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Storage

During storage, RBCs undergo various
metabolic, structural and morphological changes,
the so-called storage lesions'. The acceptable
extent of the metabolic changes forms a major part
of the blood bank quality guidelines. However,
the consequences of these changes for RBC
survival after transfusion are mostly unknown.
Strikingly, it still has not been determined which
events in the blood bank are responsible for the
disappearance of up to 30 percent of the transfused
RBCs within the first hours after transfusion in
the patient®. Also, the relationship between RBC
survival after transfusion and the occurrence
of transfusion-related pathologies such as iron
accumulation, inflammation, and formation of anti-
RBC antibodies is far from understood.

Since the changes in most metabolic parameters
such as 2,3-DPG, ATP, and pH are rapidly reversible,
the metabolic events underlying these parameters are
not likely to contribute to most adverse transfusion
effects. The storage-associated morphological
changes, namely the partially reversible transition
from a discoid to an echinocyte/stomatocyte,
and finally to an irreversible spherocyte-like
morphology'?, suggest that alterations in membrane
structure are more likely to cause a decrease in
transfusion efficacy and an increase in harmful
effects. The last few years have witnessed a strong
increase in proteomic and biochemical data on RBC
biology during blood bank storage®!!. Especially
the data on storage-related exposure of removal
signals such as phosphatidylserine (PS) and band
3-derived senescent cell antigens, support the theory
that physiological aging-related changes in the RBC
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membrane are major, functionally relevant quality
determinants of RBC concentrates'!.

In the context of membrane alterations, in contrast
to detailed analyses of the molecular constituents,
relatively little attention has been devoted to the
changes in deformability that accompany aging in
vivo and in vitro. Here, we review the available data
on aging-associated and storage-associated alterations
in RBC deformability. Some relevant, preliminary
data from our own laboratory will serve as the starting
points for an inventory of the data on alterations
in RBC deformability during storage, the putative
consequences, and the proteomic and metabolomic
indications for the underlying molecular mechanisms.

Deformability

The capacity of RBCs to adapt their shape to the
dynamic flow conditions, both in the capillaries and
- in extremis - in the spleen, is essential for a proper
functioning, i.e. flow through the microcirculatory
bed. RBC deformability is a major determinant
of RBC survival, as deduced from the association
between abnormal RBC shape, anemia, and splenic
sequestration!>!4, Deformability is determined by
the mechanical properties of the RBC membrane,
the viscosity of the cytoplasm - which is mainly
determined by the mean cellular hemoglobin
concentration (MCHC) -, and the surface area-to-
volume ratio (S/V). Both an increase and a decrease
in S/V, an increase in MCHC, and a decrease in
membrane elasticity may all lead to a decrease in
deformability. Thus, membrane loss by vesiculation
and altered transport of ions and water across the
membrane, such as occur during storage, both affect
deformability. The speed and degree of relaxation,



i.e. return to the normal cell shape after deformation,
have been attributed to the elastic properties of the
cytoskeleton'®, as well as to the viscosity of the
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Figure 1 - Effect of storage time and osmotic stress

on deformation. RBC deformability was
monitored using a laser-assisted optical
rotational cell analyzer (LORCA,
Mechatronics, Hoorn, the Netherlands) as
previously described**. RBCs suspended in
a viscous solution of polyvinylpyrrolidone
are subjected to increasing shear stress. The
resulting laser diffraction pattern, changing
from circular (rest) to elliptical (high shear)
are expressed by the Elongation Index (EI),
calculated from the major (A) and minor (B)
ellipse axis as (A-B)/(A+B). More deformable
RBCs are more elongated and produce a
higher EI.
(A) Shear stress EI curves for fresh RBCs
(®) and after 1 (V¥), 3 (m) and 5 weeks (¢) of
storage. (B) Shear stress EI curves for fresh
RBCs (@) and after 2 (A) and 5 weeks (#) of
storage after overnight incubation in normal
Ringer (—) or hyperosmotic Ringer (------) at
37 °C as described before?’.

cytoplasm!¢. Deformability can be measured using
RBC filtration, aspiration through a micropipette,
and light scattering in a rheometer or a flow
chamber!”. A decrease in deformability, as measured
by ektacytometry, occurs during physiological RBC
aging in vivo'8. Again, the relative contributions of
the aging-associated decrease in S/V ratio and of the
increase in MCHC are not clear.

Changes in the MCHC occur during storage in
SAGM, as the RBC volume starts to increase in
the first week of storage!’. Also, proteomic and
biochemical data suggest oxidation as well as
breakdown of structural proteins already in the
first weeks of storage®®. These changes may be
responsible for the decreased capacity to maintain
membrane organization, as deduced from the
increased susceptibility to osmotic stress-induced
PS exposure, and to band 3 crosslinking-nduced
binding of autologous IgG!'"*. Since alterations
in MCHC and membrane organization affect
deformability, and since deformability is associated
with RBC survival'?!3, storage-associated changes
in deformability may contribute to the fast removal
of a considerable fraction of the transfused RBC?.
Unraveling the details of the role of deformability in
RBC removal, the underlyingmolecular changes, and
thereby the putative mechanism(s), is the main reason
for our interest in this topic.

Storage and deformability

In general, most older data suggest that cold
storage induces a reduction of the deformability,
as measured with various techniques!’?!, and
this reduction has not only been associated with
morphological changes®!*2, but also with the post-
transfusional survival?’. Interestingly, our recent
data, obtained by automated ektacytometry using
the Laser-assisted Optical Rotational Cell Analyzer
(LORCA), did not indicate that the deformability of
SAGM-stored RBCs decreases with storage time,
not even after a storage period of five weeks (Figure
1A). It is possible that in the final weeks the decrease
in S/V resulting from vesiculation, which would lead
to a decrease in deformability, is compensated by a
decrease in MCHC and an increase in deformability.

These data are in accordance with recent
data using the same technique, suggesting that
deformability of leukoreduced, SAGM-stored
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RBC:s is not significantly reduced up to five weeks
of storage®*?>. In contrast, a comparison of fresh
RBCs isolated directly from whole blood with
RBC:s in their first week in the blood bag, strongly
suggests that deformability does already decrease
during the three days of processing from blood to
blood bag in the blood bank (Figure 1A). The same
conclusion can be drawn from the LORCA data
obtained from RBCs that were processed and stored
in different media?. On one hand, this decrease in
deformability may be caused by the same changes
in membrane organisation that underly the increased

PS exposure of one week-old blood bank RBCs
compared with fresh RBCs?°. On the other hand,
hyperosmotic stress, which induces a strong increase
in PS exposure especially upon prolonged storage?®,
does not seem to affect deformability (Figure
1B), suggesting that decreased deformability and
increased PS exposure are not causally related. Thus,
at this time it is not clear if increased PS exposure
induces a decrease in membrane elasticity or if they
share a common cause.

Neither the LORCA measurements, nor the
osmotic gradient ektacytometry data indicate
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Figure 2 - Effect of storage time and stress on osmotic fragility as measured with osmotic gradient ektacytometry.
Osmotic gradient ektacytometry, i.e. RBC deformability measured during a gradient of increasing
osmolality (osmoscan) was performed using a the new LORCA MaxSis (see also the legend to Figure
1). Osmoscans of fresh RBCs, RBCs with a storage time of 2 weeks and RBCs with a storage time of
5 weeks were acquired after overnight incubation in normal Ringer (control) or hyperosmotic Ringer

(stress) at 37 °C20:27,
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the occurrence of storage-associated differences
in deformability, be it a decrease in the maximal
elongation index (EI) in the first weeks of storage, or a
shift in the hyperbolic part of the osmoscan in the last
weeks of storage (Figure 2). The major changes seem
to occur during the processing of the RBC in the blood
bank, with no further, detectable changes after the first
week. In fresh as well as in stored RBC, hyperosmotic
stress does not result in any additional changes in
the osmoscans (Figure 2). From a comparable study
on freshly isolated RBC fractions with various cell
volumes and densities, it was concluded that the
shape of the hyperbolic part of the osmoscan is largely
dependent on the MCHC!®. Whereas in RBCs aged in
vivo, the shift is towards the left, indicating an increase
in MCHC that is associated with a decrease in osmotic
resistance'®?’, in blood bank RBCs the shift towards
the right (Figure 2) suggests a decrease in MCHC and
an opposite effect on osmotic resistance.

Short-term storage is already accompanied
by a decrease in deformability as measured by
rotational ektacytometry, and also may give rise to
RBC:s that are retained in the spleen more than fresh
RBCs. When RBCs were passed through a recently
developed spleen-mimicking device'4, the percentage
of RBCs that did not pass the device was increased
with storage time (Figure 3). The difference between
week 2 and week 4 may be explained by the loss of
damaged RBCs. Curiously, these pilot data suggest
that hyperosmotic stress may actually facilitate
trafficking through the spleen, which would induce
spleen-dependent vesiculation and/or phagocytosis?.
A similar function has been postulated for the ligation
of complement receptor l-initiated increase in
deformability!®.

Phosphatidylserine is widely recognized as a signal
for macrophage recognition and RBC removal®.
Although increased PS exposure by itself may not
be sufficient for removal, it may induce adherence
of RBCs to other cells, such as the blood vessel
endothelium, and thereby facilitate the induction of
phagocytosis. We found that an hyperosmotic stress-
induced increase in PS exposure was associated
with an increase in antibody-induced phagocytosis
of stored RBCs by human monocyte-like THP1
cells (Table I). Thus, a stress-induced alteration
in passage through the spleen may be functionally
associated with increased phagocytosis.

Table I - The effect of osmotic stress on antibody-

induced phagocytosis!.

Anti-Rh D antibody % phagocytosis

Control Stress
0 0.0 0.0
1:25 3.7 5.9
1:5 11.6 17.2
1:1 21.7 30.5

'RBCs (2x10°) that had been incubated in iso-osmotic (control) or
hyperosmotic medium (stress) were opsonized without (0) or with anti-
Rhesus D antiserum in various dilutions (1:1, 1:5, 1:25), labeled with
CFSE and co-incubated with THP1 cells (1x10°) at 37 °C in a 5% CO,-
incubator for three hours. After removal of the non-phagocytized RBCs
with NH -lysis buffer and washing at 4 °C, Fc receptors were blocked
with PBS containing one percent pooled human serum. The percentage
of THP1 cells that had phagocytized RBCs was determined by flow
cytometry. Anti-CD235a antibody staining was used to discriminate
between RBC adhesion and uptake. CFSE'CD235a" events were
considered to be THP1 cells that had phagocytized RBCs.

Storage, deformability, proteomics and
metabolomics

The presently available data, confirmed and
extended by our own preliminary data using the
spleen-mimicking device and osmoscan, suggest that
the most pronounced effect of the changes RBCs
undergo during blood bank storage may not only be
adecreased deformability in the circulation, butalsoa
decreased capacity to pass throughthe spleen. Since
the spleen facilitates vesiculation and thereby possibly
the removal of damaged membrane patches enriched
in removal signals®®3°, this may result in accelerated
removal of stored RBCs. Also, a comparison of the
osmoscan (Figure 2) and spleen-mimicking device
data (Figure 3) indicates that the decrease in MCHC
during the first weeks of storage, that by itself would
result in an increase in deformability, is not a major
determinant of changes in deformability of transfused
RBCs in all relevant physiological conditions.

Therefore, identification of the storage-associated
alterations in the interaction between the cytoskeleton
and the lipid bilayer that determine membrane
elasticity, may be instrumental in identifying the
processes that trigger deformability-linked removal
of transfused RBCs. In most recent theories on
the functionally relevant changes in the membrane
composition of stored RBCs, alterations in band
3 occupy a central position. Storage-associated
breakdown as well as aggregation of band 3 have
been observed by biochemical and immunochemical
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Figure 3 - Perfusion of stored RBCs through a spleen-mimicking device. RBCs were obtained from whole blood or
from blood bags stored for two and four weeks. A suspension consisting of approximately 5% CFSE-labeled
RBCs incubated overnight in normal Ringer (control) or hyperosmotic Ringer (stress) and 95% untreated/
unlabeled RBCs was passed through a bead-sorting device at a flow rate of 60 mL/h'*. Flow cytometry was
used to determine the percentage of labeled cells in the initial upstream sample, in the sample retrieved from
in between the beads, and in the downstream fractions. The percentage of CFSE-labeled cells in the upstream
samples was set at 5% and the retained and downstream samples were corrected accordingly.

analysis*>7193!1 Together with proteomic data, these
analyses show that breakdown of band 3, ankyrin and
spectrin, and membrane accumulation of hemoglobin
occur mainly after three weeks of storage, but that the
effect of these processes are already detectable within
the first two weeks of storage®*8. The proteomic data
also emphasize the importance of the "repair and
destroy" proteins that protect against oxidative stress
and unfolding®, and warrant a closer, experimental
look at the changes in membrane-bound chaperone
proteins, proteasome components, and small G proteins
already observed in the first weeks of storage?®.

Already during the first days of storage, signs of
oxidation are observed in the cytoskeletal proteins 4.2
and 4.1, spectrin, and in band 3. These are followed by
breakdown of actin, GAPDH, band 4.9 and ankyrin, as
well as crosslinking of spectrin®. These data indicate
that oxidative damage of membrane and membrane-
associated proteins may precede proteolysis.

Thus, an oxidation-induced alteration of the
linkage between membrane and cytoskeleton is a
possible molecular mechanism causing the observed
changes in deformability as revealed by the osmoscan
and spleen-mimicking device data, that warrants
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further investigation. Oxidation may influence the
phosphorylation status of band 3, and thereby affect the
interaction between membrane and cytoskeleton??-3+,
Recent research on signaling in RBCs strongly
suggests that a change in the interaction between
integral membrane and cytoskeleton proteins,
possibly caused by decreased phosphorylation,
is the most likely reason for the early storage-
associated susceptibility to the osmotic stress-induced
decrease in deformability. Casein kinase [I-catalyzed
phosphorylation of beta spectrin and protein kinase
C-catalyzed phosphorylation of protein 4.1 are
associated with a complement receptor-mediated
increase in deformability'é. These data confirm the
involvement of serine phosphorylation of spectrin in
the mechanical properties of the RBC membrane®.
Phosphorylation of band 4.1 promotes dissociation
of actin from the cytoskeleton, also contributing
to an increase in deformability***’. Also, Lyn and/
or Syk-catalyzed tyrosine phosphorylation of the
cytoplasmic domain of band 3 is associated with a
decreased binding of the band 3 with the cytoskeleton,
and with a "vesiculating" morphology*®. Syk has a
high preference for oxidized band 333, which may be



relevant in view of the early oxidation events during
storage®. Recent (phospho)proteomic-inspired data
show an association between Lyn signaling and
altered cytoskeleton-membrane interaction, resulting
in an abnormal cell shape®®.

Also, altered phosphorylation may be responsible
for the metabolic changes, such as the recently
described increase in glycolytic intermediates within
the first two weeks of storage®*°. The rate of glycolysis
is influenced by the storage-associated decrease in pH
and NAD",but we postulate that the metabolic changes
are mainly due to alterations in band 3 structure and
function. The cytoplasmic domain of band 3 has a high
affinity for key enzymes of the glycolysis, and binding
is regulated by phosphorylation*!+,

Conclusions and perspectives

The published data together with our
results presented here support the theory that
phosphorylation-driven changes in the RBC
membrane during blood bank processing and especially
in the first two weeks of storage are responsible
for the accompanying changes in deformability.
After 14 to 21 days of storage, functionally relevant
molecular changes are likely to become irreversible,
since they comprise progressive proteolysis and
vesicle formation. Uncovering the triggering events
and the underlying signaling pathways will be
instrumental in understanding and preventing the
untimely disappearance of a considerable fraction
of the transfused RBCs within the first hours after
transfusion.

In our perspective, the most fruitful approach to
elucidate the basis for reduced RBC survival after
transfusion starts with investigating the effects of
signaling-based manipulation of RBCs in vitro on
functionally relevant parameters. These parameters
should be informative on the activation of, and
recognition and removal by the immune system, on
deformability in the capillaries and in the spleen,
and on the susceptibility to osmotic stress, as may be
critical during passage of transfused RBCs through
the kidneys?**4. Proteomics and metabolomics will be
instrumental in analyzing the accompanying changes
in membrane structure. The main challenge is the
development of biologically relevant read-out systems,
and the transition of blood bank research from quality
control in the blood bag to quality control in the patient.

Keywords: aging; blood bank; deformability;
proteomics; red blood cell.
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