Classic and alternative red blood cell storage strategies:
seven years of ""-omics" investigations

Lello Zolla!, Angelo D'Alessandro'?, Sara Rinalducci!, Gian Maria D'Amici', Simonetta Pupella?,

Stefania Vaglio*#, Giuliano Grazzini?

!Department of Ecological and Biological Sciences, University of Tuscia, Viterbo, Italy; ?Currently at Department
of Biochemistry and Molecular Genetics, University of Colorado, Anschutz Medical Campus, Aurora, United States
of America, 3Italian National Blood Centre, National Institute of Health, Rome, Italy, *Faculty of Medicine and

Psychology, Sapienza University of Rome, Rome, Italy

Introduction

The "New discipline for blood transfusion activities
and national production of blood derivatives" (Italian
Parliament, October 215, 2005) brought about a
significant update of all regulatory aspects concerning
transfusion medicine activities in Italy, including the
establishment of a nationally co-ordinated blood system
consistent with the autonomy of regional authorities'.
The aim was to identify homogeneous standards of
quality and safety nationwide'. In this setting, the
newly born Italian National Blood Centre was to be
responsible for all technical and scientific aspects
related to transfusion medicine issues, including (i)
blood and blood product self-sufficiency; (ii) blood
quality and safety; (iii) appropriate utilisation of blood
resources; (iv) accreditation and funding of transfusion
medicine activities; (v) a national blood information
system; (vi) technology assessment; (vii) external
quality assessment; (viii) a national haemovigilance
network; (ix) control of medical products deriving
from human plasma; (x) inspections and controls of
the plasma-derivative industry; (xi) education and
scientific research in transfusion medicine, and (xii)
promotion of voluntary, non-remunerated, responsible
and periodic blood donation'.

In the light of such an ambitious agenda, the National
Blood Centre started an extensive series of scientific
initiatives, including an extensive collaboration with
the laboratory of proteomics and metabolomics at
Tuscia University, Viterbo, Italy. The present review
summarises the main outcomes of this joint effort,
while putting the results in the broader framework of
laboratory research in the field of transfusion medicine,
with a special focus on the storage of red blood cell
(RBC) concentrates.

"-Omics" and transfusion medicine: first
contacts and rendezvous

Since its establishment, the National Blood Centre
was eager to contribute to a deeper understanding of

the molecular mechanisms underpinning the safety
and efficacy of blood-derived therapeutics. From a
perspective of laboratory science, this involved contact
with research institutions with expertise in one of
the most rapidly emerging analytical technologies of
the last decade, proteomics. Indeed, during the last
10 years, the scientific community has witnessed an
exponential diffusion of laboratory investigations in the
field of "-omics" sciences in transfusion medicine*?.

"-Omics" sciences can be defined as analytical
disciplines in which the bulk of research is focused on
the qualitative and quantitative measurement of all the
genes (genomics), mRNA transcripts (transcriptomics),
proteins (proteomics) or metabolites (metabolomics) in
a given sample®. Early systematic reviews in the field
convinced the National Blood Centre that this was a
path to explore, an intuition that led to the creation and
expansion of a network of connections with several
groups involved in this research endeavour. During
the last decade, National Blood Centre institutions
across Europe began to approach university and
clinical laboratories, but the rendezvous between these
formerly distant worlds was reached and consolidated
through the promotion of editorial initiatives (the
interested reader is referred to the special issues of
Blood Transfusion*® and the Journal of Proteomics®’).

The implementation of "-omics" in the field
of transfusion medicine enabled determination of
molecular parameters affecting storage quality of
platelet concentrates®’, and the effect of different
pathogen inactivation technologies on the proteomic
and metabolomic profiles of platelets in the
blood bank!*!. "-Omics" can also be exploited to
perform heterogeneity evaluation assessments of
plasma-derived or recombinant coagulation factors,
such as factor VIII'>'3. Notably, the most valuable
insights gained through "omics" research in the field
of transfusion medicine are related to the storage of
erythrocyte concentrates, as discussed extensively in
this review.

21



Issues related to the duration of red blood cell
storage

Despite almost a century of improvements in the
field of RBC storage, in 2008 controversial retrospective
studies were published in a prestigious journal'®; in
brief, the authors highlighted a statistically significant,
increased likelihood of morbidity and mortality in
patients undergoing cardiac surgery when transfused
with units stored for more than 14 days. Although
the statistical validity of the results was immediately
questioned and controversial data were obtained through
extensive retrospective investigations of the literature's,
the bulk of attention concerning RBC storage became
focused on three main questions: (i) how long is too
long?'¢ (ii) is RBC storage duration the critical issue,
or should we be seeking to improve storage quality?'’
(ii1) to what extent could improvements be effective
enough to guarantee a safe and effective blood-derived
therapeutic product?'®

Although randomised, prospective clinical trials
could probably provide some tentative answers to these
questions'®, any efforts made to improve standards
of storage quality should start from the achievement
of a thorough understanding of storage quality from
clinical and biomedical standpoints. Most of the
reported early results of the prospective, clinical
trials currently underway (ABLE, ARIPI, RECESS,
TRANSFUSE- reviewed by Grazzini et al.'®) are
conflicting, with some confuting and others confirming
a correlation between storage duration and an increased
likelihood of adverse events in certain categories of
recipients (e.g. critically ill, traumatised, peri-operative
patients).

Conversely, accumulating biomedical evidence
(including results from laboratories performing proteomic
and metabolomic investigations on RBC storage)
suggests that storage duration might be related to a
progressive accumulation of detrimental changes to
RBC physiology and function (the so-called "storage
lesions")?%23, While the clinical relevance of the
storage-dependent accumulation of lesions is still matter
of debate, the overlap between the temporal sequence
of such events (mostly accumulating in a statistically
significant fashion after the second week of storage) and
Koch's retrospective observations!® appears to be more
than coincidental.

"-Omics" and red blood cells

RBC have always been deemed one of the easiest cell
models in biology. Indeed, mature erythrocytes are devoid
of organelles and nuclei, which impairs their capacity
for de novo protein synthesis and would theoretically
promote proteome stability. However, it is worth noting
that haemoglobin alone accounts for 98% of the cytosolic
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proteome and 92% of the cell's dry weight. Therefore,
any attempt to delve into the biological complexity of
these cells should include a reduction of the analytical
"noise" constituted by the overwhelming abundance of
haemoglobin, in order to be able to focus on the residual
components of the protein apparatus. In this view, several
pre-fractionation strategies have been introduced over
the years, involving either the adoption of antibodies to
haemoglobin for its targeted removal or the application of
native gel-based preparative approaches?. Among these
pre-fractionation strategies, the use of combinatorial
hexapeptide ligand libraries has enabled the detection
of 1578 unique gene products in the cytoplasm of RBC,
a finding that has paved the way for bioinformatic
processing of protein-protein interactions, revealing the
interconnections between energy and redox metabolism
in mature erythrocytes?. These in silico predictions have
recently been confirmed by the results of native gel-based
approaches, with the identification of at least 55 multi-
protein complexes in the cytosol of mature erythrocytes?.
Drawing on these findings, Goodman and colleagues
recently put the pieces together, compiling the most
extensive list of RBC cytosolic and membrane proteins
to date, a list formed of 2,289 entries?’. This is relevant in
that, before focusing on the understanding of the events
targeting RBC during prolonged storage in a blood bank,
it is essential to understand RBC biology, which in turn
affects erythrocyte ageing in vivo (senescence)?® and
the responses of these cells to the artificial preservation
conditions (hypothermia, plastic bags, additives)* they
are subjected to during hypothermic liquid storage
(in vitro ageing). Finally, translation of the findings
of these biomedical investigations into transfusion
medicine-relevant insights requires further understanding
of the effects that "storage lesions" might have when the
RBC are transfused into a recipient. Although there would
be serious ethical concerns about conducting human
studies with this scope, it is worth noting that recently
conceived in vitro and animal models (murine, ovine
and canine models)?3! could speed up determination of
the biomedical implications related to the transfusion of
"older" units from the perspective of laboratory science.

Despite all the advances summarised above,
large-scale proteomic investigations on blood donated
by healthy human volunteers is still a challenging task,
since donor variability?? is a critical issue that basically
hampers the generalisation of any laboratory results and
knowledge transfer into transfusion medicine practices.

Storage-dependent alterations in red blood cell
oxygen affinity and ion homeostasis

Prolonged storage of RBC results in increased
oxygen affinity after 14 days of storage, although
haemoglobin interactions with oxygen are apparently



preserved throughout the whole shelf-life of packed
red cells****. One of the leading causes underpinning
this phenomenon is the progressive consumption of the
high-energy phosphate compound
2,3-diphosphoglycerate (2,3-DPG). Since DPG
stabilises the tense "T" (deoxygenated) state of
haemoglobin, its concentration is inversely proportional
to oxygen affinity. On the other hand, acidification of
the internal and external pH during prolonged storage,
as a result of glycolytic metabolism, promotes oxygen
off-loading through the so-called Bohr effect®?.

Other than pH, prolonged storage of RBC also
results in the deregulation of cation homeostasis, with
the progressive leakage of potassium in the supernatant
and intracellular accumulation of calcium?3-3¢.
Hyperkalaemia might result in complications in certain
categories of recipients, such as paediatric patients.
Accumulation of intracellular calcium is associated
with deregulation of energy and redox metabolism
(consumption of high-energy phosphate compounds,
such as adenosine triphosphate [ATP])*, which fuels
the activity of calcium pumps.

Storage duration and metabolic deregulation
Storage at 4 °C in the blood bank results in decreased
activity of most of the enzymes involved in energy
metabolism. This leads to a progressive reduction of
the high energy-phosphate compounds ATP and DPG*
which, even if rapidly restored upon transfusion'’, would
impair RBC survival in the bloodstream of the recipient.
Simultaneously, progressive accumulation of the
glycolytic by-product lactate in the supernatant of
packed red cells is a common feature during prolonged
storage, independently of the additive solutions used**'.
Notably, during the first 2 weeks of storage there
is a build up of early glycolytic intermediates and
progressive accumulation of pentose phosphate
pathway (PPP) metabolites®®*-3°, This is relevant in that
the PPP fuels the generation of Reduced Nicotinamide
Adenine Dinucleotide Phosphate (NADPH), which in
turn promotes anti-oxidant defences by taking part in the
conversion of oxidized glutathione back to its reduced
form. However, as storage continues, RBC appear to lose
the capacity to build up anti-oxidant potential via the
PPP3%%, Indeed, accumulation of reactive oxygen species
(ROS) seems to be irreversible from the second week
onwards, when ROS levels reach their peak®. Of note,
blood donated by glucose 6-phosphate dehydrogenase
(G6PDH)-deficient donors should raise additional
concerns in this sense, in that G6PDH is the rate-
limiting enzyme of the PPP and thus its natural absence
might result in faster accumulation of oxidative stress in
units donated by subjects with this enzyme deficiency*?.

The progressive deregulation of glutathione
homeostasis during storage of RBC in the blood bank
is now a consolidated finding*. However, only with
the introduction of "-omics" technologies (in particular,
metabolomics) was it possible to observe a progressive
deregulation of amino acid metabolism, especially of
the glutathione precursors glutamate and cysteine,
which is proportional to storage duration®®°.

ROS accumulation is a biological constant in
RBC, considering that the main purpose of these
cells is to transport oxygen and the core of the
protein-protein interaction network is devoted primarily
to the maintenance of anti-oxidant defences®*’. In
this view, it is worth recalling that the challenge of
haemoglobin oxidation is the main burden in RBC
physiology, since the presence of oxygen and haem
iron results in the promotion of redox reactions
(Haber-Weiss and Fenton) ultimately leading to the
accumulation of ROS. Significant advances have
been made in this regard though the introduction of
leucofiltration strategies, since white blood cell removal
reduces the accumulation of ROS.3°

Accumulation of oxidative stress results in
protein fragmentation and impairment of the
band 3 transport metabolon

Exacerbation of oxidative stress as storage progresses
results in ROS targeting the protein and lipid fractions*.

Proteins targeted by ROS are either carbonylated>#,
fragmented or aggregated*®*® or relocated to the
membrane®* and thereby vesiculated (as discussed
below). Oligomerisation state and thus functional activity
of key antioxidant enzymes such as peroxiredoxin 2 is
also influenced by storage duration®.

The anion exchanger 1 protein band 3 is among
the key targets of protein fragmentation/aggregation
events during prolonged storage®-°. In this view, it
is worth noting that fragmentation of the N-terminal
cytosolic domain of band 3 is promoted by both ROS
and enzymatic cleavage®®, through a process that
promotes suicidal death of erythrocytes, erypotsis, in an
apoptotic-like fashion, which is to be distinguished from
normal senescence occurring in vivo’'.

Band 3 protein, the most abundant erythrocyte
membrane protein with million of copies per cell,
plays a central role in erythrocyte physiology, because
of its activity in the "transport metabolon"*?. Indeed,
band 3 is involved in the modulation of oxygen transport
by influencing the intracellular pH (and thus oxygen
off-loading) through its regulation of the chloride shift
(exchange of CI/HCO, anions). Furthermore, the
N-terminal cytosolic domain of band 3 is an inhibitory
docking site for glycolytic enzymes, although such
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inhibitory binding is challenged by deoxyhaemoglobin
translocation to the negatively charged N-ter tail of
band 3, which delocalises and thus reactivates glycolytic
enzymes in an oxygen-dependent fashion®2.

Oxidation to proteins does not only result in
increased carbonylation, but also in the progressive
accumulation of advanced glycation end-products
(non-enzymatic addition of sugar moieties to the
proteins) in the membrane® and cytosol**, where
glycated forms of haemoglobin (Hb1Ac) accumulate
proportionally to storage duration. Notably, alterations
to Hb1Ac levels in units that have been stored for longer
periods might cause problems when treating/monitoring
certain categories of patients, such as those suffering
from diabetes. In parallel, altered membrane protein
glycosylation patterns might influence the rheological
properties of RBC*.

Another oxidative stress-dependent parameter
influenced by continued storage is protein nitrosylation,
including nitrosylation of cystein 393, which influences
nitric oxide metabolism and vasodilatory effects mediated
by erythrocytes upon transfusion®*. Further information
will soon become available from the application
of proteomic technologies to post-translational
modifications of RBC in the blood bank, especially in
the light of the emerging role of endothelial nitric oxide
synthase and arginase in the modulation of nitric oxide
metabolism in mature erythrocytes®.

Morphological alterations and microvesicles

ROS targeting the lipid fraction result in the
accumulation of pro-inflammatory mediators, such as
prostaglandins (for example, 8-isoprostane’®). However,
prolonged storage also results in the alteration of the lipid
composition of the membrane, with the preferential loss
of certain classes of lipids and enrichment of others in
the membrane fraction, such as glycerophosphoserines
and ceramides®’-%.

Together with the above-mentioned alterations to
structural proteins (especially cytoskeletal proteins),
these changes promote reorganisation of the membrane®®
and exacerbate the naturally occurring phenomenon
of membrane loss known as vesiculation. In an
apoptosis-like fashion, stored erythrocytes continuously
shed sub-micron vesicles released from membrane blebs,
a process that is accompanied by the progressive loss
of the normal discocytic phenotype and the acquisition
of an echinocytic or sphero-echinocytic shape, to a
significant extent from the second week of storage
onwards?®>°.

Alterations to the lipid fraction and membrane
composition also end up influencing RBC
deformability>*%°, and consistently affect the capacity
of the cells to cope with osmotic stress®*¢!. These
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parameters are also affected by progressive leaching
of the plasticizer di(2-ethylhexyl)phthalate from
plastic bags and its intercalation into cell membranes.
Although di(2-ethylhexyl)phthalate has been reported to
halve haemolysis by the end of the storage period and
promote RBC survival, it does so at the expense of cell
deformability®? and is a potentially toxic compound. In
the light of this, RBC storage containers formulated with
alternative plasticizers are currently under evaluation®.

Overall, lipid raft rearrangement, membrane blebbing,
vesiculation, caspase activation and phosphatidylserine
exposure are all features shared by RBC ageing in the
blood bank and those undergoing apoptosis (eryptosis)®3.

Over the years, proteomic approaches have been
used to document the protein composition of RBC
supernatants®*® and RBC-shed microvesicles®%,
Notably, vesicles expose phosphatidylserine and
preserve the rheological properties of donor erythrocyte
membranes®’, which would result in pro-immunogenic
potential through the promotion of erythrocyte
phagocytosis in the bloodstream of the recipient. In
addition, they seem to be enriched in oxidized proteins®,
as if vesiculation were a self-protective mechanism to
ensure removal of completely compromised proteins™.

Alterations to membrane proteins and morphology,
formation of band 3 oligomers and phosphatidylserine
exposure end up compromising the survival of
transfused, long-stored erythrocytes, since as many as
25% of the transfused RBC do not survive more than
24 hours upon transfusion into the bloodstream of a
recipient’!-72,

Finally, proteomic technologies have helped to
identify potential markers of storage quality, such as the
anti-oxidant protein peroxiredoxin 2, which migrates to
the membrane in proportion to the duration of storage”.
Alternative markers of ageing have been proposed that
could function as indirect indicators of the oxidative
state of erythrocytes in a unit; such a marker has been
incorporated in recently designed, inkjet-printed carbon
nanotubes for antioxidant assays in blood bags™.

Another, unpredicted application of these markers
might be the detection of autologous blood doping
in endurance sport athletes’, a practice for which no
judicially accepted strategy for doping detection exists,
except for the biological passport (a long-term record
of an athlete's haematocrit, reticulocyte count and
haemoglobin concentration)’®.

Alternative storage strategies

In the light of the controversial clinical results
but apparently converging laboratory evidence about
the reduced safety and effectiveness of erythrocyte
concentrates stored for more than 2 weeks, one could
wonder why National Blood Centres do not promote



theoretically safer and more restrictive standards
regarding the shelf-life of packed red cells. The answer to
this question is both immediate and rational: shortening
the shelf-life of RBC in the absence of conclusive
evidence would result in potential blood product
shortages, as confirmed by bioinformatic predictive
simulations’’, with no guaranteed improvements for the
recipients. However, while clinical trials may ultimately
conclude that shortening the shelf-life of erythrocyte
concentrates would have significant advantages for
recipients, National Blood Centres will probably seek
alternative products or storage strategies to complement
current practices in order to meet their national blood
demands. Indeed, alternative storage strategies have long
been under evaluation, and proteomics and metabolomics
have contributed useful insights in this field as well.

Cryostorage

Proposed decades ago, cryopreservation of packed
red cells is one of the earliest alternative storage
strategies. Encouraging results have been reported
over the years, indicating that erythrocytes stored at
temperatures as low as —80 °C in the presence of low
doses of cryoprotectants, such as 40% glycerol (there
are also high glycerol variants, with different rapidity
of freezing time and temperature), can remain viable
for as long as 30 years’. Deglycerolisation, washing
and resuspension in additive solution-1 (AS-1) or -3
(AS-3) has been reported to promote survival of thawed
erythroyctes for a further 3 weeks’.

Recently, metabolomics and scanning electron
microscopy analyses of cryopreserved erythrocytes
were performed to monitor cell processing steps
(from fresh blood, to glycerolisation, thawing and
deglycerolisation/washing)’. Cell processing for
cryostorage resulted in increased RBC volumes and
shape alterations, leading to increased osmotic fragility
and permeability to ions™. A significant drop in pH was
observed which could not to be attributed to a higher
metabolic rate, since the intracellular levels of lactate
did not show substantial fluctuation in this study”.
Membrane anomalies were thought to be related to the
observed haemolysis, which preferentially affected the
densest and oldest cell sub-populations, as confirmed
by means of discontinuous density gradients”. Reported
cryostorage-dependent alterations included a significant
increase of cytosolic glycerol as a consequence of the
glycerolisation step; this was not fully reverted upon
thawing/washing for deglycerolisation of the units. It
was, therefore, concluded that it might be profitable to
replace glycerol with non-penetrating cryoprotectants,
as being studied currently”.

Despite the encouraging results, it has been wondered
whether cyropreserved units would be readily available

and could meet the demands in the case of calamities or
disasters®’. Indeed, the thawing/deglycerolisation and
washing steps are rather time-consuming and, in the
recent past, military and civil forces had to cope with
such technical inconveniences in the case of disasters
(earthquakes, terrorist attacks, wars) and look for alternate
logistics to meet immediate and exceptional blood
demands. In this view, cryopreservation of erythrocytes
seems to be better suited to storing units from certain
donors with rare blood groups (e.g. Bombay)3°.

Storage solutions

Another trend in transfusion medicine involves the
design and testing of alternative storage solutions®'.
Even though huge strides have been made over the last
century in this field, biochemical and "-omics" analyses
(above all, metabolomics) have given new lymph to this
research endeavour®!.

Despite meeting haemolysis and 24h-post-transfusion
in vivo survival parameters, it is evident that not all
the currently patented and issued additives perform
equally well. In particular, in vitro measurements®> and
"-omics" investigations®® have recently highlighted how
erythrocytes can be stored better in the presence of AS-1
and AS-3, respectively, than in saline-adenine-glucose-
mannitol (SAGM).

Among the most extensively investigated alternative
additives, promising results have been obtained for
alkaline chloride-free hypotonic additive solutions
(reviewed by Hess et al.®*), which appear to maintain
RBC quality better than the conventional additive
solutions, giving at least 2 weeks' advantage to RBC
stored in the new generation additive solutions**#. In this
context, it is worth noting that all of the currently licensed
additive solutions for storage of erythrocyte concentrates
have an acidic pH (~5.6-5.8), which is relevant in
comparison to the normal physiological pH of 7.3 of
venous blood. An acidic pH facilitates heat sterilisation
of additive solutions (and anticoagulants), since glucose-
containing solutions caramelise when heated at a
physiological/alkaline pH. While erythrocytes
stored in acidic additive solutions can buffer the pH
towards physiological values during the first days of
storage, such a capacity is soon exhausted given the
generation of lactic acid through glycolysis. The use of
chloride-free formulations (such as phosphate-adenine-
glucose-guanosine-gluconate-mannitol [PAGGGM]38:40)
could promote the so-called Donnan equilibrium, in
that chloride anions would leave the cells and favour
the intracellular diffusion of hydroxide anions, thus
promoting alkalinisation of the cytosol, prolonging
the activity of glycolytic enzymes and preserving
ATP and DPG, albeit at the expense of erythrocyte
dehydration*®%3,
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Although it might be difficult to prevent metabolic
lesions completely, alternative solutions have been
proposed to mitigate metabolic lesions (e.g. a decrease
in the levels of high energy phosphate compounds)
as storage progresses. Another strategy to postpone
the exhaustion of high energy phosphate compounds
during prolonged storage involves a rejuvenation
protocol, based on supplementing packed red
cells with a solution containing adenine, inosine,
sodium phosphate and pyruvate®. However, from
a biochemical standpoint, it is worth noting that
while rejuvenation solutions are indeed effective at
replenishing ATP and DPG reservoirs for a longer
timespan, their effect on the rest of metabolism has
yet to be assessed. This is especially important in the
light of the fact that several phenomena involving the
protein fraction (fragmentation, oxidation) could result
in the accumulation of irreversible lesions and thus
theoretically alter the effectiveness of rejuvenation
treatment.

Given the central role of oxidative stress in
triggering storage lesions, researchers over the years
have proposed the formulation of alternative storage
solutions that include high doses of anti-oxidants®’-*.
Basically, these formulations would exploit anti-
oxidant vitamins (E and C - ascorbic acid) and
glutathione loading®-*°. Such formulations would
thus boost glutathione homeostasis and restore redox
homeostasis. Of note, laboratory investigations of such
formulations have highlighted the potential benefits
in terms of preserved redox homeostasis, reduced
membrane fragility, preserved morphology and
improved post-transfusion recovery (in a mouse model
of transfusion)®’. However, conflicting effects have
been reported in terms of the indirect consequences
on energy metabolism, since some anti-oxidant
compounds, such as ascorbate (dehydroascorbate,
the oxidized form), would compete with the glucose
transporter GLUT for uptake and would, therefore,
theoretically impair energy metabolism to some extent®.

Others have proposed recommending donors to
increase their dietary intake of anti-oxidant vitamins
before donating blood.

Anaerobic storage

Energy and redox metabolism in RBC are intimately
intertwined. As briefly described in the paragraphs
above, oxygen-dependent metabolic modulation of
RBC results in deoxygenation, promoting glycolysis
via deoxyhaemoglobin binding to the cytosolic domain
of band 3 and subsequent release and activation
of glycolytic enzymes thereby bound/inhibited*.
In other terms, erythrocyte deoxygenation would
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theoretically promote energy metabolism and thus fuel
the generation of high energy phosphate compounds.
At the same time, oxygen removal would eliminate the
main substrate for the generation of ROS, and would
thus help to tackle oxidative stress®.

On this background, Yoshida's group proposed
and patented a strategy for large-scale deoxygenation
of erythrocyte concentrates, and demonstrated how
anaerobic storage of RBC could promote erythrocyte
survival (less haemolysis) and improve ATP and
DPG conservation by the end of the storage period®.
By coupling this approach to alternative additive
formulations (either low or high pH) and rejuvenation
treatments, the authors managed to extend the shelf-
life of packed red cells to as long as 12 weeks®. Five
clinical trials over the last 14 years have confirmed
the potential benefits deriving from anaerobic storage,
while further clinical results are awaited in the near
future®®. Notably, Yoshida's apparatus offered the
potential for scaling up and immediate integration in
the cell processing workflow in transfusion services.
However, in all five studies from Yoshida's group, SO,
of Hb was reduced to below 4% by an experimental
gas exchange protocol®.

In the light of these results, we also set up in-house
deoxygenation equipment for laboratory experiments
on possible complete anaerobic storage (testing with
dissolved oxygen sensors by tryptophan fluorescence
quenching indicated pO, levels below 1 ppb
[<0.0021 mmHg], below the instrumental limit of
detection)’!. We observed that storing erythrocytes
under anaerobic conditions resulted in less haemolysis
and better preservation of morphology®!, together
with reduced osmotic fragility and membrane protein
fragmentation/vesiculation®'*?>. Metabolomic studies
partly confirmed the improvements in terms of ATP
and DPG preservation, although at the expense of
glutathione homeostasis at the moment of the analysis®.
This was probably due to the impaired potential to
replenish reduced/oxidized glutathione via NADPH,
since deoxygenation impairs the oxygen-dependent
metabolic shift towards the PPP and thus NADPH
generation, thereby potentially exposing deoxygenated
erythrocytes to oxidative stress when returned to the
normoxic condition after prolonged deoxygenation®*%4,
Furthermore, we detected an increased accumulation of
metabolites involved in nitrogen metabolism,” which
would underlie deoxygenation-dependent nitric oxide
generation (and thus reactive nitrogen species upon
reoxygenation), as the likely result of a biological
mechanism involving erythrocyte endothelial nitric
oxide synthase and arginase in the promotion of
vasodilation in response to hypoxia®®.
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Figure 1 - The figure can be read from the upper-left corner in an anti-clockwise direction. An overview of the main biochemical
changes of red blood cells (RBC) ageing in vitro under blood bank conditions.
Cation homeostasis (K*, Ca?") is dysregulated by low temperatures and progressive depletion of high-energy phosphate reservoirs
(adenosine triphosphate - ATP and 2,3-diphosphoglycerate - DPG). Glucose (additive solution) is internalised through GLUT
transporters and consumed through the Emden-Meyerhof glycolytic pathway, in order to produce ATP, lactate (LAC) and promote
pH lowering. Storage also results in a progressive decrease of S-nitrosothiol-haemoglobin (Hb). However, low temperatures and
the progressive accumulation of oxidative stress (probably triggered by Hb-mediated Fenton reactions) promote a metabolic
diversion towards the pentose phosphate pathway, in order to produce oxidized glutathione (GSSG)- reducing NADPH from
glucose 6-phosphate (G6P). Pentose phosphate pathway intermediates can re-enter glycolysis or proceed towards the purine salvage
pathway (also influenced by adenosine and inosine in the additive/rejuvenation solution). Alterations to calcium (Ca*>*) homeostasis
(and of other second messenger signalling molecules, such as cAMP and AMP) promote the activation of specific kinases (e.g.
PKC, PKA, AMPK) or activate proteolytic enzymes (such as calpains) that start digesting structural and functional proteins in the
cytosol and membrane, above all band 3 (AE1). Anion exchanger 1/band 3 (AE1) is responsible for the chloride shift, whereby
bicarbonate (HCO,) is exchanged for chloride (CI°), thus modulating anion homeostasis, intracellular pH and, indirectly, Hb-oxygen
affinity and thus gas exchange. Fragmentation of the cytosolic domain of AE1 (also mediated by reactive oxygen species, ROS)
promotes displacement of glycolytic enzymes (thereby bound/inhibited) and structural proteins (ankyrin, ANK, band 4.2 and 4.1).
Enhanced oxidation of cytosolic proteins is partly challenged by antioxidant defences (SOD1, PRDX2) and chaperone molecules
(heat shock proteins, HSP), while they progressively result in the accumulation of redox modifications to proteins (carbonylation,
glycation of haemoglobin [HbAIc], protein fragmentation) and lipids (lipid peroxidation, accumulation of prostaglandins in
the supernatant). Alternative degradation strategies for proteins (proteasome, eventually extruded in the supernatant) and lipids
(sphingomyelinase-dependent accumulation of ceramides) also play a role in this process. Progressive leaching of plasticizers
(DEHP) from the plastic bag results in local accumulation in cell membranes. At the membrane level, AE1 clusters, exposure of
phosphatidylserine (PS) in the outer leaflet, and lipid raft formation alter the pro-immunogenic potential of RBC. Taken together,
these alterations affect membrane deformability, increase osmotic fragility and promote vesiculation, a process in which micro-
and nanovesicles are shed in order to eliminate irreversibly altered proteins (including traces of glycolytic enzymes), enriched
with haemoglobin and lipid raft proteins, membrane portions (also exposing common rheological antigens, such as CD47, Rh,
RhAG, glycophorin A-GPA). Reprinted with permission from D'Alessandro and Zolla, Biochemistry of red cell aging in vivo and
storage lesions. European Haematology Association - EHA 18 Educational Book; Haematologica 2013; 98 (Suppl 1): 389-96.
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Haemoglobin-based oxygen carriers

Therapeutic blood transfusions are administered
with two main goals: fast recovery of oxygen delivery
to organs (especially the brain) and volaemia, in order
to stabilise the blood pressure and thereby guarantee
efficient blood flow. While the issue of volaemia
can be addressed to some extent by means of blood
expanders, such as colloid- and crystalloid-based
solutions, there is no currently approved alternative to
red cells to cope with the necessity to sustain oxygen
supply to the brain and peripheral tissues. One of
the long sought-after alternatives in this regard is
represented by artificial blood substitutes, also referred
to as haemoglobin-based oxygen carriers (HBOC)*.
The interested reader is referred to the articles by
Mozzarelli et al.> and Weiskopf and Silverman®®
for further information about the different HBOC
proposed over the years, as well as their potential
benefits and pitfalls as therapeutic agents.

Stem cell-derived, ex-vivo generated red blood
cells

The last frontier in transfusion medicine is the
possibility of expanding ex vivo stem cells and
inducing them to differentiate into mature erythrocytes
for transfusion purposes (extensively reviewed in
a thematic issue of Stem Cells International®’°%).
Revolutionary research in stem cell biology has
recently demonstrated the possibility of generating
a potentially unlimited supply of stem cells by
epigenetic/genetic treatments of somatic cells
(T cells, fibroblasts, others) from any individual, with
successful proof-of-principle trials’®. Despite these
early successes, reprogramming technology is still
under development. Therefore, RBC expanded ex vivo
from currently discarded primary stem cell sources
(buffy coats produced during blood manufacturing
processes and low-volume umbilical cord blood) are
being considered for first-in-man studies. Extensive
proteomic investigations on umbilical cord blood
CD34" hematopoietic stem cells have been performed
during the last few years®. Finally, precious insights
have recently been obtained through the application
of transcriptomic and phospho-proteomic analyses of
mature erythroblasts expanded in vitro from normal
donors and from patients with polycythemia vera'®.

Concluding remarks

In the present review, we have briefly summarised
the combined efforts of the international community in
the field of transfusion medicine, focusing particularly
on RBC storage and alternative storage strategies
for erythrocyte concentrates and drawing on the
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collaboration between the Italian Blood Centre and the
Laboratory of Proteomics and Mass Spectrometry at
Tuscia University in Viterbo (Figure 1). We hope that
this eagle-eye view of the RBC storage universe has
shown that the international scientific community is
continuously striving to find alternative, safer, more
effective and, if possible, less expensive therapeutic
options, although decades of improvements have
already brought about significant advances in this
field.

In this review, we purposely omitted those aspects
related to blood safety per se'®!', which would have
required a whole independent review, especially in
the light of recently emerging concerns fostered by
the minor epidemic outbreaks of West Nile virus'®
and Chikungunya virus'® infections in Italy. In the
next few years, National Blood Centres will have to
tackle these threats before their potential spread, as a
result of the additional burdens represented by global
climate changes, faster and easier international travel,
lifestyle modifications and sexual habits!®. In this
view, evaluation of pathogen inactivation strategies
for stored RBC!%, also with the help of "-omics"
technologies, is warmly awaited.

In parallel, prospective, clinical trials will be
soon completed and the results will be available for
direct integration with the outcomes of laboratory
investigations. Meanwhile, the scientific community
is trying to provide easy-to-implement solutions that
are economically sustainable in the transfusion setting,
while probably promoting significant improvements
in the quality of long-stored erythrocyte concentrates.
One of the most promising strategies is based on vesicle
removal filters and red cell washing and resuspension
prior to transfusion®"-'°, a workflow that would prevent
a broad spectrum of vesicle and pro-inflammatory
lipid-related untoward effects, such as some
immunogenic and inflammatory-related responses in
the recipients.
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