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Abstract

BACKGROUND—Laboratory technologies have highlighted the progressive accumulation of the 

so-called “storage lesion,” a wide series of alterations to stored red blood cells (RBCs) that may 

affect the safety and effectiveness of the transfusion therapy. New improvements in the field are 

awaited to ameliorate this lesion, such as the introduction of washing technologies in the cell 

processing pipeline. Laboratory studies that have tested such technologies so far rely on 

observational qualitative or semiquantitative techniques.

STUDY DESIGN AND METHODS—A state-of-the-art quantitative proteomics approach 

utilizing quantitative concatamers (QconCAT) was used to simultaneously monitor fluctuations in 

the abundance of 114 proteins in AS-3 RBC supernatants (n =5; 11 time points, including before 

and after leukoreduction, at 3 hours, on Days 1 and 2, and weekly sampling from Day 7 through 

Day 42).

RESULTS—Leukoreduction-dependent depletion of plasma proteins was observed at the earliest 

time points. A subset of proteins showed very high linear correlation (r2 >0.9) not only with 

storage time, but also with absolute levels of hemoglobin α1 and β, a proxy for RBC hemolysis 

and vesiculation. Linear regression was performed to describe the temporal relationship between 

these proteins. Our findings suggest a role for supernatant glyceraldehyde-3-phosphate 

dehydrogenase; peroxiredoxin-1, -2, and -6; carbonic anhydrase-1 and -2; selenium binding 

protein-1; biliverdin reductase; aminolevulinate dehydratase; and catalase as potential biomarkers 

of RBC quality during storage.

CONCLUSION—A targeted proteomics technology revealed novel biomarkers of the RBC 

storage lesion and promises to become a key analytical readout for the development and testing of 

alternative cell processing strategies.
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Transfusion of red blood cell (RBC) concentrates is a lifesaving intervention for 

approximately 4.5 million Americans every year.1 The latest World Health Organization data 

suggest a trend toward increase of volunteer unpaid blood donations (+8.6 million units) and 

total donations (from approx. 80 to 108 million) between 2004 and 2012.1 Despite 

reassuring evidence from randomized clinical trials,2 in 2014 the American Red Cross 

reported that the use of blood has significantly declined by almost 30% during the past 5 

years.

Despite a century of improvements in the field of transfusion medicine,3 stored RBCs 

accumulate a wide series of biochemical, morphologic, and functional alterations, 

collectively referred to as the “storage lesion.”4,5 In the past few years, omics technologies, 

especially proteomics and metabolomics, allowed such lesions to be extensively 

documented. Even though an encyclopedic description of the storage lesion is now available, 

the clinical relevance of such lesions has yet to be determined.6 Nonetheless, omics 

technologies may turn out to be play a key role in the advancement of the field of transfusion 

medicine.7

Proteomics studies on transfusion medicine–relevant issues performed to date have primarily 

been observational in nature. Indeed, even though pioneering studies from Anniss and 

colleagues8 have paved the way for in-depth investigations of the storage lesion to the 

proteomes of RBC membranes9 and supernatants,10 RBC proteomics studies9,11,12 

performed so far have primarily relied on qualitative or relative quantitation technologies. 

Fostered by critical advances in the field of mass spectrometry (MS)-based RBC proteomics,
13–15 light has been shed on the unanticipated complexity of the RBC proteome in the past 

decade and a half. Such data have paved the way for the bioinformatics elaboration of RBC 

protein and metabolic interaction pathways,16,17 a key reference database for hypothesis-

driven research in the field.

While early generations of proteomics approaches were designed to deliver qualitative or 

relative quantitation information at best,18–20 the focus has recently shifted toward the 

ideation of analytical workflows that sacrifice the broad scope of the analysis that 

characterizes discovery mode approaches for the absolute quantification of a subset of the 

proteome. Targeted approaches such as multiple reaction monitoring coupled with the 

adoption of heavy labeled spiked internal standard peptides have been designed and 

optimized by several groups.18–20 Quantitative concatamer (QconCATs; Fig. 1)21–23 

approaches are based on the selection of proteotypic peptides, peptides that are 

experimentally observable and are composed of a sequence that uniquely identifies a given 

protein isoform. Such peptides are selected on the basis of existing experimental evidence 

from our own work and supplemented from continuously growing data repositories (e.g., 

PeptideAtlas and SRMAtlas).24,25 Once selected, gene sequences coding for up to 

approximately 40 proteotypic peptides are merged in a chimeric gene that can be produced 

synthetically. The gene is cloned into an expression vector and then transformed and 

expressed in a bacterial auxotroph where arginine and lysine 13C6 isotopologues have been 

incorporated at an efficiency greater than 99.99%. Expressed chimeric proteins are purified 

and quantified for use as internal standards. These standards control for trypsin cleavage 

efficiency and analytical variability at the liquid chromatography (LC)-MS step and perform 
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absolute quantitation by determining ratios against light peptide peak areas. Although time-

consuming in its development (peptide selection, chimeric protein expression, and 

purification), the QconCAT approach enables fast absolute quantitation of hundreds of 

proteins in a single analytical run with high precision.

Availability of absolute quantitative data is of relevance to clinical and research laboratories 

by allowing interlaboratory, interprotein, and heterogeneous sample comparisons that are not 

achieved through qualitative or relative quantitation methods. Applications include, but are 

not limited to, the determination of compositional specificities and patient to patient 

variation in the extracellular matrix proteome of ex vivo decellularized or recellularized 

organs for tissue engineering and transplantation purposes or delineating the metabolic 

proteome in model systems.26–28 In the field of transfusion medicine, we recently adopted 

this approach to address the sex-dependent compositional specificities of apheresis platelet 

(PLT) supernatants during routine storage in the blood bank.29

Recently, we demonstrated the progressive accumulation of hydrophilic30 and lipophilic31 

metabolites in the supernatants of AS-3 RBCs during routine storage, as well as the 

accumulation of oxidized hemoglobin (Hb) at functional amino acid residues, including 

proximal histidine 93 and cysteine 94 of Hbβ.32 Here we performed a methodologic study to 

show the potential relevance of quantitative proteomics technologies in the field of 

transfusion medicine. A QconCAT strategy was adopted to perform absolute quantification 

of 114 proteins in RBC units from five donors at 11 time points during routine storage in the 

blood bank in AS-3. Collection of early time points allowed us to monitor the efficiency of 

approximately 3.5-log and approximately 2-log white blood cell (WBC) and PLT filtration 

strategies by assaying RBC supernatants before, immediately after, and 3 hours after 

leukoreduction. Determination of absolute protein quantities enabled the calculation of time-

dependent linear regression coefficients and accumulation kinetics of a subset of proteins 

during storage duration. A subset of proteins were identified showing strong correlation (r 

>0.95, Pearson) with storage duration and accumulation of Hbα1, β, and δ (a bona fide 

proxy and more direct measure for hemolysis or vesiculation than classic spectrophotometric 

absorbance). These proteins are candidate biomarkers of the RBC storage lesion and include 

the previously suggested marker peroxiredoxin-2 (PRDX2),33,34 as well as other redox 

enzymes PRDX1; PRDX6; catalase (CAT); selenium-binding protein; peptidyl-prolyl 

isomerase A; and the enzymes aminolevulinate dehydratase (ALAD), carbonic anhydrase 1 

and 2 (CA1 and CA2), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

This study reveals the potential to use these, or other yet to be appreciated proteins, as 

predictive markers of the RBC storage lesion. In addition, it provides a proof-of-principle 

demonstration of the usefulness of MS-based quantitative proteomics in monitoring RBC 

storage quality under currently approved Food and Drug Administration (FDA) and 

European Council guidelines. Additionally, this workflow can be used to monitor donor 

variability or streamline the optimization and testing of alternative cell processing strategies.
35,36
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MATERIALS AND METHODS

Materials

Reagents were purchased from Sigma Aldrich (St Louis, MO) unless otherwise noted.

Sample collection

One unit of whole blood (500 ±50 mL) was collected from five healthy donors per AABB 

and FDA guidelines, using CP2D in a collection bag system (Nutricel, Pall Medical, 

Westborough, MA). Plasma was separated from RBCs by centrifugation and resulting 

supernatant was removed. AS-3 (Nutricel) was added to a final hematocrit of approximately 

60%. The estimated amount of residual plasma was 5 to 10 mL/unit. RBC units were 

leukoreduced before storage via filtration using an in-line leukoreduction filter (RC2D, 

Haemonetics, Braintree, MA) and stored at 1 to 6°C. Samples (0.5 mL) were obtained 

through sterile couplers before or after leukoreduction; at 3 hours after leukoreduction; or on 

Days 1, 2, 7, 14, 21, 28, 35, and 42. The supernatant was separated from RBCs via 

centrifugation (1500 × g for 10 minutes at 4°C) followed by a second centrifugation at 

12,500 × g for 6 minutes at 4°C to sediment residual cellular material and contaminating 

PLTs.

QconCAT-based absolute quantitation of 114 proteins in stored RBC supernatants

Four QconCAT constructs (Table S1, available as supporting information in the online 

version of this paper) were designed to quantify 114 proteins in RBC supernatants at each 

time point. Proteotypic peptides were selected from previous experimental data (nontargeted 

proteomics on RBCs, PLTs, and patient serum samples) and publicly accessible databases, 

including PeptideAtlas,24 SRM Atlas,25 and Global Proteome Database. QconCAT DNA 

constructs were synthesized de novo by Genscript (Piscat-away, NJ) and cloned into 

pET21b. Escherichia coli auxotrophic strain BL21(l)DE3-LysA ArgA was transformed with 

the plasmid and cultured in minimal medium (1×M9 salts, 1 mmol/L MgSO4, 0.1 mmol/L 

CaCl2, 0.00005% [wt/vol] thiamine, 0.2% [wt/vol] glucose) supplemented with 13C6 

arginine and 13C6 lysine at 0.1 mg/mL (Sigma Aldrich). The cells were grown to mid log 

phase (A600 0.6–0.8), at which point expression was induced by adding 1 mmol/L isopropyl-

D-1-thiogalactopyranoside. After 4 hours of growth at 37° C the cells were harvested by 

centrifugation and processed as previously described with minor modifications.26

Briefly, the cells were lysed with protein extraction reagent (BugBuster, EMD Millipore, 

Darmstadt, Germany). Inclusion bodies were suspended in 20 mmol/L phosphate buffer, 6 

mol/L guanidinium chloride, 0.5 mol/L NaCl, 20 mmol/L imidazole (pH 7.4). QconCAT 

proteins were purified by affinity chromatography using a nickel-based resin. The purified 

QconCAT was desalted by three rounds of dialysis against 100 volumes of 10 mmol/L 

ammonium bicarbonate (ABC; pH 8.5).

Depletion of albumin and IgG from RBC supernatants

The two most abundant plasma proteins, albumin and IgG, were removed from the RBC 

supernatants using serum protein immunodepletion resins (Proteome Purify 2, R&D 

Systems, Inc., Minneapolis, MN) according to manufacturer’s protocol. Briefly, 600 μg of 
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RBC supernatants was mixed with 1 mL of suspended immunodepletion resin and incubated 

on rotary shaker at room temperature for 30 minutes. After the incubation period, the 

immunodepletion resin was transferred into the upper chamber of a 0.22-μm filter unit 

(Corning Costar Spin-X, Sigma Aldrich) and centrifuged for 2 minutes at 2000 × g. The 

protein concentrations were determined by a Brad-ford protein assay before and after 

removal of the top two plasma proteins.

Proteomics analysis

Recombinant isotopically labeled QconCAT proteins26,27 (Table S1) were mixed with the 

depleted RBC supernatants at 200 or 100 fmol per injection. The samples were digested 

according to the FASP protocol.37 In brief, samples were mixed in a 10-kDa cutoff filter unit 

with 8 mol/L urea in 0.1 mol/L ABC (pH 8.5) and centrifuged at 14,000 × g for 15 minutes. 

Proteins were reduced by addition of 100 μL of 10 mmol/L dithiothreitol in 8 mol/L urea 

and 0.1 mol/L ABC (pH 8.5) and incubation for 30 minutes at room temperature, and the 

device was centrifuged. Subsequently, 100 μL of 55 mmol/L iodoacetamide in 8 mol/L urea 

in 0.1 mol/L ABC (pH 8.5) was added to the samples, and the samples were incubated for 

30 minutes at room temperature in dark followed by centrifugation. Three washing steps 

with 100 μL of 8 mol/L urea in 0.1 mol/L ABC (pH 8.5) solution were performed, followed 

by three washing steps with 100 μL of 0.1 mol/L ABC buffer. Protein digestion was carried 

out with the presence 0.02% of surfactant tryptin enhancer (ProteaseMax, Promega, 

Madison, WI) surfactant at 37°C overnight. Peptides were recovered by transferring the filter 

unit to a new collection tube and centrifuging at 14,000 × g for 10 minutes. To complete 

peptide recovery, we rinsed filters twice with 50 μL of 0.2% formic acid in 10 mmol/L ABC 

that was collected by centrifugation. Samples were then concentrated to approximately 2 μL 

and reconstituted to 50 μL with 0.1% formic acid. The resultant peptide mixture was 

analyzed by LC–single reaction monitoring (SRM). Briefly, a targeted SRM approach was 

performed using the an LC-MS/MS system interfaced with a an UPLC system (QTRAP 

5500 and Ultimate 3000, respectively, Thermo Fisher Scientific, San Jose, CA). Five 

micrograms of proteins was separated on an UPLC BEH C18 1.7 μm 1.0 × 150-mm column 

(ACQUITY, Waters, Milford, MA) kept at constant 50°C. The mobile phases consisted of 

0.1% formic acid in double-distilled (18 mΩ) water (A) and 0.1% formic acid in 80% 

acetonitrile with (B), respectively. Samples were eluted at a flow rate of 150 μL/min using a 

gradient of 5% to 32% B for 32 minutes followed by a wash step of 5 minutes at 100% B 

ending with a reequilibration step of 7 minutes at 5%. The mass spectrometer was run in 

positive ionization mode with the following settings: a source temperature of 200°C, spray 

voltage of 5300 V, curtain gas of 20 psi, and a source gas of 35 psi (nitrogen gas). Multiple 

SRM transitions were monitored using unit resolution in both Q1 and Q3 quadrupoles to 

maximize specificity. SRM assay optimization was performed with the aid of computer 

software (Skyline, Version 3.1, UW, Seattle, WA). Collision energies and declustering 

potential were optimized for each transition. Method building and acquisition were 

performed using the instrument-supplied software (Analyst, Version 1.5.2, AB Sciex, 

Framingham, MA). Raw SRM data files were imported to Skyline Version 3.1 software for 

data processing. Quantification was based on the ratio of corresponding light and heavy peak 

areas. Data were further normalized for technical variability on the basis of an internal heavy 

peptide, encoded in each one of the four Qcon-CATs, specific to the yeast protein alcohol 
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dehydrogenase (highlighted in red in Table S1).26,27 The method is linear (across 4- to 5-log 

range of concentrations) and sensitive (fmol/μg injected proteins), specific (three to four 

transitions were monitored for each peptide), and robust.26,27 The peak integration was 

performed automatically using Savitzky-Golay smoothing, and all the data were manually 

inspected to confirm correct peak detection. Quantitative results from Skyline were exported 

into Excel files. Each sample was run in duplicate. Coefficients of variations were 

determined (standard deviation divided by the mean of technical replicate runs). Values were 

normalized to the total amount (fmol/mg) of protein after depletion, as to allow for direct 

comparison of the preleukoreduction time points. Statistical analyses and data 

representations were prepared with computer software (GraphPad Prism 5.0, GraphPad 

Software Inc., La Jolla, CA; Excel, Microsoft, Redmond, CA; GENE-E, Broad Institute, 

Cambridge, MA; and Photoshop CS6, Adobe, Mountain View, CA).

RESULTS

The QconCAT approach was used to monitor 114 proteins in AS-3 RBC supernatants before 

and immediately after approximately 3.5-log WBC and approximately 2-log PLT reduction. 

Time points were then assayed at 3 hours post-reduction and sequentially on Days 1, 2, and 

7 and on a weekly basis until the end of the storage period (Fig. 1; Table S1). Results are 

detailed in the extended in Table S2 (available as supporting information in the online 

version of this paper) including extended and abbreviated UniProt names, a representative 

chromatogram (Fig. S1, available as supporting information in the online version of this 

paper), absolute concentrations per each time point (fmol/μg total protein), sparkline 

representation of relative trends, and coefficients of variation for technical variability.

A subset of proteins, primarily those involved in coagulation and complement cascades were 

removed by leukoreduction (Fig. 2A, left panel), including coagulation factor (F)V, FXI, and 

FXIII; fibrinogen α, β, and γ; immunoglobulin components; and serum amyloid protein 

A-4. Of note, residual albumin and immunoglobulin were still detectable even after 

preliminary depletion of the top 2 abundant plasma proteins.

In parallel, a cluster of proteins progressively accumulating in RBC supernatants during 

storage was observed (Fig. 2B), of which, Hbα1 and β (HBA and HBB) were the most 

abundant, representing approximately 43.3 and 46.8% of the supernatant proteome by 

Storage Day 42 (Figs. 2B and 2C). As expected, molar ratios for HBA and HBB were 2:2, 

with linear correlations between HBA1 and HBB and storage duration of more than 0.985 

(Fig. 2C), allowing us to determine the relationship between quantitative results for both 

proteins in a temporal fashion. At the end of the storage period, the proteome of the 

supernatants was predominantly composed of 20 proteins of the 114 monitored here using 

the QconCATs (Figs. 2D and 2E). A simple calculation of the changes in abundance 

between Storage Day 42 and Day 1 (Δ increases) highlighted the progressive accumulation 

in levels of CA1, apolipoproteins A1 and H (APOA1 and APOH), PRDX2, CAT, and 

coagulation components (fibrinogens FGA, FGB, FGG, complement component 3-C3 serine 

protease inhibitors A1 and C1 SERPINA1, and C1). These results are suggestive of a minor 

yet appreciable effect on the composition of RBC supernatants by residual contaminating 

cells, as some of these components are not reported to be from RBCs (Fig. 2D, left panel).
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Correlative analyses of absolute levels at each time point for all the proteins (Pearson’s 

linear correlations; Table S3, available as supporting information in the online version of this 

paper) were plotted as hierarchically clustered (1 – Pearson) heat maps, to reveal protein 

groups following similar trends (Fig. 3A, extended vectorial version in Fig. S2, available as 

supporting information in the online version of this paper). Of note, a group of proteins was 

found to cluster with HBA1 and HBB, including HBD; ALAD; BLVRB; CA1 and 2; CAT; 

GAPDH; and PRDX1, 2, and 6 (Fig. 3B). These proteins had positive linear correlations 

with HBA1 of more than 0.9 (Figs. 3B and 3C).

Sorting on the basis of linear correlation ranges with storage duration, five main trends 

(eigenvectors) were identified (Fig. 4). Proteins in each cluster were assigned to different 

arbitrary axes and connected to time (red line [in color in the online version of this article]) 

or other proteins (light blue lines [in color in the online version of this article]) if linear 

Pearson’s correlations were higher than 0.9 (Fig. 4). This hive plot representation allowed us 

to identify hub proteins in each one of the clusters showing a high degree of connectivity, 

including apolipoproteins A1, A2, C1, C3, and CLU and coagulation inflammatory 

components F13B, AHSG, and CP (Fig. 4).

DISCUSSION

Early investigations on the proteome of RBC supernatants8 revealed that omics technologies 

could provide precious insights on the quality of blood-derived therapeutics during routine 

storage in the blood bank. Recently, we applied semiquantitative discovery mode proteomics 

to reveal alterations to the proteome of RBC supernatants with and without leukoreduction, 

as a strategy to determine the biologic and, indirectly, the clinical relevance of filtration 

strategies.10 Discovery mode proteomics is a powerful tool to investigate fluctuations in the 

proteomes of RBCs and supernatants during routine storage. This is especially evident when 

monitoring substoichiometric protein modifications, such as oxidation of reactive thiol 

groups in key protein targets of redox lesions to stored RBCs, such as Hb, GAPDH and 

PRDX2.11,32,36

However, strides in the field of quantitative proteomics18–20,38 now enable absolute 

determination of protein levels in clinically relevant matrices, such as supernatants of RBCs. 

Here, we describe a methodologic workflow exploiting the QconCAT technology to 

showcase the relevance of absolute quantitative proteomics approaches in the field of 

transfusion medicine. As a proof of principle, quantitative changes of 114 proteins were 

accurately monitored in filtered RBC supernatants (approx. 3.5-log and approx. 2-log WBCs 

and PLTs, respectively10), early upon filtration and during storage duration on a weekly 

basis. These proteins were selected based on their importance in stored RBC biology,8,9,33,39 

coagulation, and complement cascades. Preliminary immunoaffinity depletion of albumin 

and IgG, accounting for approximately 60% of the plasma proteome, was performed to 

enrich for lower abundant proteins, making them amenable to detection. While this process 

is extremely specific and offers obvious advantages, it also holds some pitfalls as some of 

the low-abundance proteins may be removed due to interaction with albumin (“sponge 

effect”). Additionally, while the proteins monitored here were selected based on their 

abundance and functional relevance, they are just a subset of the proteome and do not 
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represent the full complexity of the RBC supernatant proteome. Despite these 

considerations, we show the effectiveness of the filtration strategy in removing coagulation, 

adaptive immunity, and complement components. We also observe increased levels of some 

of these components at the end of the storage period, possibly due to residual contaminating 

WBCs and PLTs. Of note, leukofiltration of whole blood has been shown to reduce the 

microparticle content and the pro-coagulant potential (FVIII, FXII, and fibrinogen content) 

of fresh-frozen plasma.40 The technology described in this study should 1) provide a 

platform for assessing effects of leukoreduction or pretransfusion washing strategies and 2) 

provide a platform for assessing effects of pathogen inactivation technologies on the stability 

of the proteomes of RBCs and supernatants and 3) be used to integrate with other 

biologically relevant information gathered from other omics platforms, such as 

metabolomics.36

By obtaining accurate quantitative information, the present approach has allowed us to 

identify candidate markers (with >95% confidence) of protein abundances at the end of the 

storage period based on sampling during early storage time points. This targeted approach 

utilizes less than 1 hour of instrument time per sample whereas an untargeted proteomics 

approach based on electrophoretic gel separation, excision of gel bands, trypsin digestion, 

and MS analysis would take approximately 10 times longer to observe all of the proteins 

represented here. In addition, the stochastic data sampling of traditional proteomic 

approaches would result in missing data points across multiple samples.

Of note, markers of hemolysis (though the relative contribution of vesiculation cannot be 

excluded) were identified other than Hbs HBA1, HBB and HBD, including metabolic 

enzymes (ALAD, CA1, CA2, GAPDH, selenium-binding protein), antioxidant enzymes 

(CAT and PRDX1, 2, and 6), or stress-related chaperone proteins (peptidyl-prolyl isomerase 

A). While PRDX2 had already been proposed as a potential marker of the oxidative lesion to 

stored RBCs,33 the additional proteins represent candidates for future translational 

application, either in the blood bank or in the pipeline leading to the design and development 

of new RBC storage additives or processing strategies. These proteins had significant 

correlations with storage duration and Hb levels, a bona fide proxy for RBC hemolysis and 

vesiculation and thus a key predictor of transfusion outcomes. It can be safely stated that 

RBCs that lyse will certainly not circulate, nor function, and thus be associated with 

potential impaired effectiveness of the transfusion therapy or to transfusion-related 

complications.

Appreciation of the progressive increase in the levels of these proteins in RBC supernatants 

can be reconciled with existing literature in the field of RBC storage lesions (Fig. 5).4 For 

example, GAPDH accumulation in RBC supernatants is consistent with the observed 

progressive loss of metabolic modulation in stored RBCs, resulting in a compromised 

capacity to fuel the pentose phosphate pathway to generate reducing equivalents (NADPH).
4,30 In turn, NADPH is an essential cofactor for antioxidant enzymes such as CAT and 

PRDXs, in addition to enzymes involved in membrane migration and vesiculation.4,9,33,41,42 

Here, these enzymes were shown to be increasing in the supernatant with a first-degree 

linear relationship. Of note, recycling of oxidized PRDX2 dimers has recently been shown 

to depend on the redox status of cysteine 94 of Hbβ (counting initiator methionine),34 a 
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mechanism that is impaired during routine storage due to the irreversible modification to 

sulfinic/sulfonic acid or desulfurization to dehydroalanine of the functional thiol of this key 

residue.32 Even though RBCs are naturally equipped to cope with irreversibly oxidized 

proteins, some of these antioxidant mechanisms are impaired during storage. For example, 

damaged protein removal through proteasome-mediated degradation is compromised by the 

progressive release of proteasome components in the supernatants.4 Vesiculation of oxidized 

components has been indirectly suggested by colorimetric evidence 

(dinitrophenylhydrazine-reactive species as a marker of protein carbonylation)43,44 and, 

more recently, MS-based approaches.32

Vesiculation is a tightly regulated phenomenon in RBCs, involving structural proteins at the 

interface between lipid homeostasis and membrane integrity such as apolipoproteins.39 Here 

we observed a subgroup of proteins showing poor correlations with storage duration, 

probably owing to the initial depletion by leukoreduction and delayed increase only after the 

second week of storage, when the rates of vesiculation events are known to increase.4,41,42 

This cluster included proteins with a high degree of connectivity with other proteins, 

including several apolipoproteins. It is worth noting the presence of apolipoprotein J/CLU in 

this group, a previously appreciated marker of RBC storage lesions and vesiculation of 

damaged proteins.39 These high correlations likely reflect the accuracy of the assay, 

highlighting the stability of molar ratios and potential multimerization45 of these key 

proteins in RBC supernatants during storage progression.

Limitations of the presented technology include 1) its supervised hypothesis-driven nature 

(only preselected proteins can be monitored); 2) the high level of expertise required in the 

fields of molecular biology, MS, and proteomics data analysis to perform such experiments; 

and 3) the time-consuming preanalytical steps to select proteotypic peptides, generate 

chimeric vectors, transform and culture bacterial strains, and purify and test 

chromatographic and MS responses of the peptides of interest. Once these burdens are 

overcome, the heavy isotope standards are available for basic science and clinical 

translational application for many years from the development of the technique. This makes 

it a promising strategy for quantitative proteomics applications for the foreseeable future 

until the advent of transformative technologies (e.g., nanochips, top-down proteomics) that 

supersede those of today.

In this methodologic study, we describe a recent advancement in the field of quantitative 

proteomics, the QconCAT technology, and discuss the relevance of its application in the 

field of transfusion medicine. Here, we exploit the QconCAT reagents and a targeted 

proteomics workflow to assay the supernatants of leukoreduced AS-3 RBCs during storage 

in the blood bank. Results mirror the effectiveness of the leukoreduction strategies adopted 

here, confirming and expanding on previous reports.40 However, coagulation and 

complement components accumulated in supernatants after the third week of storage, 

probably released by residual contaminating cells. Such components may contribute to some 

of the adverse effects related to transfusion.46 Twelve novel candidate protein biomarkers of 

RBC lysis or vesiculation were identified, to estimate late storage levels from as early as 

Day 1 assays of RBC supernatants. These findings require large-scale validation studies 

under a range of conditions encountered in the blood bank and clinic to determine their 
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accuracy and general utility. In the meantime, these results represent a reference point for 

follow-up studies on alternative RBC storage additives or processing strategies (e.g., 

pretransfusion washing filters, pathogen reduction technologies). The described technology 

might have utility in evaluating not just the quality of blood-derived therapeutics during 

routine storage, but also prestorage variables such as processing strategies, interdonor 

variability, and donor health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Overview of the QconCAT workflow. (A) Proteotypic peptides are selected for proteins of 

interest (peptides selected in the present study are enlisted in Table S1). Proteotypic peptides 

are selected on the basis of strict rules, including the presence of one C-term arginine or 

lysine in the sequence (to enable controlled tryptic digestion), the absence of residues that 

can be potentially artificially affected by sample handling or digestion (e.g., oxidation of 

methionine), presence of amino acid residues with good ionizability, and so forth.21–23 A 

gene construct coding for a chimeric protein including all the proteotypic peptides is loaded 

onto an expression vector (B), which is used to transform a specific auxotrophic E. coli 
strain (C). Bacteria are grown in medium containing only heavy isotopologues of lysine and 

arginine at all carbon atoms (D). Expressed recombinant protein is thus purified and 

quantified (D) and used as internal standard for protein digestion (E), retention time 

reproducibility, and absolute quantification through direct ratios of peak areas for the light 

endogenous peptide versus the known amounts of the spiked in proteotypic peptide (labeled 

at C-term arginine or lysine; F). A color version of the figure can be found in the online 

version of the paper.
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Fig. 2. 
Quantitation of proteins in RBC supernatants. (A) Heat maps show protein removed by 

leukoreduction (red to blue, left panel) or increasing during storage in AS-3 RBC 

supernatants (blue to red, right panel). (B) Hbα1 and β (HBA1 and HBB) represent the 43.4 

and 46.8% of the total proteins in RBC supernatants upon depletion of top two plasma 

proteins during sample preparation. Linearity of HBA1 and HBB increases in RBC 

supernatants during storage durations are indicated through quadratic correlation coefficients 

and first-degree equations. (C) Bubble plot representation of the relative abundance of Hb 

with relation to the top 50 proteins, as determined through this targeted analysis. (D) 

Absolute quantitative values (nmol/μg protein) are shown for the top 20 proteins in RBC 

supernatants at the end of the storage period (left panel). Delta increases, as determined by 

subtracting Day 1 absolute abundances from Day 42 values for each protein, are shown for 

the top 20 proteins increasing their levels during storage duration (right panel). Further 

details for all the 114 proteins are shown in Table S2. A color version of the figure can be 

found in the online version of the paper.
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Fig. 3. 
Correlative analysis. (A) Protein levels at all time points were correlated among each other 

to show high (|r| > 0.75) positive (red) or negative linear correlations. A core of proteins 

strongly (r > 0.95) correlated among each other was found, including proteins listed in (B). 

Central hub of this group of protein included Hbα1 (B), β, and δ. Linear correlations are 

plotted for the other proteins versus HbA1, the latter representing a bona fide proxy for RBC 

hemolysis or vesiculation in RBC supernatants, since approximately 50% of Hb in RBC 

supernatants is either from hemolyzed RBCs or in RBC vesicles.8 A color version of the 

figure can be found in the online version of the paper.
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Fig. 4. 
Hive plot. Of the 114 proteins monitored in supernatants of AS-3 RBCs during routine 

storage, we could identify five main eigenvectors (clusters of trends), as color-coded in the 

rights-hand panel. The results of these five clusters ranged from having very high (Cluster 1) 

to very poor correlation with storage progression (as detailed in the legend on the top right 

corner). The five clusters were thus plotted as separate axes and connected with time (here 

represented as a sphere to the right) if showing Pearson’s linear correlations with storage 

progression higher than 0.9. Values from correlation matrices (proteins vs. proteins; Table 

S3) were plotted as light blue connecting lines if two proteins had modules of Pearson’s 

linear correlations or more than 0.9. The figure reveals that in Cluster 1, the top 14 proteins 

have more than 0.9 correlation with storage duration and were highly correlated among each 

other. However, other proteins were found to show extremely high correlations among each 

other in different clusters (bold fonts, color-coded consistently with each cluster). These hub 

proteins include previously recognized potential markers39 of RBC lesions through 

vesiculation, such as apolipoproteins A1, A2, A3, and C3 and apolipoprotein J/clusterin 

(CLU). A color version of the figure can be found in the online version of the paper.
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Fig. 5. 
An overview of the RBC storage lesion, merging the hereby presented findings and existing 

literature.4 Three main stages are proposed in a time-dependent fashion, from (A) to (C). A 

color version of the figure can be found in the online version of the paper.
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