threshold/
fibrinogen, p = —0.56, P = .15) was found in GD patients.

Altogether, our findings indicate that GD RBCs exhibit abnor-
mal deformability at low shear stress, aggregation, and disaggrega-
tion properties as well as blood viscosity.

Discussion

In this study, we investigated the potential role of RBCs in the
pathophysiology of GD. We confirm the hemorheologic alterations
of GD RBCs, and demonstrate for the first time their enhanced
adhesive properties. During flow adhesion experiments, we ob-
served an abnormal behavior of GD RBCs compared with CTR
RBCs. At 1 dyn/cm? (ie, 0.1 Pa), GD RBCs adherent to laminin
displayed reduced deformability. This apparent low deformability
was confirmed by hemorheologic experiments, revealing that the
deformability of CTR RBCs was 3-fold greater than that of GD
RBCs at the lowest shear stress applied (ie, 0.3 Pa). These results,
obtained with RBCs from nonsplenectomised GD patients, are in
contrast to those from a previous study reporting reduced deform-
ability of RBCs from splenectomised but not from nonsplenecto-
mised GD patients.'¢ In the study by Bax et al, the authors used the
St George blood cell filtrometer to measure the RBC filtration rate

at a shear stress which is far more than the shear stresses commonly
found in the microcirculation.!® RBC deformability in our study
was measured by what is considered as the gold standard test,
allowing the evaluation of this parameter under more physiologic
flow conditions. Our results were different from those of Bax et al
at low-moderate shear stresses, but were no longer different at
shear stresses more than 3.00 Pa.!® Therefore, the results obtained
with RBCs from nonsplenectomised GD patients in both studies
are not contradictory. Our data further indicate that membrane
elasticity rather than internal viscosity probably determines the loss
of GD RBCs deformability.

Hemorheologic data suggest membrane alterations in GD
RBCs, and may explain the abnormal RBC shapes in GD observed
in this and previous studies.!” Here, we confirm that a significant
proportion of RBCs from GD patients with an intact spleen and not
under ERT have abnormal shapes. Schistocytes probably result
from RBC fragmentation passing through microvessels lined with
mesh of fibrin strands. This raises the issue of a potential
correlation between the presence of schistocytes and markers of
intravascular hemolysis that were not assessed in this study. Other
abnormal shapes indicated that the properties of the membrane, the
skeleton-based membrane, or both could be altered in GD RBCs.

Our results are in agreement with previous findings demonstrat-
ing increased aggregation of RBCs from splenectomised and
nonsplenectomised patients.!>!8 The mechanisms of RBC hyperag-
gregation in GD patients are poorly understood, but could involve
both plasma factors!>!® and intrinsic cellular factors.'> Because

Table 2. RBC deformability (El) at several shear stresses (Pa) in control subjects (CTR) and Gaucher patients (GD)

0.30 0.53 0.95 1.69 3.00 5.33 9.49 16.87 30.00
CTR 0.06 = 0.01 0.08 = 0.01 0.16 = 0.02 0.26 = 0.02 0.36 = 0.02 0.44 + 0.01 0.50 = 0.01 0.55 = 0.01 0.59 = 0.01
GD 0.02 = 0.02*** 0.06 = 0.01** 0.13 = 0.03** 0.23 = 0.03" 0.33 = 0.03* 0.42 = 0.02 0.50 = 0.02 0.55 = 0.01 0.58 + 0.01

Difference between the 2 groups (*P < .05; **P < .01; ***P < .001).
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Figure 6. Hemorheologic analyses of GD and CTR RBCs. For all the studies,
blood samples were from 11 healthy CTRs and 9 GD patients. (A) RBC aggregation
in control CTR subjects and GD patients (*P < .05). (B) RBCs disaggregation
threshold in CTR and GD patients (*P < .05). (C) Blood viscosity (nb) in CTR and
GD patients at different shear rates. A loop protocol was used with shear rate
increasing from moderate value to high value (curves 1), and then the shear rate was
reduced (curves 2) to the initial value (see “Methods” for details). Difference between
the 2 groups during the incrementing phase of the loop (curves 1; *P < .05).
Difference between the value obtained during the incrementing phase of the loop
protocol (curves 1) and the value obtained during the decreasing phase of the loop
protocol (curves 2) in the GD group ($P < .05; 8P < .01; $%8P < .001).

plasma levels of gammaglobulins, fibrinogen, and VWF antigen in
our GD patients were within normal physiologic ranges and were
not significantly correlated with RBC aggregation, cellular factors
probably predominate.

In addition to hyperaggregation, we show for the first time that
GD RBCs have an increased disaggregation threshold (2-fold
greater) compared with CTRs. This means that the strength needed
to disperse pre-existing RBC aggregates is higher in GD patients
than in CTRs. Aggregation abnormalities of GD RBCs probably
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explain the measures of blood viscosity under shear transitions
with marked hysteresis during the loop blood viscosity protocol.?!
The normalization of GD blood viscosity in the second part of the
loop protocol is probably because most RBC aggregates progres-
sively disaggregate during the incrementing shear rate phase,
limiting the effects of RBC aggregation on blood viscosity when
the shear rate returns to the initial low values. Both the reduced
RBC deformability at low shear stress and the increased RBC
aggregation may explain the increased thixotropic properties of
blood in GD patients and may increase the risk of microcirculatory
disorders. Increased aggregation properties of GD RBCs may
increase flow resistance in low shear vascular regions or in the
microcirculation where RBC aggregates need to be dispersed to
allow single RBCs to enter and negotiate the small capillaries.?
Thus, hemorheologic properties of GD RBCs are potential factors
contributing to “vaso-occlusive like” events in this pathology.

In sickle cell disease (SCD), vaso-occlusive events are triggered
by sickling of the RBCs in areas of low oxygen or in response to
hemorheologic abnormalities and abnormal adhesion to the vascu-
lar wall.333> The adhesion of affected RBCs slows down the RBCs
transit time in the microcirculation and initiate vaso-occlusive
crises.’®37 These events occur in many organs, but they are
particularly common in the bone.’® We previously reported that
Lu/BCAM, the unique receptor of laminin in RBCs and erythro-
blasts?® mediates abnormal adhesion to laminin a5 and to endothe-
lial cells in SCD patients.?*3°40 We demonstrated here a similar
ability of GD RBCs to adhere to microvascular endothelial cells
and to laminin «5. Lu/BCAM, but not CD36, a4p1 or ICAM-4
adhesion molecules, was highly expressed in circulating mature
RBCs and reticulocytes from GD patients compared with healthy
subjects. Whether other receptor/ligand partners are involved in the
increase in GD RBC-endothelium adhesion requires further stud-
ies. Interaction between laminin o5 and Lu/BCAM requires
phosphorylation of the cytoplasmic domain of the receptor.?!:23:40
We observed enhanced phosphorylation of Lu/BCAM in GD RBC
samples, which demonstrates that the protein is in an activated
state. The signals responsible for this phosphorylation are un-
known. It may result from increased shear stress or from other
membrane alterations because of the underlying GluCerase defi-
ciency. Lu/BCAM may mediate RBC adhesion to laminin o5-
expressing cells, which combined with altered hemorheologic
properties, may result in the increased risk for ischemic events in
patients with GD.

The relatively limited number of studied patients and their
relatively moderate phenotype, that is, absence of skeletal involvement
at the time of blood sampling in most of them (only 7 untreated patients
had radiologic or clinical skeletal manifestations), did not allow us to
correlate RBC anomalies with the severity of GD. Larger studies may
help define the role of RBC pathology in the phenotype of GD patients.
Furthermore, CTR RBCs were from adult patients. Experiments per-
formed with age-matched controls may possibly give different results.
However, we could observe a tendency to higher adhesion to laminin
with RBCs from patients with symptomatic bone damage and/or high
chitotriosidase activity as compared with asymptomatic patients (not
shown).

GD has long been considered as a primarily macrophage-
specific glucosphingolipidosis. However, recent studies suggest
that the accumulation of GlcCer in other cell types may have
detrimental effects in GD.!*'2 Qur study points to the direct
involvement of erythroid cells in GD pathophysiology. Taken
together, our data demonstrate that hemorheologic parameters and
adhesion properties of GD RBCs are abnormal, indicating that GD
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encompasses an “‘erythrocytopathy.” Although the analogy be-
tween the “bone crises” and AVN of both GD and SCD is obvious,’
vaso-occlusive events are by far less frequent in GD than in SCD.
The hemorheologic differences, and many other nonerythrocytic
factors specific to each condition, may account for the clinical
differences between GD and SCD. However, hemorheologic, as
well as adhesion similarities, may account for clinical similarities
between both diseases.

We postulate that increased GD RBC adhesion might be related
to the accumulation of GlcCer into RBC membranes!* and the
aberrant lipid membrane composition, causing membrane altera-
tions and Lu/BCAM activation. This hypothesis is supported by the
effect of D-PDMP, an inhibitor of GlcCer synthase, in cancer
research. This compound induces a depletion of glycosphingolip-
ids, and reduces the adhesion of B16 cancer cells to laminin, which
can be counteracted by the addition of GlcCer in the culture
medium.*! We suggest that GlcCer could control the distribution of
Lu/BCAM into RBCs by regulating the fluidity of the plasma
membrane and/or the lateral distribution of Lu/BCAM, thereby
controlling its activity.

In line with previous findings, we detected GluCerase activity in
normal erythroblasts but not in circulating RBCs.'? Thus, GlcCer
accumulation could occur in the early stages of erythropoiesis.
However, high GlcCer plasma levels are found in GD patients,*>#3
which raises the question of whether RBCs GlcCer overload may
be caused by passive incorporation of GlcCer; this hypothesis
needs to be further studied.

Beyond ischemic events, RBC properties may be responsible
for their enhanced splenic destruction. Indeed, their low deformabil-
ity and increased adhesion to the endothelium may slow down their
passage through narrow splenic microvessels, and may even
prevent them from passing through splenic capillaries. Hence, it is
conceivable that the 3% RBCs with an abnormal shape, as well as
RBCs exhibiting abnormal adhesion and hemorheologic properties,
may be recognized by splenic macrophages and cleared from the
circulating pool. Thus, RBCs could be the primary dysfunctional
cells, leading to formation of Gaucher cells in the spleen. It may
also be the case in the bone marrow where erythrophagocytosis is
frequently reported,!” and possibly in other organs containing
resident macrophages. After they are formed, GlcCer-laden macro-
phages (Gaucher cells) that display abnormal properties*** may
induce further organ dysfunction depending on their specific
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environment. Hence, RBCs and interactions between RBCs and
macrophages may be crucial in the pathogenesis of GD.

In summary, our study reveals that the RBCs from GD patients
exhibit abnormal properties, including abnormal morphology,
altered hemorheology, and increased adhesion to the endothelium,
mainly mediated by laminin «5. These findings uncover an
overlooked aspect in GD pathophysiology, and suggest that RBCs
might be responsible for ischemic processes in GD. Another crucial
step will be to determine whether ERT, which is usually efficient in
preventing Gaucher symptoms, normalizes RBC parameters.
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