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Available online 13 July 2012 The introduction of pre-storage leukoreduction in the preparation of standard RBCs intended
for transfusion provided significant improvement in the quality of labile products and
Keywords: their post transfusion viability and effects, although the literature data are controversial. To
Storage lesion elucidate the issue of the probable leukoreduction effects on RBCs storage lesion, we
Red cell aging evaluated various storage quality measures in RBCs stored in either leukoreduced (L) or
Pre-storage leukoreduction non-leukoreduced (N) units, with emphasis to senescence and oxidative stress associated
Membrane proteome modifications. Our data suggest that the residual leukocytes/platelets of the labile products
Oxidative stress represent a stressful storage factor, countering the structural and functional integrity of stored
Calcium accumulation RBCs. Hemolysis, irreversible echinocytosis, microvesiculation, removal signaling, ROS/

calcium accumulation, band 3-related senescence modifications, membrane proteome stress
biomarkers as well as emergence of a senescence phenotype in young RBCs that is
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alleviation of so many storage-related manifestations in the L-RBCs compared to the N-RBCs,
is presented for the first time and provides a rational mechanistic interpretation of the
improved storage quality and transfusions observed by the introduction of pre-storage
leukoreduction.
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1. Introduction

Effective ex vivo storage of red blood cells (RBCs) is an essential
requirement for medical practice. Stored RBCs undergo a series of
time-dependent - yet early enough recognizable — physiological,
structural and biochemical alterations, which are only reversible
to some extent [1]. In the RBC storage lesion context, physiolog-
ically important disturbances in energy metabolism, rheological
properties (shape, deformability, aggregability, intracellular vis-
cosity), oxidation/carbonylation stress and finally, in cellular
aging process have been widely characterized [1,2]. Altered
membrane surface and cytoskeleton contribute to the RBCs
damage and clearance [3,4]. Although the clinical importance
of the RBCs storage lesion is poorly understood, some of the
irreversible deteriorations of the stored RBCs, like hemolysis,
potassium release and microvesicles accumulation, are associ-
ated with reduced post-transfusion survival/efficacy and in-
creased risk of adverse reactions in the recipients [5,6].

The currently used techniques for the preparation of
standard RBCs products include the pre-storage filtration of
blood to remove the contaminating donor leukocytes and
platelets. Despite controversy among the randomized clinical
trials on the beneficial or neutral effects of filtration [7,8],
the introduction of pre-storage leukoreduction has provided
significant improvement in transfusions by lowering the
incidence of viruses transmission and the circumstantial, yet
severe, untoward clinical effects (alloimmunization, immuno-
suppression, inflammatory responses etc.) that have been
related to increased morbidity/mortality liability [5,9]. More-
over, the leukoreduction exhibits a beneficial effect on
RBCs storage lesion, by improving both the hemolysis and
the post-transfusion recovery of leukoreduced RBCs [9,10].
Activated, apoptotic or degenerated leukocytes could equally
trigger adverse transfusion reactions and storage-associated
damage, since they represent a source for bioactive factors,
like oxygen free radicals, cytokines and enzymes [10,11].
However, pre-storage leukocyte reduction has not eliminated
all the leukocyte-related responses [12] nor the biochemical
and morphological changes that occur to RBCs as a conse-
quence of aging and storage [13]. As a matter of fact, some
authors claimed that there is but a modest improvement
in post-infusion viability of leukoreduced RBCs vs. the
non-leukoreduced ones [14]. Further on, a recent study
suggested that the pre-storage filtration may aggravate blood
storage lesions [15]. Finally, although leukoreduction has been
assigned as a standard in the labile products making, today,
approximately 20% of the transfusions in the United States
[16] and much higher percentage of those performed in
several European countries are still conservative, namely
non-leukoreduced. Therefore, there is still a need for clarifying
the probable effects of leukoreduction on storage lesion
progression as well as on in vivo efficacy and adverse transfu-
sion effects. Adequate inventory and understanding of RBCs
storage lesion in relation to various storage strategies currently
followed in clinical practice is probably the only way to mitigate
the disturbances that render RBC transfusions dangerous or
less effective.

This study aims at reporting experimental facts touching
the effect of residual leukocytes in the progression of RBCs
storage lesion under standard blood banking conditions, with

emphasis to the senescence and oxidative stress associated
molecular and cellular modifications. To this purpose, we
evaluated a series of storage quality measures in RBCs stored
in either leukoreduced (L) or non-leukoreduced (N) units. A
careful standardization of sample harvesting, process and
storage was set up in order to minimize the pre-analytical
variations. Our hematological, structural, biochemical and
proteomic data suggest that the residual leukocytes and
platelets represent an additional stressful factor for the stored
RBCs, affecting almost all RBCs removal signaling mechanisms
and thus their structural and functional integrity. The partial,
yet significant, alleviation of so many storage-related manifes-
tations in L-RBCs compared to N-RBCs is presented for the first
time and provides a rational mechanistic interpretation of the
improved storage quality and transfusions observed after the
introduction of pre-storage leukoreduction.

2. Materials and methods
2.1.  Material supplies

Antibodies against band 3, spectrin, human IgGs and
HRP-conjugated antibodies to goat IgGs, as well as protease
inhibitor cocktails, phosphatase inhibitor cocktail 2, t-butyl
hydroperoxide (t-BHP) alpha-cellulose, microcrystalline cellu-
lose (type 50), N-ethylmaleimide (NEM), Percoll medium (d=
1.13 g/ml), Drabkin’s reagent components and common
chemicals and buffers were all obtained from Sigma-Aldrich
(Munich, Germany). Electron microscopy grade glutaralde-
hyde solution was from Serva (Heidelberg, Germany). Anti-
bodies against hemoglobin (Hb) and peroxiredoxin 2 (Prx2)
were obtained from Europa Bioproducts (UK) and from Acris
GmbH (Herford, Germany), respectively. Antibodies against
CD47, clusterin, HSP70, calpain-1 (u-calpain), cathepsin E and
band 3 were from Santa Cruz Biotechnology (CA, USA).
Anti-human CD59 and HRP-conjugated anti-rabbit IgG were
from R&D Systems (MN, USA). mAbs against synexin (annexin
VII) and flotillin-2 were obtained from BD Transduction
Laboratories (CA, USA). Sodium orthovanadate and Syk
inhibitors II and IV were from Calbiochem (Darmstadt,
Germany). bis-sulfosuccinimidyl-suberate (BS3) crosslinker was
from Thermo Scientific (Rockford, IL). Anti-phosphotyrosine
(pTyr, clone PY20) mAb, MF membrane syringe driven filters
and the Oxyblot® detection kit were obtained from Millipore
(Temecula, CA). A-23187 ionophore and annexin-V-Fluos solu-
tion were from Roche Diagnostics (Burgdorf, Switzerland).
5-(and-6)-chloromethyl-2’,7’-dichloro-dihydro-fluorescein diace-
tate, acetyl ester (CMH2DCFDA) and fluorescent calcium indica-
tor Fluo-4 (Fluo-4 AM) were from Invitrogen, Molecular Probes
(Eugene, OR). HRP-conjugated antibodies to rabbit IgGs, ECL
Western blot detection kit and Percoll solution (d=1.131 g/ml)
were from GE Healthcare (Buckinghamshire, UK). HRP-
conjugated antibodies to mouse IgGs were from DakoCytomation
(Glostrup, Denmark). Rabbit anti-human CD235a was from AbD
Serotec (Oxford, UK). Bradford protein assay was obtained
from Bio-Rad (Hercules, CA). Western lighting Plus ECL was
from Perkin Elmer (CA, USA). mAb against stomatin and
antiserums against proteins 4.1R and pallidin (band 4.2) were
kindly provided by Prof. R. Prohaska (Institute of Medical
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Biochemistry, University of Vienna, Austria) and Prof.
J.Delaunay (Laboratoire d'Hématologie, d’Immunologie et
de Cytogénétique, Hopital de Bicetre, Le Kremlin-Bicetre,
France) respectively.

2.2. Study planning, subjects and RBCs storage in blood
bank conditions

Venous blood of 12 eligible, young (22-42 years old) blood
donors was used in the present study. Initially, packed RBCs
from 8 different donors stored in citrate-phosphate-dextrose
(CPD) (CPD)/saline-adenine-glucose-mannitol (SAGM) units
with (L, n=4) or without (N, n=4) filter leukoreduction were
studied. By preliminary hematological analysis any aberra-
tions from the average hematological profile were excluded.
In order to examine the influence of donor variation to the
diversification observed between stored L- and N-RBCs, we
prepared L-RBCs preparations from 4 additional donors (n=4)
under the same storage conditions. After a rational period of
time, the same donors donated blood to prepare N-RBCs units
(n=4). That approach was considered more reliable compared
to the usually engaged division of a unit into filtered and
non-filtered components, because it allows analysis of cell
components under original volume and blood banking condi-
tions. The hematological and blood biochemical analysis
performed after the second donation verified the presence of a
stable, normal hematologic profile, while a strict standardization
of all procedures, analytical protocols and methodologies
followed (blood collection conditions, type of anticoagulant and
additive solutions, time/temperature before processing, working
and storage duration and temperature, sampling volumes and
timing, needle-to-analysis time, freeze-thaw cycles for frozen
membranes etc.) ensured minimal levels of pre-analytical and
analytical variations among the different measurements. The
study has been submitted and approved by the Research
Bioethics and BioSecure Committee of the Faculty of Biology/
NKUA. Investigations were carried outin accordance with the
principles of the Declaration of Helsinki. Informed consent
was obtained from all blood donors participating in this
study.

Collection and processing of blood, as well as isolation,
storage and sampling of packed RBCs under various conditions
were performed as previously described [17]. Briefly, whole
blood was collected in a CPD/SAGM triple blood bag system
(Baxter, Rome, Italy), anticoagulated with 63 ml of CPD (2.63 g
sodium citrate dihydrate, 0.30 g citric acid monohydrate, 2.55 g
dextrose monohydrate, 0.222 g monobasic sodium biphosphate
monohydrate) and passed through leukoreduction filters (only
for the L-preparations) according to the manufacturer’s
instructions. In order to prepare fresh frozen plasma from the
same donations (for transfusion purposes) the blood units were
filter leukodepleted after 8 h hold-up time at room temperature.
RBCs concentrates were prepared by centrifugation in an
automated blood processing device (Compomat G4, Fresenius
HemoCare) before 100 ml of SAGM solution (0.9 g dextrose
monohydrate, 0.877 g sodium chloride, 0.0169 g adenine,
0.525 g D-mannitol) was added. Then RBCs were stored for
7 weeks at 2 to 6 °C. From the first 24 days of storage and
weekly thereafter, a sample was collected from the stored units
(5-20 pl for the microscopy and fluorometry experiments, 2.5~

3.5 ml for the RBCs fractionation and membrane preparations
and 60 ml for the vesicles preparation on day 17 of storage) by a
sterile sampling device, after gentle mixing of the unit content.
As controls, donor RBCs collected before the banking procedure
as well as stored RBCs of days 04 were used. Differential
leukocyte and RBC counts, hematocrit (HCT), Hb concentration
and RBCs indexes (mean cell volume, MCV; mean cell Hb, MCH;
mean cell Hb concentration, MCHC; RBC distribution width,
RDW) were performed using an automatic blood cell counter
(Sysmex K-4500, Roche). Residual leukocytes measurement
post-filtration was performed manually by the Tiirk’s solution
method. Percentage hemolysis was determined by comparing
the supernatant Hb to total Hb concentrations, using Drabkin’s
method [18,19]. The HCT of each sample was measured before
assay using microhematocrit centrifuge.

2.3. Electron microscopy

For the morphological evaluation of RBCs by scanning electron
microscopy, purified RBCs were fixed with 2% glutaraldehyde
and post-fixed with 1% osmium tetroxide in 0.1 mol/L
sodium cacodylate buffer, pH 7.4. Fixed cells were successively
dehydrated in ascending ethanol series and allowed to settle on
standard microscopic cover glasses. Finally, RBCs were coated
with gold-palladium (Tousimis Samsputter-2a, Rockville, Mary-
land) before being examined in a microscope (Philips SEM515).
Classification of cell transformations was achieved by using
the standard criteria with minor modifications as previously
described [20,21]. All spherocytic modifications of the stored
cells (spherocytes, spheroechinocytes and spherostomatocytes)
along with RBCs presented with degenerative shapes were
assorted to the “irreversibly” transformed cells group, as
previously suggested [22,23]. The percentage of discocytes and
that of irreversible (see above) or reversible (all the other types
of minor to severe shape modifications, e.g. echinocytes type III)
was estimated by 3 independent individuals in “blind” electron
micrographs containing at least 2000 cells from randomly
chosen fields. Only the perfectly shaped discocytes have been
included in the category “normal RBCs”. Discocytes with even
minor alterations in volume, surface or contour were charac-
terized as reversibly changed cells.

2.4. PS externalization in stored RBCs

Detection of phosphatidylserine (PS) exposure was performed by
confocal laser scanning microscopy (CSLM) analysis of RBCs
labeled with annexin V that is a calcium-dependent, sensitive PS
probe. 10° L- and N-RBCs stored for various periods in CPD-SAGM
were incubated in a calcium-containing buffer (10 mmol/L
Hepes/NaOH, pH 7.4, 140 mmol/L NaCl, 5 mmol/L CaCl,) and
labeled with the fluorescent Annexin-V-Fluos solution for 15 min
at 20 °Cin the dark, according to the manufacturer’s recommen-
dations. Examination was performed with CLSM (Digital Eclipse
C1, Nikon, NY) using an excitation wavelength of 488 nm and
detection in the range of 515-565 nm (green), with recordings
at the same exposure times. As positive controls, we used
N-ethylmaleimide- (inhibitor of aminophospholipid translocase)
pre-treated cells, in vitro oxidized cells or cells loaded with
calcium/ionophore A23187. As negative controls, non-stored
RBCs from each donor as well as freshly donated blood were
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used and were either free of signaling or they presented with
extremely low percentage of PS-positive cells (<0.06%). The
percentage of PS-positive RBCs in each sample was evaluated in
triplicate assays, by counting 800 RBCs at least in randomly
chosen fields.

2.5.  Determination of intracellular ROS and calcium

ROS accumulation in stored RBCs was detected with the
membrane-permeable, non-fluorescent and redox-sensitive
probe 5-(and-6)-chloromethyl-2’,7’-dichloro-dihydro-fluorescein
diacetate, acetyl ester (CM-H,DCFDA) according to the
manufacturer’s guidelines with minor modifications as previ-
ously described [21]. CM-H,DCFDA is de-esterified inside the
cell. Oxidation of the de-esterified product by intracellular ROS
yields the fluorescent DCF (dichlorofluorescein) product that
can be quantified by fluorometry or flow cytometry. More
specifically, isolated, leukocyte-depleted (by cellulose col-
umns, see below) and thoroughly washed RBCs at 1% HCT
(each sample in triplets) were loaded with 10 pmol/L
CM-H,DCFDA in PBS buffer for 30 min at 25 °C. Afterwards,
the CM-H,DCFDA-loaded RBCs were washed once with PBS
and incubated for a short recovery time of 10-15 min in order
to render the dye responsive to oxidation. Fluorescent DCF
production was measured using the VersaFluor™ Fluorometer
System (Bio-Rad) at 490 nm excitation and 520 nm emission
wavelengths. Intensity records were normalized to the protein
level (~1.0-2.0 mg/ml). CM-H,DCFDA sensitivity to ROS detec-
tion was verified in H,O,- or t-BHP-treated stored RBCs suspen-
sions. The following negative controls were used: (1) unstained
RBCs incubated with only PBS buffer to detect auto-fluorescence,
and, (2) cell-free mixtures of dye and buffers.

For the intracellular calcium measurement, L- and N-RBCs
were resuspended (final HCT 0.32-0.64%) in a buffer
containing 145 mmol/L NacCl, 7.5 mmol/L KCl, 10 mmol/L
Hepes/NaOH, 1.8 mmol/L CaCl,, 10 mmol/L glucose and
10 mmol/L sodium pyruvate (pH 7.4). The cells were loaded
with the membrane-permeable acetoxymethyl ester deriva-
tive of the fluorescent calcium indicator Fluo-4 (Fluo-4 AM) at
2 pmol/L final concentration for 40 min at 37 °C, in the dark
[24]. Following wash in dye-free buffer, the cells were
incubated for a further 30 min at room temperature. The
fluorescence intensity of Fluo-4 AM after the binding of
intracellular calcium was measured in the VersaFluor™
Fluorometer System at 485 nm excitation and 520 nm emis-
sion wavelengths. The possible degradation of the AM ester
aliquots and the responsiveness of the dye to the RBCs
cellular environment (use of A-23187 ionophore in a control
experiment) were checked before each assay, according to
the manufacturer’s guidelines. Each sample was measured in
triplicate.

2.6.  Treatment of RBCs

In order to evaluate the tyrosine phosphorylation of band 3,
we treated L- and N-RBCs with ortho-vanadate that is a
protein tyrosine phosphatase inhibitor. Tyrosine phosphory-
lation state of a protein is the result of the competing
activities of protein tyrosine kinases and protein tyrosine
phosphatases. In human RBCs tyrosine phosphatases activity

is very high in relation to that of tyrosine kinases, resulting
in a low basal phosphotyrosine level. As a result, tyrosine
phosphorylation of band 3, constituting the major site of
phosphorylation, cannot be detected in untreated RBCs
[25,26]. However, upon treatment with protein tyrosine phos-
phatases inhibitors a large increase in erythrocyte protein
tyrosine phosphorylation is observed. Ortho-vanadate induces
hyper-phosphorylation of band 3 on tyrosine residues probably
by inhibition of RBCs tyrosine phosphatases. The mechanism
underlying the activation of tyrosine phosphorylation is
thought to involve the sequential action of two protein
tyrosine kinases, Syk (p72syk) and Lyn (p53/56lyn) and
probably some type of protein conformational change in
the membrane skeleton that generate a new or more
accessible binding site that is otherwise occluded or
inaccessible in no stimulated cells [27]. To detect tyrosine
phosphorylation, stored L- and N-RBCs were diluted (at 30%
HCT) in PBS containing 5 mmol/L glucose (PBS-glucose) and
incubated with 2.0-2.5 mmol/L ortho-vanadate for 2 h at
37 °C. For controls, RBCs were either left untreated or
pretreated (before addition of o-vanadate) with 1 uM Syk
inhibitors Il and IV for 1 h at 37 °Cin the dark. Each reaction
was stopped by washing with PBS-glucose. For membrane
preparation phosphatase inhibitors were included to the
cell lysis buffer.

The ability of chemical cross-linkers to cross-link band 3 in
stored RBCs was assessed by incubating RBCs (~ 25 x 10° cells/ml)
with 1.0-2.5 mmol/L bis-sulfosuccinimidyl-suberate (BS3) in
non-amine-containing conjugation buffer (20 mmol/L sodium
phosphate, 150 mmol/L NaCl, pH 8.0) for 30 min at 20 °C. RBCs
were then washed in quenching buffer (150 mmol/L NaCl,
25 mmol/L Tris pH 7.4), to inactivate residual cross-linking
agent. After both treatments, membranes were prepared and
analyzed as described below.

2.7. Density fractionation of RBCs

RBCs’ fractionation according to density was performed
by means of a Percoll discontinuous gradient as previously
described [28,29]. Briefly, the gradient was built up in five
layers of Percoll medium varied between 1.087 and
1.098 g/ml. RBCs suspensions (40% HCT) were layered on
the top of the gradients and the fractions were collected
by low speed centrifugation (2700 xg) for 40 min at 20 °C.
Cells were excessively washed to remove Percoll and a
range of age-dependent RBCs parameters were recorded in
each fraction (MCV, MCHC etc.).

2.8. Isolation of vesicles and RBCs-membrane preparation

Vesicles were isolated from the supernatant of L- and N-RBCs
units (n=4) on days 17 and 42 of storage by high-speed
centrifugation at 4 °C as previously described [30,31]. Briefly,
RBCs aliquots were centrifuged at 2000 xg and the superna-
tants filtered through sterile 0.8 pm nitrocellulose filters. The
filtrate was ultracentrifuged at 37,000 xg for 1h and the
pellet of vesicles was resuspended in PBS and ultracentrifuged
twice under the same conditions. After the addition of protease
inhibitors mix, the protein concentration was determined using
the Bradford protein assay. Quantification of the extent of



224

JOURNAL OF PROTEOMICS 76 (2012) 220-238

vesiculation was based on the total protein content of the
vesicle suspensions in relation to the volume of the RBCs as
previously described [31]. To our knowledge, this method along
with that of centrifugable Hb estimation, have an advantage
over the less laborious and cell-specific flow cytometry ap-
proach in that they allow the analysis of smaller (less than 200-
300 nm) microvesicles.

RBCs were isolated by the method of Beutler [32]. Briefly,
leukocytes and platelets were removed from the RBCs
samples by filtering through columns of alpha-cellulose and
microcrystalline cellulose mixture in isotonic saline, PBS or
Hepes-buffered isotonic saline (133 mmol/L NacCl, 4.5 mmol/
L KCl and 10 mmol/L Hepes, pH 7.4) supplemented with
protease inhibitors. RBCs were extensively washed and
diluted to an appropriate HCT. Purified RBCs were lysed
with hypotonic (5 mmol/L) sodium phosphate buffer (pH
8.0) containing a cocktail of protease inhibitors and
membrane fractions were prepared as previously de-
scribed [17].

2.9. Immunoblotting analysis and estimation of mem-
brane proteome carbonylation index

Equal amount (12-25 pg) of RBCs total membrane protein was
loaded in Laemmli gels, blotted to nitrocellulose membranes
and probed with primary and HRP-conjugated secondary
antibodies. Immunoblots were developed using an ECL reagent
kit and quantified by scanning densitometry (Gel Analyzer v.1.0
image-processing program, Athens, Greece). Purified RBCs
plasma membrane proteins were processed for the detection
of carbonyl groups using the Oxyblot detection kit as per
manufacturer’s specifications. For quantification purposes, the
proteome carbonylation index (PCI) was calculated [21].

2.10.  Statistical analysis

Presented experiments have been repeated at least two times,
unless otherwise stated. Data points correspond to the mean
value; error bars denote SD. Individual protein levels were
quantified against a reference membrane protein or against the

sum of the normal proteins, occasionally further normalized to
the respective corresponding controls (untreated, non-stored,
L-RBCs, or young cells). For statistical analysis the MS Excel and
the Statistical Package for Social Sciences (IBM SPSS; version
19.0 for Windows; administrated by NKUA) were used. Signif-
icance was evaluated using the one-way ANOVA. Comparisons
between different groups were performed by the independent
t-test or the chi-squared test. Spearman’s correlation test
(two-sided) was used to assess the relationship between vari-
ables (correlation coefficient r). Significance was accepted at
p<0.05.

3. Results and discussion

3.1. Supernatant composition and hematological profile
differences between L- and N-units

Storage resulted in increased hemolysis and potassium release
in both groups throughout the entire storage period (Table 1).
L-units were characterized by substantially higher hemoly-
sis and supernatant potassium compared to the N-units
(p<0.05) on the day of donation. However, afterwards and
until the end of the storage period both parameters were
significantly higher in N-RBCs (p<0.05) as expected [9,10].
Storage of both groups was also associated with a signifi-
cant elevation of MCV after the first week as previously
reported [33], equally processed for L- and N-RBCs until the
last day. After prolonged storage the RDW index of N-RBCs
was also substantially higher compared to the L-RBCs.

The increased hemolysis seen in L-units on the day of
donation probably relates to donor variations regarding the
leukoreduction procedure. Indeed, as previously observed [9],
the RBCs from some healthy individuals are more susceptible to
hemolysis during the filtering than other. On the other hand,
the RDW index variation probably reflects the N-RBCs-related
increase in spherocytosis and cellular fragmentation. Notably,
in renal disease patients the aberrant RDW was found positive
correlated to the degree of echinocytosis and intracellular ROS
accumulation [21].

Table 1 - Hematological analysis and supernatant biochemical data for L-RBCs and N-RBCs units (n==8).

Non-leucodepleted units (N)

Leucodepleted units (L)

Day 0 Day 20 Day 30 Day 42 Day 0 Day 20 Day 30 Day 42
WBCs (x10%/uL) 8.1+0.0" 7.7+0.0* 5.1+0.5* 44+1.0 0.3+0.0 nd? nd? nd?
RBCs (x10°%/pL) 8.4+0.8 85+1.3 8.6+1.1 8.6+1.1 8.3+0.1 8.2+0.1 8.1+0.0 8.1+0.0
PLTs (x10%/uL) 283+10 203+2 179+81 151+71 nd?
Hb (g/dL) 22.7+0.4 23.0+0.1 23.4+1.1 23.4+1.2 224+15 23.0+£2.5 22.8+2.0 22.7+2.3
Hct (%) 80.0+11.5 80.0+11.2 83.3+9.8 83.2+10.0 75.6+1.8 76.7+0.6 77.5+2.0 77.0+1.6
MCV (fL) 90.0+2.4 94.8+1.6 97.1+1.0 98.2+1.0 88.9+2.5 93.1+2.1 95.6+2.7 96.5+3.0
MCH (pg) 30.8+£2.0 31.5+1.0 31.5£0.6" 32.1+0.4 30.3+0.1 30.1+0.6 30.1+0.4 31.3x15
MCHC (g/dL) 31.3+£0.3 31.7+0.4 31.8+0.1 32.3+£0.3 30.8+£0.8 31.5+13 31.1+1.0 32.0+0.4
RDW-CV (%) 12.7+0.7 14.6+0.2 15.8+0.8 16.7+0.6" 11.7+0.6 14.1+0.4 14.6+0.4 15.6+0.4
Supernatant Na* (mmol/L) 139.5+0.7* 84.0+14" 79.5+2.1 67.5+0.7 142.5+0.7 89.0+2.8 81.5+2.1 62.5+2.1*
Supernatant K* (mmol/L) 4.4+0.3 16.9+0.8* 24.3+3.6 35.8+1.5" 6.0+0.1* 15.1+0.3 21.0+0.4 26.3+0.6
Hemolysis (%) 0.13+0.06 0.59+0.21* 0.72+0.24* 1.48+0.33" 0.33+0.01* 0.24+0.05 0.30+0.02 0.70+0.11

Results are presented as mean=+SD.
# Non-detected (less than detection limit).
" p<0.05 L-RBCs vs. N-RBCs.
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3.2 Effect of residual leukocytes on RBCs structural
integrity and membrane preservation

We analyzed the morphology of L- and N-RBCs by means of
scanning electron microscopy at three time points of the storage
period (n=8). We used the previously established criteria for the
classification of the irreversibly shaped RBCs (all spherocytic cells
and that of degenerated shapes, see index in Fig. 1A) but more
strict criteria for the category of normal discocytes, by classifying
as such only the perfectly shaped cells (see Materials and
methods). RBC morphology was deteriorating with increasing
storage time in both groups (Fig. 1A). However, while at the
beginning of the storage the two groups exhibited an equal
percentage of shape changes (Fig. 1B), on day 21 and afterwards
there was a significant increase (p<0.050) in the irreversible
transformations in N-RBCs compared to the L-RBCs. This finding

A discocyte

is probably associated with the extent of vesiculation and
membrane loss observed in N-RBCs after the second week of
storage (see below). Towards the end of the storage period, the
gap divergence in the percentage of irreversible transformations
between the two units was narrowed (still however significant),
probably in relation to the N-RBCs hemolysis (Table 1).

We next estimated the degree of vesiculation, expressed as
the total protein of the collected vesicles per volume unit of
RBCs (ug/ml). The vesiculation was increased in both groups
(n=4) over storage time (Fig. 2), as previously reported [1,31].
Nevertheless, there was a statistically significant increase in
the amount of vesicular protein collected from the N-RBC
supernatants compared to the L-RBC ones on the 17th day,
which was maximized at the end of the storage period
(p<0.010, 3.3-27.7 png/ml and 9.2-51.8 pg/ml for the L- and
N-units, respectively).
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Fig. 1 - Morphologic evaluation of L- and N-RBCs by scanning electron microscopy during the storage in CPD-SAGM. (A) Index of
“irreversible” RBCs transformations and representative electron micrographs from a donor’s RBCs stored in either L- or N-units
for 2, 21 or 42 days. Scale bars, 10 pm. (B) Average percentage of discocytes, reversibly and irreversibly (see Materials and

methods) changed stored RBCs for the indicated storage time-points. Error bars indicate SD (n=8); (*) L- vs. N-RBCs p<0.01 and

<0.05 for the days 21 and 42, respectively.
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Fig. 2 - Vesiculation degree of L- and N-RBCs. Comparative
estimation of the averaged total vesicular protein content per
volume of packed RBCs, collected from the supernatant of
both groups on days 17 and 42 of storage. Error bars indicate
SD (n=4); () p<0.01 L- vs. N-RBCs.

During storage, RBCs undergo a progressive change in
shape, from discocytes to echinocytes and finally to spherical
and degenerative shaped cells, closely associated with mem-
brane loss in the form of microvesicles [34]. Although the
average stored cells appear to be able to compensate for a
moderate membrane loss following the replacement of the
echinocytogenic medium (reversibly modified cells), the final
spheroechinocyte stage is an irreversible outcome [34].
Indeed, spheroechinocytes are dying or about to die cells,
with very short life expectancy and post-transfusion viability
[35]. Greenwalt et al., [36] has found improved RBCs morphol-
ogy and microvesiculation in L-units compared to the
non-leukoreduced ones using phase microscopy, while the
opposite finding was recently reported at confocal laser
scanning microscopy level [15].

The membrane vesiculation results evidenced the clinical-
ly significant accumulation of more microvesicles inside the
N-RBCs units compared to the L-ones. Undoubtedly, in the
case of L-units those vesicles are released almost exclusively
from the stored RBCs, representing a direct measure of the
membrane surface loss. In the case of N-units however, the
precipitable material inevitably contains vesicles released
from the contaminant leukocytes and platelets as well.
Although the cellular origin of the vesicles collected from the
N-units is outside the scope of our study, it is expected that
the great majority of them was produced by RBCs membrane
vesiculation. In view of (i) the high ratio of RBCs to leukocytes
and platelets (1 leukocyte per 2000 RBCs at the end of the
storage period, see Table 1), (ii) previous studies showing that
the majority of the vesicles collected from N-units of packed
RBCs contain Hb [31] and (iii) the significantly increased
echinocytosis of N-RBCs compared to the L-RBCs (Fig. 1), it is
unlikely that the two- or three-fold increase in vesicular
protein detected in N-units compared to the L-units is
attributed to the vesiculation of the contaminant cells.
Instead of that, it probably reflects the detrimental effect of
residual leukocytes and platelets on N-RBCs membrane
preservation.

Microvesiculation of the membrane contributes to the
elimination of oxidized, damaged and signaling effective
components from RBCs [37]. At the same time, vesiculation and

irreversible transformation is part of the RBCs aging phenotype,
both in vitro and in vivo [38]. The shape modifications of stored
cells are associated with rheologic changes, increased viscosity
and reduced flow in capillary systems [34]. Degenerative shape
modifications and loss of membrane surface contribute to
deformability defects that threaten post-transfusion viability of
stored RBCs [6,22]. They also result in the release of vesicles that
are rich in oxidized material, death signaling mediators and PS.
The specific composition of the vesicles renders them highly
pro-inflammatory and pro-thrombotic, increasing thus the risk
of adverse post-transfusion reactions. As a result, the degree of
vesiculation and irreversible transformation of stored RBCs
have been used as measures of storage quality [39]. Despite
that, the identity of the storage parameters that slow or promote
vesiculation, is still elusive. In vitro, both echinocytosis and
microvesiculation are promoted by intracellular calcium eleva-
tion and ATP depletion but during routine storage this correlation
is poor [40]. According to our results (see below) the poor
preservation of proteins that contribute to the effective adhesion
of cytoskeleton to the lipid bilayer, seems a plausible alternative
explanation. In support, the effect of cytoskeleton protein
damage to the vesiculation susceptibility of stored cells has
been previously reported [41]. In conclusion, the comparative
analysis of L- and N-groups showed that the residual leukocytes
and platelets militate against the structural integrity and
membrane preservation of stored RBCs.

3.3. The contaminant cells exacerbate PS exposure on N-
RBCs

Annexin V binding by RBCs was assessed over storage time by
means of fluorescent microscopy. In view of the very low
presentation of other cell types in the samples (Table 1) and
their effective discrimination by size and morphology criteria,
only the RBCs of the units were included in the measurements.
Our approach revealed a small but significant and progressive
increase in PS externalization of both groups’ RBCs (n=8) during
the storage (Fig. 3). In agreement with previous studies
documenting PS exposure on RBCs already after the first day
of storage [42], we detected a significant increase (p=0.028) in
PS-positive cells on day 5 (L 2.56+0.38% and N 3.75+0.67%)
compared to the scanty percentage observed in the non-stored
blood of the same donors (L 0.09+0.01% and N 0.11+0.01%).
Likewise, the N-units contained on average more PS-positive
RBCs compared to the L-units in the middle of the storage
period (4.69+0.50% vs. 3.45+0.29%, p=0.019), however near the
last days the differences were flattened following a trend for
greater PS exposure in L-RBCs (6.90+0.70% vs. 6.13+0.63% in
N-RBCS). Probably, the higher vesiculation (Fig. 2) and hemoly-
sis (Table 1) levels result in a smaller subpopulation of
PS-positive aged RBCs in N-units [43,44]. On the last day
of storage an obvious difference between the two groups
appeared at the fluorescence microscopy level, where the
N-RBCs of all donors examined were surrounded by a dense
“cloud” of PS-positive particles of 1 um or less in size (arrows in
Fig. 3, photo N42) which probably represent RBCs-derived
microvesicles [34].

Since PS externalization is a potent removal signal, it might
menace in vivo viability of stored RBCs [45]. In overall, PS exposure
in both L- and N-RBCs is rather low, reflecting the previously
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Fig. 3 — PS exposure on stored RBCs. L- and N-RBCs were
stored for various days in CPD-SAGM and their PS exposure
was determined by CLSM using fluorescently labeled
annexin V. Representative CLSM images from a donor and
the average percentage of PS-positive RBCs in both groups
during the storage are shown. Scale bars, 10 pm. Insert in
image N5: apoptotic leukocyte. Arrows in image N42: Small
(less than 1 pm) PS-positive particles seen after prolonged
storage. NS: non-stored RBCs of the same donors. Error bars
indicate SD (n=8); (*) p<0.05 L- vs. N-RBCs.

documented intrinsic capability of stored RBCs in preserving
membrane phospholipid asymmetry [46]. This finding has been
associated with the very low levels of scrambling activity during
storage in spite of a reversible decrease in ATP, pH and flippase
activity levels [46,47]. Although there is no clear consensus
whether a fraction of stored erythrocytes expose PS [48,49],
according to our results the prolonged storage seems to
overcome the physiological competence of the cells, even of the
leukoreduced ones, confirming earlier data [44,46]. Residual
leukocytes and platelets are definitely not the cause of
increased PS exposure, but they seem to exacerbate it in both
RBCs and supernatants, as previously reported by others
[49-51]. Several mechanisms have been proposed to inter-
pret this effect, like the increase in intracellular calcium and
the release of leukocyte-derived neuraminidases [50]. The
transfer of PS to RBCs by fusion of vesicles shed by
contaminant cells undergoing apoptosis, vesiculation and
lysis [52,53] during refrigerated storage (see insert in Fig. 3
photo N5) cannot be excluded. This finding is of clinical
importance in light of studies showing that PS expressing
N-RBCs exerts procoagulant effects [43] and increased
adherence to the endothelium [54].

3.4. Differences in the calcium and ROS accumulation
between L- and N-RBCs

We next asked whether RBCs storage in the presence or absence
of contaminant cells would have any effect in the intracellular
calcium levels. For that purpose, stored L- or N-RBCs (n=8),
without any stimulation in vitro, were loaded with the fluores-
cent calcium reporter Fluo-4 and the fluorescence intensity was
measured by fluorometry. Although there is a probable effect of
SAGM-induced MCV modifications to the Ca?* measurement
performed, this is expected to affect equally the two groups
(L and N) of SAGM-stored RBCs. Our results (Fig. 4) show that
intracellular calcium increased slowly, but gradually on day 7
onwards in both groups (p<0.05, NS vs. day 7), with the N-RBCs
exhibiting constantly higher levels of calcium compared to the
L-RBCs in all donors and time-points (n=8) examined. The
fluorescence intensity was peaked on day 38, followed by a drop
on the last day of storage in both groups (Fig. 4). Although the
only significant difference in calcium accumulation between
the L- and N-RBCs was detected on day 29 of storage (p<0.01),
the total storage-induced calcium accumulation in N-RBCs was
higher compared to that of L-RBCs in paired comparisons
(p<0.05).

There is evidence that free calcium content of human RBCs is
a parameter of cell aging in vivo and in vitro [2,55]. The increase in
intracellular calcium, accompanying either RBCs senescence or
in vitro imposed stressful stimuli, directly induces or indirectly
promotes a cascade of molecular and cellular events like
potassium leakage, cellular dehydration and shrinkage, loss of
deformability, echinocytosis, protein degradation/crosslinking,
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Fig. 4 - Graphs showing the averaged intracellular calcium
and ROS accumulation in L- and N-RBCs throughout the
storage. Data represents the mean + SD (error bars, n=8) of
Fluo-4AM (for calcium) or DCF (for ROS) fluorescence levels
estimated by independent experiments done in triplicates.
NS: non-stored RBCs of the same donors. (*) p<0.05 L- vs.
N-RBCs. (§):p<0.05 vs. NS RBCs.
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recognition signaling and eryptosis [2,56,57]. Calcium accumula-
tion has been characterized as a probable secondary mediator of
injury in stored RBCs in the past [58]. Indirect manifest of
calcium activity in stored RBCs came by the finding that the
storage-dependent remodeling of the RBCs membrane includes
the calcium-promoted binding of sorcin and synexin [3].
However, other studies reported that there is not significant rise
in intracellular calcium levels during storage, especially in
L-RBCs [40,59].

Ourresults suggest that the residual leukocytes and platelets
aggravate to an extent the calcium accumulation in stored
RBCs. In addition, according to our measurements, short
storage in CPD-SAGM stimulates a little calcium increase in
stored RBCs but after the 4th or 5th week for the N- and L-units
respectively, the storage effect is more stressful, irrespectively
of the leukoreduction. This storage-related profile of calcium
variation is especially interesting in light of reports showing the
dual action of calcium-activated calpain on the calcium pump.
At low calcium levels and short exposure times, calpain
markedly increases ATP hydrolysis and pump activity while at
high calcium concentrations or long exposure times, calpain
action results in a progressive pump degradation, loss of
pumping activity and membrane protein degradation [60].
Since our study did not involve an absolute measurement of
intracellular calcium concentration, the question of whether
the distortions observed have the potential to trigger calcium
signaling activity, cannot be answered in direct. Despite that, in
combination with the structural, PS and vesiculation data they
pointed out a differentiation in the RBCs aging phenotype that
might be partially associated with the calcium homeostasis
under conditions implicated or no pre-storage leukoreduction.

In order to estimate the ROS accumulation in stored L- and
N-RBCs (n=8), we used the redox-sensitive dye CM-H,DCFDA.
Compared to the non-stored cells of the donors (Fig. 4), in
N-RBCs there was a gradual increase in ROS levels already
from day 1 onwards (p<0.05, NS vs. day1). In L-units increase
in ROS levels begun later on, after the first week (p<0.01, NS or
day 1vs. day 7), in line with previous data showing that 7 days
of storage of L-RBCs double the levels of baseline ROS [61].
Moreover, unlike N-RBCs, ROS accumulation in L-RBCs
reached a plateau in significantly lower levels than N-RBCs
(p<0.05) during the middle of the storage period (Fig. 4). This
finding was consistent with the recently reported study of
Zolla’s group in L-RBCs [23]. The fluorescence intensity was
peaked on day 38 and significantly reduced on the last day of
storage in both groups (Fig. 4), similarly to both intracellular
calcium levels and membrane PCI fluctuation (see below). The
reduction in ROS levels shown on the last days of storage
might be attributed to the leakage of the probe from the leaky,
hemolyzed RBCs, to the lower concentration of Hb and to the
lower activity of cellular esterases in senescent RBCs, as
previously reported [61,62]. As a result, statistically significant
difference in ROS levels between the L- and N-RBCs was
observed from the 3rd to the 4th week of storage (p<0.05). In
summary, our analysis revealed that ROS accumulation is a
very early manifestation in stored RBCs in the presence of
contaminant cells while pre-storage leukoreduction can allevi-
ate the impact of storage on cellular oxidative stress. Further-
more, our study defines the fifth week of storage in CPD-SAGM
as a critical period regarding the levels of intracellular ROS.

Intracellular oxidative injury has been demonstrated during
both RBCs in vivo and ex vivo aging [1,2,4,17]. According to our
results the duration of storage accentuate the intracellular ROS
accumulation in greater extent than the calcium accumulation
in both groups (Fig. 4). ROS origin could be ascribed to cell
senescence, Hb oxidation, decomposition of membrane lipids
and finally, to metabolism-associated changes in cellular
antioxidant defenses [1,63-65], that contribute to reduced
post-transfusion survival [66]. Leukocytes are thought to accel-
erate the rate of storage lesion by at least two ways: before their
breakdown, they consume glucose supplies and create waste
products while after their breakdown they release enzymes, toxic
and biologically active compounds that can hurt RBCs [10].
Indeed, leukocyte-derived free radicals are capable of evoking
oxidative damage and hemolysis to stored RBCs [11,67], while
significantly higher glucose consumption has been reported in
N-units [68]. In our samples, pre-storage leukocyte/platelets
removal reduced the levels of intracellular ROS only before the
4th week of storage, but afterwards both groups showed similar
levels of ROS (Fig. 4), suggesting that mechanisms independent of
the contaminant cells effect contribute to RBCs oxidative stress
in the later period of storage. These findings support previous
reports showing that oxidative burst/potential of neutrophils by
stored RBCs supernatants was not significantly reduced by
leukoreduction [69]. Whatever the possible sources of intracellu-
lar ROS might be, the leukoreduction is expected to be connected
to lower oxidative stress in stored RBCs, which according to
the literature, might be reflected in aging and death signaling,
membrane deformability and vesiculation [41] as well as in lipid/
protein oxidative damage profiles [11].

3.5.  Membrane proteome remodeling in L- and N-RBCs

Significant increase in tyrosine phosphorylation of band 3 was
observed between the 4th and 5th week of storage in both units
(Fig. 5A), at the same time when the peak in intracellular
ROS and calcium levels was evident (Fig. 4). Band 3 tyrosine
phosphorylation predominated in N-RBCs compared to the
L-RBCs on day 28 measurements (n=8), while towards the end
of the storage period the two groups contained practically equal
levels of phosphorylated band 3 (Fig. 5A). This happened in
striking timing correlation with the observed kinetics of ROS
and calcium measurements (compare Figs. 4 and 5A). Since only
the oxidized fraction of band 3 is phosphorylated - and thus
dissociated from the underlying cytoskeleton - under the
trigger of oxidative stress [70], the higher levels of phosphory-
lated band 3 in N-RBCs might also be associated with the greater
vesiculation of the same group vs. L-group (Fig. 2), as previously
observed in ortho-vanadate-treated non-stored RBCs [26]. By
the same way, the compensated levels of tyrosine phosphory-
lation between the two groups after the 5th week of storage
(Fig. 5A) could reflect the average effect of increased oxidative
stress and vesiculation in N-RBCs.

To estimate the cross-linking potential of band 3 in L- and
N-RBCs stored for 4 weeks in CPD-SAGM, we treated RBCs
suspensions with BS3, a membrane impermeable cross-linking
agent known to cross-link band 3, and examined the relative
percentage of the resulting high molecular weight band 3
aggregates. According to our results (Fig. 5B), the N-RBCs were
more susceptible to the BS3-induced cross-linking of band 3
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Fig. 5 - Band 3-associated signaling modifications and membrane proteome carbonylation index (PCI) in stored RBCs.

(A) Tyrosine phosphorylation (p-Tyr) of band 3 in ortho-vanadate-treated (0-van) L- and N-RBCs stored for 28 or 38 days.
Representative immunoblot analysis [(-): control, see Materials and methods] and bar graph representing the averaged (n=8)
relative proportion of p-Tyr band 3 (normalization to the endogenous 4.1R protein levels) in L- and N-RBCs, are shown.

(B) Cross-linking potential of band 3 and IgGs binding in BS3-treated RBCs stored for 4 weeks in CPD-SAGM. Representative
immunoblots and bar graph representing the mean (n=_8) percentage of band 3 clusters as well as of monomeric band 3 left in
BS3-treated cells (normalization to the basal band 3 levels), are shown. (C) Graph showing the collective densitometric analysis
of membrane PCI levels variation in stored RBCs in relation to the leukoreduction. Error bars: SD; (*): p<0.05 L- vs. N-RBCs.

compared to the L-RBCs. That finding was established by
measuring both the relative percentage of band 3 clusters
(297%+38% vs. 188+37%, respectively, p<0.05) as well as the
concomitant depletion of monomeric band 3 (37 +8% vs. 59+8%,
respectively), after normalization to the basal levels (untreated
RBCs, n=8). Moreover, as shown in Fig. 5B (left panel), there was
increased membrane binding of IgGs in the N-RBCs compared
to the L-RBCs, roughly analogous to the levels of band 3
oligomerization.

Band 3 possesses a core position in RBCs senescence and
death signaling mechanisms. Structural and functional modifi-
cations of this protein, like proteolysis, clustering and increased
tyrosine phosphorylation, are major senescence-associated
changes in the currently established models [2,71]. Apart from
senescence, tyrosine phosphorylation of band 3 is induced by
various stimuli including oxidative and calcium stress [1,25,70,72]

and it enhances the lateral mobility of the protein and its
cross-linkability [26,70]. All these band 3-associated modifica-
tions are correlated with significant changes in RBCs morphology
and vesiculation through changes in the membrane-cytoskeletal
interactions [26]. Our findings are totally consistent with previous
reports showing that naturally occurring IgGs binding to the RBCs
surface depends on the band 3 oxidation/oligomerization state
[73] and that the band 3 tyrosine phosphorylation-induced
clustering is associated with IgGs binding [70].

We next estimated the membrane proteome carbonylation
index (PCI) of the L- and N-RBCs by means of immunoblotting.
As expected, prolonged storage aggravated the membrane
protein carbonylation in both groups (n=8, Fig. 5C). The PCI
increased constantly from day 4 to day 25 (N-RBCs) or day 33
(L-RBCs) where the peak of ROS levels was also observed, while
afterwards there was a trend for stabilization to lower levels, as
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previously reported [17,23,74]. By the same manner, the N-RBCs
were characterized by higher values of PCI compared to the
L-RBCs until the middle of the storage period (p<0.05), but
afterwards there was no significant differences between the
two groups (Fig. 5C).

The PCI has been widely used as a measure of membrane
and plasma protein injury in storage, where it has been found
distorted, in correlation to both the storage length (days) [74]
as well as the preservation medium [17]. In our study, the
pattern of PCI variation seen after prolong storage in L- and
N-RBCs (plateau formation and balancing between the groups,
Fig. 5C) might be associated with the extent of vesiculation
that leads to the clearance of the carbonylated material [31],
the hemolysis of the severely damaged RBCs [17] as well as
with storage-related changes in the membrane binding of
enzymatic, proteolytic and chaperone components [75].

Further on, we tested our samples for another potential
oxidative stress biomarker [76], the membrane-bound Prx2.
We detected gradually increased membrane association of
Prx2, under both reducing (Fig. 6A) and non-reducing (Fig. 6B)
conditions in L- and N-RBCs (n=8). Although there was an
obvious donor variability regarding the Prx2 membrane levels
(reflected in the high SD values), probably associated with the
RBCs antioxidant capacity of each donor [76], the monomeric
and dimeric forms of membrane Prx2 exhibited not only
positive correlation to the duration of storage (correlation
coefficient r=0.852) but also significant (p<0.05) increase in
the case of N-RBCs compared to the L-RBCs (Fig. 6B). In some
cases, the N-RBCs were characterized by a transient increase
in Prx2 levels on the first days of storage that was afterwards
normalized to the anticipated storage variation pattern (see
right panel in Fig. 6A). Membrane-bound Prx2 was further
proportional to the expression of a wide array of senescence
and oxidative stress markers on RBCs membrane, including
autologous IgGs binding and cross-linkings of Hb (see below
Fig. 6C and Table 2), as previously shown in both storage and
hereditary spherocytosis [17,77].

The highly abundant erythrocytic Prx2 is a 2-cys
peroxiredoxin that functions as an antioxidant enzyme in
the disposal of endogenous H,0, and also as a chaperone
[78,79]. Its recruitment to the membrane has been described
in the presence of increased intracellular calcium levels [80] as
well as under various oxidative stress conditions [21,77],
including prolonged storage [17,23,75]. According to previous
reports, protein oxidation is the main contributor to the
storage lesion seen in SAGM-stored N-RBCs [81]. The oxidative
stress-associated progressive linkage of cytosolic proteins to
the membrane has been repeatedly reported in RBCs stored
under various conditions and mediums.

Table 2 presents the averaged variation (n=8) in the expres-
sion profile and Fig. 6C some representative cases of membrane
protein variations observed during the storage of L- and N-RBCs.
The overall membrane remodeling in both groups is a panel of
protein modifications that have long been described in stored
cells: significant loss of proteins and surface receptors (Table 2:
spectrin, band 3, 4.1R, pallidin, CD47, protectin etc.), cytoskeleton
proteins (spectrin and 4.1R) fragmentation, inter-protein conju-
gation (e.g. spectrin-Hb cross-linking) and recruitment of cyto-
solic proteins (oxidized/denatured Hb oligomers, HSP70) and
plasma IgGs. Some of them are currently assessed as molecular
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Fig. 6 - Membrane proteome remodeling during the storage
of L- and N-RBCs. (A) Representative comparative immuno-
blot (IB) analysis under reducing conditions, for the presen-
tation of donor variability in the membrane-bound Prx2. Four
different donors are shown. (B) The same Prx2 analysis
under non-reducing conditions, for the detection and quan-
titative analysis of membrane-bound Prx2 monomers and
oligomers (indicated by solid and discontinuous arrows,
respectively in Prx2 IB). Error bars: SD (n=8); (*) p<0.05 L- vs.
N-RBCs. (C) Representative cases of membrane protein
variations observed in L- and N-RBCs by immunoblot
analysis. Membrane preparations of only day 2 and 42 are
compared.

markers of senescence, vesiculation and cellular stress, including
oxidative stress that may lead to the increased clearance of
transfused cells [2,29,82].

In a comparative aspect, the presence of residual leukocytes
and platelets in the labile product seemed to inflict extra
proteome stress in the membrane, as documented by the
significant diversification in the protein expression between the
two groups examined (shown by asterisks in the Table 2). Indeed,
common senescence biomarkers like the cross-linkage of
spectrin with hemoglobin [83], the binding of oxidized/denatured
Hb and IgGs as well as the loss of major sialoglycoproteins,
exhibited higher expression in N-RBCs compared to the L-RBCs
(Table 2, Fig. 6C). Towards the end of the storage period there was
a greater deficiency in the CD47 protein, an erythrocyte marker of
self, in N-RBCs (Table 2). Previous studies have reported
that without prior leukodepletion, the stored units exhibit an
increased population of senescent RBCs and increased in vitro
phagocytosis [50]. Our findings hold with those conclusions and
further suggest a probable correlation of the senescence pheno-
type with the intracellular ROS levels and the degree of
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Table 2 - Membrane protein analysis in L-RBCs and N-RBCs during storage in CPD-SAGM.

Days of storage

Protein 4 12 19 25 33 42
Spectrin 1.00+0.05 1.01+0.06 0.97+0.09 0.92+0.05° 0.83+0.06 0.80+0.04°
1.00+£0.09 0.98+0.11 0.93+0.12 0.85+0.10° 0.74+0.05 0.69+0.05
Band 3 1.00+0.03 0.97+0.11 0.94+0.05° 0.87+0.04° 0.76+0.05 0.77+0.04*
1.00+£0.04 0.99+0.06 0.90+0.07° 0.76+0.05 0.71+0.06 0.66+0.06
4.1R 1.00+0.03 0.94+0.04° 0.90+0.03 0.85+0.04 0.87+0.05° 0.82+0.08*
0.99+0.04 0.87+0.06° 0.83+0.04 0.79+0.07 0.75+0.05 0.66+0.06
Pallidin (protein 4.2) 1.00+0.06 0.95+0.08 0.98+0.07 0.85+0.06° 0.80+0.07 0.76+0.08
1.00+0.05 1.13+0.08 0.95+0.05 0.86+0.07° 0.77+0.06 0.72+0.09
Major glycophorins 1.00+0.08 1.09+0.05 0.96+0.07 0.88+0.07° 0.81+0.06 0.83+0.08*
1.00+0.05 1.05+0.06 0.99+0.05 0.88+0.05° 0.72+0.07 0.62+0.07
Stomatin 1.00+0.03 1.10+0.04 0.95+0.08 0.88+0.04°2 0.89+0.08* 0.86+0.07
1.00+0.05 0.97+0.05 1.00+0.09 0.73+0.06° 0.63+0.09 0.76+0.05
Flotillin2 1.00+0.03 0.98+0.05 1.01+0.07* 0.95+0.05° 0.83+0.06"° 0.65+0.08
1.01+0.06 0.87+0.06° 0.83+0.05 0.79+0.06 0.75+0.07 0.72+0.07
Protectin (CD59) 1.00+0.06 1.18+0.12° 0.99+0.09 0.89+0.08 0.92+0.09 0.82+0.06°
0.87+0.07 0.91+0.12 0.85+0.08 0.80+0.11 0.85+0.09 0.75+0.08°
CD47 1.00+0.06 0.95+0.05 0.92+0.06 0.81+0.05° 0.86+0.04* 0.79+0.06
1.00+£0.04 0.98+0.06 0.85+0.07° 0.77+0.07 0.72+0.07 0.69+0.05
IgGs 1.00+0.09 0.91+0.09° 1.60+0.172° 2.48+0.36° 3.12+0.28* 2.63+0.34°
1.05+0.11 1.20+£0.13 2.07+0.32° 4.67+0.62 3.86+0.43 3.40+0.41
Spectrin, 4.1R 1.00+0.12* 0.95+0.19° 1.23+0.19°2 1.32+0.21° 1.85+0.32° 1.55+0.32°
Fragmentation 1.60+0.28 1.89+0.39 2.00+0.43 2.25+0.46 3.16+0.53° 2.69+0.59
Spectrin-Hb 1.00+0.13 1.49+0.27° 2.73+0.42° 2.29+0.53° 2.55+0.41° 4.94+0.89°
Cross-linking 1.00+0.15 4.11+0.94° 4.85+1.10 5.86+1.34 7.61+1.42 12.24+2.12
Hb monomers 1.00+0.07 1.21+0.22 1.12+0.19 1.32+0.19° 1.15+0.17 1.59+0.22
1.00+£0.09 1.03+£0.18 0.87+0.12 1.03+£0.16 0.94+0.15 1.30+0.18°
Hb oligomers 1.00+0.18* 1.81+0.36°2 1.57+0.37° 2.57+0.56° 3.08+0.56° 5.62+1.26°
1.94+0.38 2.97+0.61° 3.61+0.77 5.22+1.24 7.35+1.62 9.44+1.79
Calpain 1.00+£0.15% 1.06+0.19° 1.73+0.31°% 1.45+0.24° 2.31+0.47° 2.64+0.43°
1.38+0.17 2.22+0.38" 3.96+0.73 2.63+0.45 4.31+0.79 4.65+0.83
Hsp70 1.00+0.18% 1.06+£0.23 1.36+0.23 1.96+0.32°% 2.52+0.34 3.08+0.58*
1.54+0.28 1.62+0.34 1.92+0.37 2.38+0.36° 3.13+0.43 5.20+1.13
Clusterin 1.00+0.08 1.07+0.10 0.93+0.08 0.85+0.06"2 0.87+0.06 0.78+0.08*
1.00+£0.10 0.94+0.08 0.85+0.11 0.68+0.08" 0.72+0.09 0.58+0.09

Bold characters: L-RBCs.

Results are presented as mean+SD after normalization to the day 4 values of L-RBCs (n=8).
& p<0.05 L-RBCs vs. N-RBCs.

® p<0.05 vs. day 4 of L- or N-group.

echinocytosis in stored RBCs, as previously reported in in vitro
studies [84].

Spectrin and 4.1R proteolysis is increased after the 2nd week
of storage to day 33 in L-RBCs (Table 2), in line with recent
reports [23], while in N-RBCs it is detected earlier (Table 2).
Notably, in both groups the cytoskeleton proteins fragmenta-
tion maximized on day 35 (Table 2), concomitantly with the
peaking in the intracellular ROS and calcium levels (Fig. 4),
substantiating a causative effect, as previously suggested [81].
Whatever its origin might be, proteolysis of cytoskeletal
components is a triggering factor for membrane vesiculation
by weakening the cohesion of the skeleton to the lipid bilayer,
as further supported by the significantly increased number of
echinocytes in N-RBCs.

Another prominent difference between the two groups
examined, was the increased membrane binding of synexin
(Fig. 6C) and calpain (Fig. 6C and Table 2) in N-RBCs. This
is probably correlated to the variation in intracellular calcium
levels, since the migration of both proteins to the membrane
is a calcium-dependent procedure [85,86]. Increased calcium

levels might up-regulate a number of enzymes (e.g. calpains)
and processes (e.g. proteolysis) that lead to cellular
dehydratation and protein degradation. Membrane-bound
calpain in calcium-stressed RBCs challenges cytoskeleton
fragmentation, while under the influence of activated
transglutaminase 2, cytoskeletal proteins crosslinkings are
observed [1]. Both actions obviously affect cytoskeleton
plasticity and cellular deformability. The higher levels of
calcium stress-associated modifications in the membrane
proteome of N-RBCs might correspond to the higher degree
of spheroechinocytosis and the significant loss of cellular
deformability [34] compared to the minimally affected L-RBCs
[33].

The comparative higher loss of vesicle-associated compo-
nents [31,37,75,87], like band 3, stomatin, flotillin-2, clusterin,
CD59 and CD47 (Table 2 and Fig. 6C) might be associated
with the intent vesiculation of the RBCs membrane in the
non-leukoreduced units. Previous studies have reported signif-
icantly higher CD47 loss from the stored RBCs membrane in the
presence of leukocytes [49] that is largely due to the release of
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the protein in the supernatant [88]. The significantly decreased
expression of CD59 (protectin) in N-RBCs reported here
is consistent with the loss of glycosylphosphatidyl-inositol
(GPI)-linked glycoproteins during the storage, especially in the
presence of leukocytes [89]. Since CD59 is a complement
regulatory protein that functions to protect blood cells from
autologous complement attack (assembly of membrane attack
complex), it may potentially play a role in the in vivo survival of
transfused RBCs. In addition, considering that the N-RBCs
accumulate more senescent defects, the observed protein
loss might also be associated with the triggered activity of
RBCs proteasomes in order to effectively remove the non-
functional components [90]. In support, the more prominent
stress-responding [17,21,23] migration of the cytosolic chaper-
ones HSP70 (Table 2 and Fig. 6C) and Prx2 (Fig. 6A, B) to the
membrane of N-RBCs suggests that the storage in the presence
of contaminant cells triggers the generation of modified
proteins that need assistance by the repairing molecular
machinery of the cell. Whether or not and to what extent this
cellular defense mechanism is effective in protecting and
stabilizing the damaged components, is apparently a function
of the membrane vesiculation degree, since both proteins are
sorted for vesiculation in stored RBCs [17,75].

3.6. The residual leukocytes and platelets promote a
premature senescence phenotype expression in N-RBCs
compared to their age-mate L-RBCs

Fractions enriched in RBCs of various ages can be obtained by
Percoll gradient fractionation based on cellular density [91].
Therefore, we separated fractions enriched in young (low
density, Y-RBCs) and senescent (high density, S-RBCs) RBCs of
various storage periods from both groups (n=4) according to
cell density and we compared the intracellular ROS and
calcium accumulation, as well as the membrane PCI between
cells of comparable density. Furthermore, the variation in a
series of cellular aging and stress protein markers has been
evaluated in the low-density RBCs fractions collected at three
time points of storage.

In RBCs of all storage periods, increased cell density was
associated with a decreased MCV (p<0.01) and a proportionally

increased MCHC (p<0.01) (Table 3). To further validate the
fractionation, the derived lower and higher density subpopula-
tions were examined for the presence of well-established RBCs
membrane proteome aging markers, such as cross-linking
between spectrin and Hb [83], binding of oxidized/denatured
Hb and structural modifications (proteolysis/clusterization) of
band 3 [38,57,71]. Indeed, compared to the low-density cells, the
densest RBCs fractions exhibited significantly increased
(p<0.05) expression of all those markers (Table 3), verifying the
predominance of senescent cells.

Almost all the high-density preparations examined (n=4)
were characterized by an average increase in ROS and calcium
intracellular accumulation as well as in the membrane PCI
compared to the low-density ones (Fig. 7A-C). Calcium and
oxidative damage accumulation, PS externalization and loss
of deformability have been previously reported in senescent
RBCs [44,55,57,92,93]. Notably, data have shown that upon
calcium-loading the Y-RBCs restore their cell volume and
deformability, while the S-RBCs become dehydrated and less
deformable [93]. With the exception of calcium levels that
were maximized in S-RBCs on day 36 of storage (Fig. 7B), both
ROS levels (Fig. 7A) and PCI (Fig. 7C) were either stable or
decreased compared to the day 23. This is probably related
to the senescence and death progression, as reflected by
changes in the membrane vesiculation, Hb concentration and
esterase activity in S-RBCs [62,63]. No significant difference was
observed in the ROS/calcium levels of S-RBCs between the L-
and N-groups (Fig. 7A, B), except for the ROS levels on day
8 (p<0.05 L- vs. N-RBCs). Although not important, higher ROS
accumulation was measured in the leukoreduced S-RBCs
during the middle of the storage period in almost all the donors
examined (n=4). On the opposite, significant higher membrane
PCI was found in non-leukoreduced S-RBCs on days 23 and
36 of storage, vs. L-ones (Fig. 7C). This ratio was totally
reversed towards the end of the period, probably as a result of
the comparatively higher vesiculation and hemolysis seen in
N-RBCs (Fig. 2, Table 1).

The comparative monitoring of the above mentioned
storage-associated variations in the every time “younger” L-
and N-RBCs of lower density outlines the storage lesion course in
relation to the aging and cellular stress phenotype. As shown in

Table 3 - Leukocyte (WBCs) content, RBCs Indexes and membrane protein senescence markers in cell density fractions

enriched in young (Y) and senescent (S) RBCs separated from L- and N-RBCs units (n=4) during the storage.

L-RBCs day 8 N-RBCs day8 L-RBCs day 36 N-RBCs day 36

Y-RBCs S-RBCs Y-RBCs S-RBCs Y-RBCs S-RBCs Y-RBCs S-RBCs
WBCs (x10%/uL) 0.2+0.0 0.2+0.0 0.2+0.0 nd.? nd.? 0.1x0.0 0.1+0.1 0.1+0.0
MCV (fL) 98.6+2.2%*  82.1+1.8% 94.3+1.7%  82.1x25" 96.8+2.3%* 85.9+1.7" 91.5+2.8%* 83.2+1.3%
MCH (pg) 29.4+0.5%*  31.3+0.3%*  27.9:08* 29.7+1.1* 30.3+0.3%* 32.1+0.5%* 26.8+1.4%* 30.3+0.9%*
MCHC (g/dL) 29.8+0.4% 38.1+0.5%*  29.5:0.3% 36.2+0.6%*  31.3+0.6%* 37.2+0.7% 29.3+0.5%* 36.4+0.6%
RDW-CV (%) 13.3+0.6 14.5+0.7 13.1+0.5 14.1+0.5 12.3+0.7 13.1+0.6 11.7+0.6 12.5+0.4
Spectrin-Hb complex® 1.0+0.2%* 17+1.8% 9.6+£2.3%  19.4x3.5° 64.8+9.2%*  103.5:£16.7%*  97.8+123%*  188+25.6%*
Oxidized Hb" 1.0+0.2%* 24+04* 24+04%*  39:05* 5.6+0.8%* 89+1.1* 10.0+2.1%* 14.5+1.9*
Band 3 modifications” 1.0+0.2° 3.3+0.5" 1.0£0.3% 2.3+0.4" 4.9+0.9%* 11.9+1.8 9.7+1.5%* 15.8+2.5

Results are presented as mean=SD.

# Non-detected (less than detection limit).

® Normalization to the day 8 levels of L-RBCs.
* p<0.05 L-RBCs vs. N-RBCs.

§ p<0.05 Y-RBCs vs. S-RBCs.
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Fig. 7A-C, there was a constant trend for higher distortions levels
in the non-leukoreduced Y-RBCs compared to the L-ones, that
reached statistic significance on days 36 (calcium and PCI) or 42
(ROS) of storage. The stress phenotype was even more intently
manifested at the membrane proteome level, namely in the
variation of a range of aging and oxidative/calcium-associated
markers, as those shown in Fig. 7D. Indeed, either during some
period (band 3 modifications as well as membrane bound IgGs,
calpain and Prx?2), or during the whole storage time (spectrin-Hb
cross-linking and binding of oxidized/denatured Hb to the
membrane), the non-leukoreduced Y-RBCs were characterized
by substantially higher expression of stress markers compared to
the pre-storage leukoreduced Y-RBCs (Fig. 7D). The molecular
chaperone HSP70 was also found significantly increased in the
Y-RBCs of the non-leukoreduced units vs. the L-ones after
prolonged storage (data not shown).

Aging is a complicated molecular process that involves
strong interrelationships between the cells and their cellular
and biochemical environment. Ex vivo storage of RBCs under
various conditions is a model system for studying those
effects. For instance, differential pattern of cellular senes-
cence and response to oxidative stress has been found in RBCs
stored with or without mannitol [17]. In the same context,
RBCs aging-related events are expected to be differently
influenced by the presence of contaminant leukocytes and
platelets during the storage.

The excessive manifestation of aging and stress markers
on membrane proteome is not a surprising finding, consider-
ing that the RBCs membrane is an unusually dynamic
structure and a sensitive biosensor of cellular stress. Unlike
the ROS and calcium measurements that performed on whole
cell preparations, the membrane proteome analysis is more
focused and as such, it probably reveals the targeted effect of
ROS and calcium disturbances. For instance, the main,
directly visible feature of the oxidatively altered RBCs is the
accumulation of membrane-bound oxidized/denatured Hb
that was found significantly elevated in the low-density
N-RBCs. The cross linked Hb species bind to membrane and
cytoskeleton targets such as band 3 and spectrin [4] to trigger
a cascade of events affecting RBCs rigidity, echinocytosis,
adherence, erythrophagocytosis as well as post transfusion
survival of damaged RBCs [1,66,84]. Unlike cytosolic ROS, ROS
generated in close proximity to the membrane after Hb
binding, are not fully accessible to the cytosolic antioxidants
and as such they might be especially active not only against
local targets but also against nearby tissues and cells after
their release from RBCs [94]. Considering that S-RBCs are not
removed during the storage, their increased population in
N-units [50] may therefore accelerate the in vitro aging process
of stored RBCs.

In accordance with previous studies reporting increased
in vitro phagocytosis of RBCs without prior leukodepletion [50],
our findings imply that the vicinity with contaminant cells
renders the young N-RBCs of the lower density fraction somehow
older, injured and more stressed than their age-mate L-RBCs.
This effect might be related to either higher stress imposition
and/or to more severe diminution in RBCs antioxidant defense
capacity [1,64]. Indeed, leukocytes- and platelets-derived en-
zymes, toxic reactive oxygen and nitrogen species might
affect RBCs mechanical integrity and erythrophagocytosis by

performing detrimental interactions with numerous RBCs com-
ponents [11,36,53,67]. Considering that granulocytes disintegrate
after 24 h [95], their fragments and released material may pass
the filter and still contribute to secondary RBCs storage damage.
Therefore, a proportion of the storage lesion seen in the L-RBCs
might also be related to the donor leukocyte effects. Despite that,
our results provide new evidence to support the notion that
pre-storage leukoreduction effectively reduces RBCs damage
caused by the residual leukocytes and platelets. Leukoreduction
slows down the progression of the senescence process in stored
RBCs, probably by alleviating the oxidative and calcium stress.

3.7.  The possible molecular and cellular effects of contam-
inant donor’s cells on stored RBCs

Although the donor’s contaminant cells represent a scant
minority compared to the predominant population of RBCs,
their co-storage for 42 days in the cold might aggravate the
RBCs structural and functional integrity through an array of
detrimental intercellular interactions. We have to take into
consideration that the majority of the leukocytes and plate-
lets have significantly shorter lifespan compared to that of
RBCs. Furthermore, platelets produced from whole blood
donations are effectively stored for transfusion purposes for
five days at 22 °C while neutrophils are not stored at all.
Moreover, the storage unit represents a close system. In the
absence of a clearance mechanism, the cells have to put up with
their own and other cells wastes and by-products. The contam-
inant cells might affect RBCs through their metabolism, glucose
consumption and release of a great variety of biologically active
compounds (free radicals, extracellular vesicles, enzymes, cyto-
kines etc.) that are restively produced after cellular activation,
apoptosis or breakdown. Table 1 depicts a decrease in the
absolute leukocytes and platelets number over storage time.
Leukocytes apoptosis, first of granulocytes and then of lympho-
cytes, starts from the first 2-3 days of storage and results in the
formation of biologic response modifiers and membrane frag-
ments that can be adhered to stored RBCs initiating removal
signaling cascades [52]. Cytokines are known to be involved in
apoptosis, while neutrophils, by Fas ligand shedding, might
mediate death signaling in the Fas-bearing lymphocytes
and RBCs. Notably, cytoskeleton and band 3 modifications
as well as PS externalization following the activation of the
membrane-based apoptotic pathway have been reported in the
past in both senescent and stored RBCs [3,17,96,97]. Leukocytes
and activated platelets are important sources of free radicals and
biologically effective molecules that are simply accumulated in
the supernatants probably not as innocent bystanders but rather
as effective mediators of RBCs senescence and cold storage stress.
Reactive oxygen and nitrogen species as well as soluble enzymes
hit directly the sensitive RBCs proteins, glyco-conjugates and
membrane lipids while significant amounts of platelet- and
leukocyte-derived extracellular membrane vesicles enhanced the
toxicity of the storage supernatant. It has been reported that the
ROS generated by human neutrophils are cytotoxic for RBCs
via an Hb oxidation mechanism [67] that is the initiating
event in some major RBCs senescent pathways. Moreover, the
contaminant cells-derived proteases are expected to be more
effective toward stored RBCs compared to the in vivo conditions
because stored RBCs lack the protective effect of the protease
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inhibitors-containing plasma [98]. In addition, the residual
platelets experience a kind of “cold storage lesion” at the low
temperature of the RBCs units, which apart from poor survival in
the circulation, includes a type of activation state and relevant
signaling via the plasma membrane: irreversible transformation,
increase in intracellular calcium and protein tyrosine phosphor-
ylation, lipid rafts aggregation, secretion of alpha granule and
lysosomal contents, rearrangement of the surface glycoprotein
Ib, P38MAPK and cytosolic phospholipase A2 activation, arachi-
donic acid release, apoptosis, PS externalization and accelerated
membrane vesiculation [99-102]. Indeed, it has been reported
that platelet-derived microparticles accumulate from day 0 and
peak on day 20 of storage, while the leukocyte-derived vesicles
are increased after the day 30 in stored non-leukoreduced RBCs
units [103]. Pre-storage leukofiltration not only substantially
reduces RBCs membrane vesiculation but also post-storage
platelet-derived microparticles count [104]. The enrichment of
supernatant in microvesicles under non-leukoreduction condi-
tions leads to a sharp increase in the inter-cellular communica-
tion potential of the unit. The extracellular vesicles are potent
packages of information since they contain numerous and
highly concentrated signaling materials, including activated
caspases and PS. As a result, they might exhibit pleiotropic
stimulatory effects on cells via receptor interactions or direct
transfer of their protein and lipid components by fusion with
the cellular membrane [105], as previously reported for the
RBCs-derived vesicles in vivo [106]. Consequently, the greater
variability in extracellular vesicles released in N-RBCs is
expected to effectively modify the signaling machinery of
RBCs targets.

3.8. Conclusions

The present study provides further insight into the mecha-
nisms of the RBC storage lesion in relation to the effect of
pre-storage leukoreduction. Although storage lesion is usually
enhanced in both L- and N-RBCs by prolonged storage, it is
partially alleviated by filtering removal of the donor’s
contaminant leukocytes and platelets. Substantiated evi-
dence comes from a series of different yet physiologically
interlinked experimental data. L-RBCs excel N-RBCs at almost
all the storage quality measurements examined, either for a
part or for the whole of the storage period. Indeed, hemolysis,
irreversible echinocytosis, microvesiculation, removal signal-
ing, ROS and calcium accumulation, band 3-related senes-
cence modifications, membrane proteome stress biomarkers
as well as emergence of a senescence phenotype in the lower
density RBCs that is disproportionate to their age, are all
encountered more or mostly in N-RBCs compared to the
L-ones. It seems that the residual leukocytes and platelets
impose a great burden of oxidative and calcium-associated
stress on RBCs that is reflected in the accumulation of more
senescent defects. Although a direct connection between the

elevated ROS and calcium levels with their triggering potential
towards senescence and death signaling is missingin our study,
the different storage lesion profile in relation to the presence
or no of contaminant cells implies a significant degree of
correlation. Probably through the early events of cellular
activation, apoptosis and degeneration of the donor’s leuko-
cytes and platelets, a considerable fraction of the N-RBCs that
are not yet physiologically senescent become damaged and
more susceptible to the noxious effects of storage. The currently
reported molecular and cellular data provide a mechanistic
basis for the improved storage and post transfusion recovery
seen in the case of pre-storage leukoreduction. Based on these
results it will be interesting to evaluate the contaminant
cells “cold storage lesion” in parallel to the RBCs defects
during the storage period in order to assign specific roles in
every participant of this clinically important cellular
fellowship.
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