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Abstract
Background—Red blood cell (RBC) transfusion is a life-saving intervention for critically ill
patients; however, it has been linked to increased morbidity and mortality. We hypothesize that a
number of important proteins accumulate during routine storage of RBCs, which may explain
some of the adverse effects seen in transfused patients.

Study Design—Five RBC units were drawn and divided (half pre-storage leukoreduced (LR-
RBC) and half left as an unmodified control (RBC). The supernatant was separated on days 1 and
42 of storage and proteomic analyses completed with in-gel tryptic digestion and nano-liquid
chromatography tandem mass spectrometry.

Results—In RBC supernatants, 401 proteins were identified: 203 increased with storage, 114
decreased, and 84 were unchanged. In LR-RBC supernatant, 231 proteins were identified: 84
increased with storage, 30 decreased, and 117 were unchanged. Prestorage leukoreduction
removed many platelet- and leukocyte-derived structural proteins; however, a number of
intracellular proteins accumulated including: peroxiredoxins (Prdx) 6 and latexin. The increases
were confirmed by immunoblotting, including the T-phosphorylation of Prdx-6, indicating that it
may be functioning as an active phospholipase. Active matrix metalloproteinase-9 also increased
with a coinciding decrease in the metalloproteinase inhibitor 1 and cystatin C. We conclude that a
number of proteins increase with RBC storage, which is partially ameliorated with leukoreduction,
and transfusion of stored RBCs may introduce mediators that result in adverse events in the
transfused host.
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Introduction
Transfusion of red blood cells (RBC supernatant) is a lifesaving step in critical care
medicine that seeks restitution of oxygen carrying capacity in patients with a diverse range
of clinical abnormalities. Many of the acute adverse events of transfusion, both hemolytic
and non-hemolytic are well known, and mitigation strategies have decreased fatal
transfusion reactions especially those secondary to major blood group incompatibilities and
to transfusion-related acute lung injury (TRALI) [1]. Although much has been learned about
transfusions through serologic testing as well as the role of donor antibodies in TRALI,
many adverse events are poorly understood [1]. Of primary interest is the link between
transfusion of older stored RBC supernatant and increases in acute lung injury, post-injury
multiple organ failure, and increased morbidity and mortality [2–6].

Pre-storage leukoreduction, whether by filtration or buffy coat removal, significantly
decreases leukocytes and platelets, HLA antigen exposure, and the production of leukocyte-
and platelet-derived mediators, namely interleukin-18 (IL-18) and soluble CD40 ligand.
Respectively these mediators decrease febrile transfusion reactions and has been linked to
decreases in other non-hemolytic transfusion reactions [7–10]. Despite these beneficial
effects, lipids accumulate during routine storage of both RBC supernatant and LR-RBC
supernatant, which are present in the plasma fraction, and have been implicated in TRALI
and the untoward effects of stored blood especially in injured patients [11–14]. Although
lipids and other soluble mediators in the supernatant of LR-RBC, and RBCs have been
implicated in transfusion reactions, the proteins present in the supernatant and those that
accumulate during routine storage have not been well characterized. We hypothesize that
there are a number of important proteins that accumulate in the supernatant during routine
storage of RBC units, whether pre-storage leukoreduced or not, that may have profound
effects based upon their accumulation or production of other mediators which are present in
the plasma fraction.

Materials and Methods
Reagents

Bovine serum albumin (BSA), ammonium bicarbonate, dithiothreitol (DTT), and
iodoacetamide were all purchased from Sigma-Aldrich (St. Louis, MO). Formic acid (FA)
was obtained from Fluka (Buchs, Switzerland), and acetonitrile was from Burdick and
Jackson (Morristown, NJ). Trypsin (sequencing grade, l-1-tosylamido-2-phenylethyl
chloromethyl ketone-treated) was from Promega (Madison, WI). Antibodies for
immunoblotting were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) or, in the
case of Prdx6, a rabbit polyclonal antibody was employed, as previously described [15].

Preparation of RBC supernatant
One unit of whole blood (500±50 mL) was collected from five healthy donors per AABB/
FDA recommendations, using a CPD with Optisol™ collection bag system (Teruflex,
Terumo Corporation, Tokyo, Japan). Plasma was separated from RBCs by centrifugation
followed by expression, employing an automated closed system, Compomat G4 (Fresenius-
Kabi, Schweinfurt, Germany) and AS-5 (Optisol) was added to a final hematocrit of 50–
60%. The estimated amount of residual plasma was 5–10 ml/unit [16]. Half of each RBC
unit was pre-storage leukoreduced via filtration (LR-RBCs) using a Pall BPF4
leukoreduction filter (Westbury, NY) by weight with the other half left as an unmodified
control (RBCs). The RBCs/LR-RBCs were stored at 1–6°C, and samples were obtained
through sterile couplers on day (D)1 and D42 (the last day a unit can be transfused). The
supernatant was isolated via centrifugation (5000xg for 7 min) followed by a second spin at
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12,500xg for 5 min to sediment residual cellular material and contaminating platelets [17].
The plasma fraction was stored at −80°C, and all proteomic analyses were complete within 2
months of storage.

Immunoaffinity Depletion of High-Abundance Proteins
The 14 most abundant proteins (albumin, IgG, α1-anti-trypsin, IgA, transferrin, haptoglobin,
fibrinogen, α2-macroglobulin, α1-acid glycoprotein, IgM, apolipoprotein AI, apolipoprotein
AII, complement C3, and transthyretin) were depleted from the RBC plasma fraction using
an antibody-based multiple affinity removal spin cartridge (Agilent Technologies, Santa
Clara, CA, USA) [18, 19]. Depleted samples were concentrated using spin concentrators
(5000 molecular weight cutoff; Agilent Technologies, Santa Clara, CA, USA), and the
protein concentrations of these depleted, concentrated samples were determined by the
bicinchoninic acid assay (BCA), Accurate Chemical (Westbury, NY) with absorbance read
at 595 nm.

One-dimensional gel electrophoresis, in-gel tryptic digestion and liquid chromatography–
tandem mass spectrometry

Proteins (30 μg) were separated using polyacrylamide gel electrophoresis [18, 19]. Proteins
were visualized using Coomassie Blue stain, and following destaining, each lane was cut
into 10 equal-sized pieces covering the same MW range for all samples. The collected
extractions were pooled with the initial digestion supernatant, concentrated under vacuum to
approximately 20 μL, and subjected to liquid chromatography tandem mass spectroscopy
(LC-MS/MS) analysis [18, 19].

Database searching, protein identification
MS/MS spectra were extracted from raw data files, converted into .mgf files using an in-
house script, and Mascot (version 2.2) was used to perform database searches against the
human subset SwissProt database of the extracted MS/MS data as reported [18, 19]. Scaffold
(version 2) was used to validate MS/MS based peptide and protein identifications. Unique
peptides were calculated for each sample and normalized to total peptides across samples,
and the total fragment (MS/MS) ion intensities were summed for all peptides assigned to a
given protein and normalized between samples. These values were used to calculate a
relative fold change of a given protein over 42 days of storage [20]. Both methods have
demonstrated good agreement between observed and expected protein ratios [21]. Heat
maps were created for the normalized (z-score, mean 0 and standard deviation 1) spectral
counts using matrix2png [22]. Values are from the data acquired on the LTQ-FT instrument.

Western Blot Analysis
Samples (20 μl each) of the supernatant from D1 or D42 LR-RBCs were separated via 10%
or 15% sodium-dodecyl-sulfate- (SDS) polyacrylamide gels, and transferred to
nitrocellulose as described [23]. Immunoblots were performed with antibodies specific for
Prdx6 and latexin, and the Prdx6 immunoblots were stripped and re-probed with specific
antibodies to phospho-threonine [23]. Blots were also stripped and probed for albumin to
ensure equal loading.

Detection of RBCs supernatant matrix metalloproteinase activity using zymography
Samples (20 μg) were diluted into NuPAGER LDS Sample Buffer (4X) (Invitrogen, Paisley,
Renfrewshire, UK) and loaded onto a 7.5% SDS-polyacrylamide gel containing 0.1%
gelatin [24]. Proteolytic activities were detected as clear bands against the blue background,
indicating areas where the gelatin was degraded by the enzymes. The molecular weights
were calculated using protein standards.
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Statistical Analysis
The data is presented as the ratio of the fold increase or decrease in the amounts of proteins
as the result of pre-storage leukoreduction and storage. Among-group comparisons were
determined by a student’s t-test in order to classify sets of proteins that showed a statistically
significant difference with a confidence level of p<0.005 (denoted by: *). A preliminary
power analysis was done employing the data from plasma which compared male-donor to
female donor plasma [19]. A sample size of 5 was shown to impart a statistical power of
80%.

Results
Proteomics analysis of RBC/LR-RBC supernatants

A representative SDS-PAGE image of RBC supernatants is illustrated in Figure 1 with the
hemoglobin band quantified below. A complete total proteomic signature was obtained
using two different methods with the LTQ-FT instrument (Supplementary File). A total of
412 proteins with 99% confidence (FDR<1%) and minimum of 2 distinct peptides were
identified from 5 units of RBC supernatant and LR-RBC supernatant after days 1 and 42 of
storage, generated from the FT platform. A total of 401 proteins were identified in RBC
supernatant: a) 205 increased (fold change > 2) during storage with 125 unique to plasma
from day 42, b) 98 decreased (fold change < 2), 49 unique to day 1 plasma samples, and c)
the remaining 98 were unchanged. Likewise, in the LR-RBC supernatant 231 proteins were
identified: a) 83 increased (fold change > 2) with routine storage with 42 unique to plasma
from day 42, b) 24 decreased in concentration (fold change < 2), 7 of those only present in
plasma samples from day 1, and c) 124 remain unchanged (Figure 2). In both RBC
supernatant and LR-RBC supernatant the amount of protein increased 2 to 3 fold during
storage. Importantly, preliminary data from three RBC/LR-RBC units from 3 female donors
showed the identical proteins with the only novel protein being pregnancy zone protein
which is increased due to gender [19].

Leukocyte- and Platelet-derived proteins
In RBC supernatant there was a significant accumulation of leukocyte- and platelet-derived
proteins including: neutrophil cytosol factors 2 & 4, moesin, talin, matrix
metalloproteinase-8 (MMP-8), MMP-9 from leukocytes; and platelet glycoprotein V,
thrombospondin 1, and von Willebrand factor from platelets (Figure 3, Supplementary File).
Platelet glycoprotein V and von Willebrand factor were not found in the pre-storage leuko-
and platelet-reduced identical units; moreover, other filament-binding and integrin- related
proteins are also increased including α-actinin, cofilin, etc. In addition, a number of cellular
structural proteins were increased during RBC storage that did not demonstrate the same
accumulation in LR-RBC supernatant, including: filamin, tropomyosin, parvin, and vinculin.
Transaldolase, fructose-bisphosphate aldolase, phosphoglycerate kinase and α-enolase, all
glycolytic enzymes, significantly accumulated during RBC storage and were more
pronounced in LR-RBC supernatant (Figure 3, Supplementary File).

RBC-related proteins
Numerous RBC proteins increased with storage including 14-3-3 proteins, band 3, ribose-5-
phosphate isomerase, and erythrocyte band 7 integral membrane protein (Figure 3,
Supplementary File). In addition, there were a number of proteins that increased with
storage of both RBC supernatant and LR-RBC supernatant that were unexpected and are
most likely present due to either release from, or lysis of RBCs including: glutathione-S-
transferase (a family of enzymes required, with glutathione, to limit oxidative damage), and
catalase (a ubiquitous enzyme which catalyzes the decomposition of hydrogen peroxide)
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[25–28]. Lactate and malate dehydrogenases, triosephosphate isomerase and additional
enzymes involved in glycolysis. Latexin, also known as endogenous carboxypeptidase
inhibitor (ECI), is another protein that increased during storage, and has been implicated as a
mediator of the hematopoietic stem cell compartment [29]. Using data from the LTQ subset
(supplementary files), latexin increased in D42 samples by more than 10-fold in all 3 LR-
RBC samples. This was confirmed with western blot analysis showing latexin levels
elevated in LR-RBC supernatant (Figure 4) with identical results for RBC supernatant (data
not shown). Furthermore, Prdx1, Prdx2, and Prdx6 all increased during storage of both RBC
supernatant and LR-RBC supernatant, and a significant (p<0.05, n=3) increase in Prdx6 was
confirmed by immunoblotting (Figure 5A & C). Unlike Prdx1 or Prdx2, Prdx6 contains a
phospholipase domain which requires either acidic pH or T-phosphorylation for activity
[30–32]. The immunoblot in Figure 5A was stripped and reprobed with a specific phospho-
threonine antibody. The results suggest that the released Prdx6 was T-phosphorylated on
both D1 and D42 indicating that it may be functioning as an active, atypical phospholipase
(Figure 5B).

Lastly, a number of proteins decreased with storage, most likely due to increased protease
activity. There was a significant accumulation of MMP-8 and MMP-9, which display
extracellular protease activity, most proteasome subunits [33, 34] and a drastic decrease in
cystatin C, and a range of protease inhibitors in the serpin superfamily (Figure 3, Table S1).
In addition, the amount of protein in the plasma fraction increased 2–3-fold during storage
and thus, relative protein ratios may falsely appear to decrease.

Detection of matrix metalloproteinase activity
To further evaluate the changes in matrix metalloproteinases activity in RBC supernatant
and LR-RBC supernatant units over the 42 days of storage we employed a gelatin
zymography assay (Figure 6). RBC supernatant produced four major bands suggesting the
presence of the MMP-9 & NGAL complex (240 kDa), pro-MMP-2 (92 kDa), act-MMP-9
(82 kDa) and act-MMP-8 (50kDa). Levels of pro-MMP-9 expression/release increase in
RBC supernatant over time without LR. This is consistent with our proteomic results.
Zymography showed no bands for pro-MMP-9 in LR-RBC supernatant at days 1 and 42 of
storage and exhibited only a faint band for RBC supernatant at day 1. Elevated levels of act-
MMP-9 were observed in RBC supernatant stored for 42 days. There was minimal decrease
in act-MMP-9 in the stored LR-PBCs samples based on the zymography results, and an
apparent decrease based on the proteomic results, but this observation did not reach
statistical significance. The concentration of MMP-8 did not change drastically by
zymography and showed an increase by the label free quantification method. Consistent
with our mass spectrometry results that showed a significant increase of neutrophil
gelatinase-associated lipocalin (NGAL, 6-fold), the high molecular weight MMP complex
that has been reported to contain NGAL increased and the difference in the RBC and LR-
RBC supernatant samples at D42 is also significant (23-fold, data not shown).

Discussion
The variables studied in the storage of RBC units were pre-storage leukoreduction and the
storage time. It was necessary to deplete the 14 most abundant proteins because the relative
concentration of these proteins compromises the identification of other proteins, especially
the detection of lower-abundance proteins. The combination of protein depletion and 1D
PAGE fractionation followed by LC-MS/MS analyses reported here has expanded the
protein coverage compared to a previous 2D PAGE based approach [35]. Because of the
stochastic nature of the analytical platforms, two different methods were employed to obtain
a complete total proteomic signature. Significantly more proteins were present in the
supernatant of RBCs compared to LR-RBC supernatant at D1 and D42 of storage as would
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be expected due to leukocyte and platelet contamination. The amount of protein increased
two- to three-fold during storage. Importantly, the immuno-affinity chromatography
employed does not totally remove the targeted abundant proteins; rather it reduces their
relative concentrations so as not to interfere with identification and quantification of other
proteins that are present in lesser concentrations. As a result peptides from several of the
depleted proteins were identified and appear in Table S1.

Many proteins identified in this study were common plasma proteins, and in both types of
RBC supernatant there was an increase in RBC-related proteins including: structural
proteins, protein 14-3-3, band 3, etc., the α- and β-hemoglobin chains, and enzymes
involved in essential metabolic function such as glycolysis and redox cycling to protect
against oxidative damage. Furthermore, storage of unmodified RBC supernatant resulted in
increased concentrations of both leukocyte specific proteins (moesin, MPO, MMP-8,
MMP-9) and platelet specific proteins (integrin alpha 2b, platelet glycoprotein V) which are
removed by pre-storage leukoreduction, a process that reduces leukocytes by >3 logs and
platelets by ~2 logs [9]. There were also a number of structural proteins including actin, α-
actinin-1, vinculin, and talin-1, of which the latter three are important scaffolding proteins
for integrin anchoring and presentation [36–38]. In addition, several glycolytic enzymes also
increased including α–enolase [39]. It has been reported that α-enolase is involved in
plasmin activation and may cause extracellular matrix degradation [40, 41].

A number of proteins also significantly decreased in RBC supernatant, including mannose-
binding lectin 2, the complement protein C4b, protein C, and prothrombin. These decreases
could lead to a decrease in innate immunity and reinforce the use of plasma and
cryoprecipitate for injured patients requiring massive transfusion [42–44]. Such decreases
are likely due to proteolysis as there are a number of proteases that increase and protease
inhibitors that decrease during RBC storage [35]. However, it is of note that some of the
proteins appear resistant to proteolysis, e.g. α-actinin-1, vinculin, and talin-1. These proteins
are scaffolding proteins that allow for stable presentation of adhesion molecules and may be
expected to be protease-resistant, which would account for the observed increase [36–38].

Fewer proteins in LR-RBC supernatant increased with storage, compared to RBC
supernatant, including: proteasome subunits, glycolytic enzymes, redox and other
intracellular proteins. Prdx-2, similar to Prdx1, is a 2-cys peroxiredoxin with thiol-dependent
hydrogen peroxide scavenging activity that binds to hemoglobin in the cytosol to prevent its
oxidation [45]. The presence of Prdx1, Prdx2 and Prdx6 in LR-RBC supernatant provides
confirmatory evidence that these antioxidants are RBC proteins that are released during
storage [46]. In addition, Prdx6, is found associated with p67phox in phagocytic cells and
translocates to the plasma membrane to enhance NADPH oxidase activity which is related to
activation of its phospholipase domain via T-phosphorylation [15, 31]. The accumulation of
an active phospholipase during RBC storage explains the production of arachidonic acid
(AA), and the 5-LO metabolites 5-, 12-, & 15-HETE via cleavage of lipids from RBC
membranes, which have the capacity to cause TRALI in vivo [14].

During LR-RBC storage a number of important proteins decrease in the supernatant,
including: cystatin C and Kininogen-1, such that massive transfusion may render the host
unable to inhibit cysteine proteases, mannose-binding protein 2, and other effectors in innate
immunity [43, 47–54]. Furthermore, decreases in metalloproteinase inhibitor 1 may leave
the host susceptible to proteases which may cause pro-inflammatory activation of
endothelial beds through PARS activation leading to PMN sequestration and decrease innate
immunity [43, 50]. Lastly, there is an increase in the carboxypeptidase inhibitor latexin,
which regulates hematopoiesis such that over-expression in rodents decreases the
hematopoietic stem cell compartment [29]. This protein may explain the observed aplasia in
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injured patients requiring massive transfusion, and the preliminary data that increased
transfusion of Pediatric patients who receive stem cells for the treatment of malignancies
leads to delayed engraftment [55].

Importantly, RBC supernatants only contain the equivalent of 5–10 ml of plasma in one unit
such that the volume of the unit is based upon the donor hematocrit and weight [16]. Most of
the proteins which accumulate during storage are intracellular proteins, which are either
released/secreted or are due to cell lysis which is part of the storage lesion of RBC units.
This breakdown of fragile, relatively older RBCs has been well chronicled and is an area of
important investigation [56]. Such intracellular proteins may directly affect patients, i.e.
latexin, or may provide substrates such that their activity in the RBC unit may lead to the
production of mediators. For example Prdx6, may be responsible for the accumulation of
lipid mediators in RBC/LR-RBC supernatants which have been linked to TRALI [14, 32].
Many of the described intracellular enzymes, that have defined roles in specific intracellular
processes, may act very differently when they are extracellular and may have unexpected
effects on plasma proteins [57, 58]. Recent studies that were controlled for the amount of
RBCs transfused have shown that older stored RBCs are an independent risk factor for
developing multiple organ failure following serious injury [6]. Further work is needed to
characterize possible masquerading mediators which may have clinical affects especially
when stored RBCs are used for the resuscitation of injured patients that require massive
transfusion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative 1D-PAGE profile of RBC and LR-RBC supernatants after days 1 and
42 of storage
Quantitative densitometric analysis of the ~16 kDa MW band (hemoglobin band) by equal
protein concentration (textured fill), and corrected for equal volume of supernatants (solid
fill). The numbers of the left side of the gel indicate molecular size in kDa.
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Figure 2. Venn diagram of total proteins identified in the supernatant of RBCs (A) and LR-
RBCs (B) stored days 1 and 42
These diagrams represent a breakdown of the total proteins identified. The numbers on the
left (D1) and right (D42) are the number of protein unique to the RBC or LR-RBC
supernatant. The numbers in the center are the total number of proteins that are in both D1
and D42 supernatant samples.
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Figure 3. Heat map of select identified proteins across RBC and LR-RBC supernatants
A. Proteins are grouped by patterns of relative abundance change for both RBC and LR-
RBC supernatants at day (D1) and D42 of 5 stored units. Gene names are on the right of the
heat maps with the protein identification below (B). The map reads from the very little
(blue) to a 1:1 ratio (white) to the greatest amount (red).
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Figure 4. Latexin accumulates in the plasma fraction during routine storage of LR-RBC
supernatant
A representative immunoblot for latexin demonstrated significant immunoreactivity in the
plasma fraction of stored, day (D)42, LR-RBC supernatant which was not present on D1 in
the identical samples. Albumin is shown as loading control. These data illustrated that
latexin accumulates during routine storage of LR-RBC supernatant and is likely a red blood
cell protein (n=3).
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Figure 5. Peroxiredoxin 6 accumulates in the plasma fraction during routine storage of LR-RBC
supernatant, and is T-phosphorylated
Panel A: a representative immunoblot which demonstrates minimal amounts of Prdx6 in the
plasma fraction of day (D)1 LR-RBC supernatant. The immunoreactivity significantly
increases (C) during storage and is released into the plasma fraction of stored, D42 LR-RBC
supernatant indicating it is likely a protein inherent to the red blood cell.so that there are
obvious amounts in the plasma fraction. Albumin is shown as a loading control. Panel B: a
representative western blot depicts the identical blot in panel A that has been stripped and
re-probed with phospho-threonine. There is phospho-threonine immunoreactivity in the
bands that demonstrated Prdx6 immunoreactivity suggesting the Prdx6 was T-
phosphorylated and may be an active phospholipase. Panel C: The mean densitometry for
panels A and B calculated with ImageJ software.
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Figure 6. Gelatin zymograph showing gelatinase activity during RBC storage
Representative matrix metalloproteinase activity, MMP-8 and MMP-9, in RBC supernatant
and LR-RBC supernatant units as measured on days 1 and 42 of storage.
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