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Summary

The primary goal of any blood bank is to prepare red blood cells (RBCs) being able to efficiently deliver oxygen to the
tissue and survive in the recipient circulation long enough to perform its functions. Discovery of blood anticoagulant and
modern preservation solutions enabled to store the RBCs for 42 days. Transfusion medicine is characterized by very restric-
tive control system, which in order to be constantly improving, needs better understanding of RBC senescence processes
undergoing during storage. The necessity of this analysis is supported by many clinicians, mostly from the cardiology de-
partments, who point out different recoveries depending on the storage period and presence of leukocytes in the blood the
patient received. However, till now the molecular bases of RBC senescence and its influence on transfusion efficiency are still
not well defined. Proteomic analysis with accompany of modern mass spectrometry techniques reveals not only unexpected
complexity of RBC proteome but also serves as a future tool to assess the changes that RBCs undergo during storage. This
can be of immense help for further improvement of red blood cells preparation and storage methods, thereby increasing the
quality and safety of transfusions.
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Streszczenie

Zadaniem banku krwi jest takie przygotowanie krwinek czerwonych, by przenosity wydajnie tlen do tkanek oraz zachowaty
dtugo zywotnos¢ i funkcje w krazeniu biorcéw. Odkrycie antykoagulantéw oraz nowoczesnych roztworéw konserwujacych
umozliwito przechowywanie krwinek czerwonych do 42 dni. Transfuzjologia jest dziedzing medycyny o restrykcyjnym syste-
mie kontroli jakosci, ktérego usprawnianie wymaga miedzy innymi zrozumienia zmian zachodzacych w krwinkach czerwo-
nych w trakcie ich przechowywania. Konieczno$¢ takich analiz wspieraja klinicy$ci, najczesciej z oddziatéow kardiologicznych,
ktérzy wskazujg na istnienie ryzyka zwiazanego z przetaczaniem jednostek krwi dtugo przechowywanych oraz zawierajacych
leukocyty. Do tej pory nie poznano proceséw molekularnych lezacych u podstawy starzenia sie krwinek czerwonych i ich
wptywu na efektywno$¢ transfuzji. Analiza proteomiczna wykorzystujaca nowoczesne techniki spektrometrii masowej moze
w przysztoéci stuzy¢ jako narzedzie oceny zmian zachodzacych w trakcie przechowywania krwi. Moze by¢é pomocna w ulep-
szaniu procedur preparatyki i przechowywania krwinek czerwonych, zwiekszajac jako$¢ i bezpieczenstwo transfuzji.

Stowa kluczowe: proteom krwinek czerwonych, starzenie krwinek czerwonych, spektrometria masowa

INTRODUCTION to perform its functions. The collection, processing,

The discovery in the 1915 of sodium citrate as blood
anticoagulant (1) has started the possibility to store the
blood in blood banks. Further introduction of modern
preservation solutions as for example CPDA (citrate-
phosphate-dextrose-adenine) or CPD+SAGM (saline-
adenine-glucose-mannitol) used in Europe, prolonged
the time of red blood cells (RBCs) storage to 42 days.
The primary goal of every blood bank is to prepare
RBCs being able to efficiently deliver oxygen to the tis-
sue and survive in the recipient circulation long enough

**This study was supported by 501-1-26-02-12 grant.

testing, production and storage procedures in blood
banks are closely regulated by special directives and
guidelines (2, 3). Until now many biochemical process-
es of RBCs have been well described. More and more
is known about the functions of individual molecules
of erythrocyte membrane. But still little understood is
the total protein composition of erythrocytes, nor the
changes that RBC undergo during 120 days of their
life, in conditions of many hematological disorders and
during storage under blood bank conditions.
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RBC STORAGE LESIONS

During storage RBCs undergo a number of biochem-
ical, morphological and metabolic changes known as
“storage lesions”. For example, it is well described, that
due to the accumulation of lactic acid in the blood bag,
the pH decreases, and this increases phosphatase
3 enzyme activity, which results in 2,3-diphosphoglyc-
erol (2,3-DPG) degradation. Low level of 2,3-DPG re-
sults in increased oxygen affinity to hemoglobin, and
thereby causes diminished delivery of oxygen to tis-
sues (4). During RBCs storage period there appear
also changes in ATP level what can reflect on reology
of erythrocyte (5), loss of S-nitrosothiol-haemoglobin
(SNO-Hb) — and thereby decreased NO production
and further vasodilatation, as well as membranous band
3 protein and some other proteins rearrangements (6).
RBCs display unique reological possibilities provided,
among other, by the sophisticated interactions of mem-
brane and cytoskeletal proteins. This enables passage of
RBCs through the blood vessels, which are often narrower
than erythrocytes. Reduced flexibility will result in impaired
perfusion and oxygen delivery to peripheral tissues; more-
over, rigid RBCs might directly block capillaries. There are
evidences from the in vitro analysis that RBCs storage
induces a broad range of impairments of RBC hemody-
namic behavior such as deformability, aggregability, and
adherence to endothelial cells (7). It was also reported
that serious hemorheological disorders, including the de-
crease in RBC deformability secondary to shape abnor-
malities, acidosis, and the decrease of blood clotting, start
already at the second week of storage and progress up to
the end of the storage period (8). There are also evidences
of leukocyte influence on increase of RBCs adherence to
the endothelial cell layer (9). In the membrane are local-
ized inhibitors of complement pathway, protecting from
haemolysis (10) and also proteins taking part in clotting
process, transporters, receptors, adhesion molecules and
molecules carrying RBC antigens (11).

Red blood cells are the most commonly transfused
blood component. Some of the “storage lesions” men-
tioned above lead to removal of erythrocytes from the
circulation but still a huge percentage of RBCs is re-
covered after transfusion and it is assessed that around
70-75% of them are present in the circulation after
24 hours post transfusion (12).

ADVERSE RESULTS OF TRANSFUSIONS
OF STORED RBCs

For twenty years now, there is alive debate concern-
ing the functionality of fresh, several days stored, ver-
sus old — 14, 21, 28 or 35 > days long stored blood, as
well as leucoreduced versus non-leucoreduced RBCs.
Opinion that the functionality of transfused blood from
different storage periods can not be regarded as a
comparable is supported by many clinicians, mainly
from cardiology units who pay attention on different
recoveries depending on the storage period and pres-
ence of leukocytes in the blood the patient received.
These concerns mostly patients with acute coronary
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syndrome, ischemic heart disease or after coronary
interventions, who are particularly susceptible to ef-
fects of hypoxia, activation of thrombosis, effects of
heamolysis. Many authors demonstrated an increased
in-hospital and out-of-hospital mortality among hospi-
talized patients associated with increased mean age of
RBCs transfused (13, 14). Study of patients who were
undergoing coronary-artery bypass grafting, cardiac-
valve surgery, revealed that transfusion of RBCs stored
for more than 2 weeks was associated with a signifi-
cantly increased risk of postoperative complications.
In-hospital death, prolonged intubation, renal failure,
septicemia or sepsis, multiorgan failure, and a com-
posite of serious complications were all more frequent
in patients given blood stored for more than 14 days.
Furthermore, survival, particularly in the first 6 months
after surgery, was significantly reduced (15).

However, one should also take into account the possi-
bility that there is no problem with the storage of RBCs, but
rather an incorrect analysis of the cases examined (16).

In order to elucidate the concerns regarding the chang-
es the blood products undergo, there is a need of global
and more sophisticated analysis to be engaged. The pro-
teomic analysis can be of immense help in this case.

ELEMENTS OF PROTEOMIC ANALYSIS
AND PRESENT ACHIEVEMENTS
IN UNDERSTANDING OF RBC PROTEOME

So far much has been learned from classical biochemi-
cal approaches about RBC composition and physiology,
but a new tool — mass spectrometry (MS) and proteomic
analysis allow increasing our understanding of the RBC.
The term “proteome”, referring to the protein product of
the genome, was first coined in 1996 (17). The proteome
is a complex and dynamic entity. Unlike the relatively
static genome, the proteome is controlled by an astonish-
ing number of factors. Proteomics is the analysis of the
whole proteome of a tissue, organism or body fluid. The
principle is based on the extraction of proteins, fraction-
ation and purification of the extract, proteolytic digestion
of proteins into peptides, final separation and detection
by mass spectrometry. MS measures the mass-to-charge
ratio of ionized protein sample. The final step is the pro-
tein sequences identification using databases. Mainly, two
systems are used in protein/peptide fractionation: in-gel
or gel-free. Two-dimensional gel electrophoresis (2DE) is
performed following a first dimension of isoelectric focus-
ing (IEF) (separation according to isoelectric point [pl])
and a second dimension of SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis), where separa-
tion is performed according to apparent molecular weight.
Afterwards, proteins are digested in-gel and peptides are
analyzed by MS. The gel-free separation is based on liquid
chromatography (LC). LC separation can be performed at
the protein or the peptide level and directly coupled to a
mass spectrometer for on-line analysis (LC-MS/MS). Next
to the quality application, MS became quantitative, and
both label-free and tagging methods are available for
protein quantification. Due to the steady improvement,
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proteomic technology became widely applied in many
medical disciplines.

Proteomics and red blood cells met a decade ago,
with the need to map and understand the proteome
of RBCs. The first study of the RBC membrane’s pro-
teome was performed and published in 2002 (18). Low
et al. focused on plasma membrane proteins and used
the classical approach of IEF-SDS PAGE, followed by
silver staining, in gel trypsin digestion and MALDI-TOF
(matrix-assisted laser desorption/ionization-time-of-
flight) mass spectrometry analysis. This approach al-
lowed identifying 102 distinct RBC membrane proteins.
Two years later, in 2004 the available list of the eryth-
rocyte proteome constituted of the total number of 181
proteins (19). During the next 8 years, list of identified
RBC proteins has extended by 10 times (fig. 1), nowa-
days there is 1578 of cytosolic (20) and 314 of mem-
brane RBC protein being identified (21).
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Fig. 1. Development of the proteomic analysis methods and
its influence on the numbers of identified RBC proteins:
2002: 102 RBC membrane proteins identified by 1-DE, 2-DE
(IEF-SDS), MALDI-TOF (18),

2004: 91 RBC membrane and 91 cytosolic proteins identified
by uLC/MS-MS (19),

2005: 272 RBC membrane proteins identified by Proteolytic
Digestion Chip and two-dimensional ESI-MS/MS (31),

2006: 340 RBC membrane and 252 cytosolic proteins identi-
fied by 1DE (SDS) in gel-digestion, LC-ESI-MS/MS (21),
2008: 800 proteins identified via aminoacid/peptide depletion
method, 2D (IEF-SDS), nanoLC-ESI-MS/MS (33, 34),

2008: Ligand library”’ProteoMiner”-2D (IEF-SDS), nanoLC-
MS/MS-LQTOrbitrap (20).

This was achieved mostly due to the application of
different MS methodologies, as well as usage of so-
phisticated methods of protein depletion (e.g. ligand
library) (22). However, till now there are only few pro-
teomic publications addressing the changes that RBCs
undergo during storage (23-27). Studies mentioned
above were undertaken with the aim of describing the
changes of the RBC cytoskeleton during storage of
SAGM-preserved nonleukodepleted RBCs units, fo-
cusing on the influence of oxygen on the protein deg-
radation process (25). Basing on the 2D electropho-

resis followed by protein identification by ESI-MS/MS
(electrospray ionization mass spectrometry) of RBCs
samples stored with leucocytes in the presence of
oxygen or/and protein inhibitors, D’Amici and cowork-
ers concluded that cytoskeletal storage-dependent le-
sions come from oxidation rather than proteolysis (25).
Anniss et al. analyzed the influence of leukoreduction on
the number and types of proteins present in the super-
natants of stored RBCs units (24). Researchers pointed
out the role of leukocytes and platelets, which release
proteins that may contribute to RBCs degradation.

Well described phenomenon of membrane blebbing
and vesicles formation during in vivo RBC senescence
(28, 29), forced other groups to focus their researches
on proteins of vesicles accumulating in supernatants
during blood storage. Rubin et al. observed the huge
increase in microparticles (MPs) formation during eryth-
rocyte concentrates (EC) storage, and theirs proteomic
analysis revealed characteristic protein composition
(27). Our knowledge according micro- and nanopar-
ticles formation and RBC protein composition changes
has been enriched by Bosman et al. (23), who suggest
the very similar storage-changes in protein constitution
of vesicles when compared with membrane of stored
RBCs. Zolla’s group focused on the storage-dependent
remodeling of erythroid membrane proteins upon aero-
bic versus anaerobic condition (26). Proteins character-
ized by its changing level upon storage time were deter-
mined using reducing and nonreducing SDS-PAGE and
were identified by tandem mass spectrometry. Obtained
results indicate the atypical presence of cytoplasmic
proteins — i.e. peroxiredoxin 2 (Prx-2) in membranous
fraction of stored RBCs. Prx-2 was thereby proposed as
a biomarker of oxidative damage or aging status.

Researches cited above concerning changes that
RBCs undergo during storage in blood bank condi-
tions have provided a lot of very important and useful
information, however still it is far to final conclusions,
because of many technical problems.

The exquisite sensitivity of modern mass spectrome-
ters requires pure population of cells, which means that
contamination of the RBC preparation by even low lev-
els of leukocytes or reticulocytes can be problematic.
As far as separation of erythrocytes from white blood
cells is done routinely in blood banks during prepa-
ration of leucodepleted RBCs, so far reticulocytes are
always present in the blood units. It is known that dur-
ing maturation reticulocytes loose up to 20% of surface
area due to membrane vesiculation (30), a decrease
in cell volume, an increase in membrane mechanical
stability and acquisition of biconcave shape, implying a
major reorganization of membrane and skeletal compo-
nents. In recent years process of exosome release by
reticulocytes has been extensively studied (31), point-
ing out that this process contributes to membrane loss
and remodeling of its architecture. Therefore analysis
of sample containing reticulocytes proteins may bring
onto misleading conclusions. For proteomic analysis of
stored RBC there is an urgent need to establish meth-
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ods of isolation of pure, homogeny population of RBCs
in order to perform perfect protein identification.

At the present, we have introduced a project con-
cerning the analysis of proteome of stored RBC. Goals
of our study are 1) to elaborate efficient isolation
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method of pure population of erythrocytes from stored
RBCs, 2) MS analysis of RBC proteome changes dur-
ing their storage under blood bank conditions, 3) to
identify biomarker/s of RBC in vitro senescence that
can be useful in future transfusiological practice.
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