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AbstractAbstract
Red blood cell (RBC) transfusion is a life-saving Red blood cell (RBC) transfusion is a life-saving 

treatment for several pathologies. RBCs for transfusion treatment for several pathologies. RBCs for transfusion 
are stored refrigerated in a preservative solution, which are stored refrigerated in a preservative solution, which 
extends their shelf-life for up to 42 days. During storage, extends their shelf-life for up to 42 days. During storage, 
the RBCs endure abundant physicochemical changes, the RBCs endure abundant physicochemical changes, 
named RBC storage lesions, which affect the overall named RBC storage lesions, which affect the overall 
quality standard, the functional integrity and quality standard, the functional integrity and in vivoin vivo  
survival of the transfused RBCs. Some of the changes survival of the transfused RBCs. Some of the changes 
occurring in the early stages of the storage period (for occurring in the early stages of the storage period (for 
approximately two weeks) are reversible but become approximately two weeks) are reversible but become 
irreversible later on as the storage is extended. In this irreversible later on as the storage is extended. In this 
review, we aim to decipher the duration of RBC storage review, we aim to decipher the duration of RBC storage 
and inflammatory marker generation. This phenomenon and inflammatory marker generation. This phenomenon 
is included as one of the causes of transfusion-related is included as one of the causes of transfusion-related 
immunomodulation (TRIM), an emerging concept immunomodulation (TRIM), an emerging concept 
developed to potentially elucidate numerous clinical developed to potentially elucidate numerous clinical 
observations that suggest that RBC transfusion is observations that suggest that RBC transfusion is 
associated with increased inflammatory events or effects associated with increased inflammatory events or effects 
with clinical consequence.with clinical consequence.

Keywords:Keywords: red blood cell, inflammation, storage. red blood cell, inflammation, storage.

IntroductionIntroduction
An emerging transfusion community interest An emerging transfusion community interest 

concerns the ability for blood transfusion to modulate concerns the ability for blood transfusion to modulate 
the immune system of recipientsthe immune system of recipients1-51-5. Transfusion-related . Transfusion-related 
immunomodulation (TRIM) has been implicated in adverse immunomodulation (TRIM) has been implicated in adverse 
clinical outcomesclinical outcomes6,76,7. The present "gold standard" for . The present "gold standard" for 
maximum shelf-life of red blood cells (RBCs) is six weeks maximum shelf-life of red blood cells (RBCs) is six weeks 
(42 days)(42 days)88. Even if storage of blood at 4 °C is proposed . Even if storage of blood at 4 °C is proposed 
to slow down RBC metabolism and the accumulation to slow down RBC metabolism and the accumulation 
of soluble factors, amongst other main pointers of of soluble factors, amongst other main pointers of 
quality and safety of stored blood, it does not stop the quality and safety of stored blood, it does not stop the 
overall process often referred to as storage lesions. overall process often referred to as storage lesions. 
Storage lesions have been extensively researchedStorage lesions have been extensively researched9-119-11. . 
Classically, storage lesions in RBCs are categorised Classically, storage lesions in RBCs are categorised 
as either biochemical or rheology changes. However, as either biochemical or rheology changes. However, 
inflammatory markers are poorly evaluated in the inflammatory markers are poorly evaluated in the 

literature. Even if the rise in inflammatory markers literature. Even if the rise in inflammatory markers 
observed in transfusion-related immunomodulationobserved in transfusion-related immunomodulation1212  
may be improved through leucocyte reduction, several may be improved through leucocyte reduction, several 
immunomodulatory factors stored in RBCs participate immunomodulatory factors stored in RBCs participate 
in inflammationin inflammation13-1613-16. The potential of other modes of . The potential of other modes of 
processing for creating storage lesions, e.g. through processing for creating storage lesions, e.g. through 
degradation of nucleic acids to enhance pathogen safety degradation of nucleic acids to enhance pathogen safety 
of red cell concentrates, deserves to be fully established. of red cell concentrates, deserves to be fully established. 
Therefore, a goal of the current review is to summarise Therefore, a goal of the current review is to summarise 
the biochemical or rheology changes occurring in the biochemical or rheology changes occurring in 
relation to the duration and processing of RBC storage, relation to the duration and processing of RBC storage, 
focusing on the generation of inflammatory markers. focusing on the generation of inflammatory markers. 

Biomechanical changes in stored RBCsBiomechanical changes in stored RBCs
During the typical storage conditions of blood, During the typical storage conditions of blood, 

abundant biochemical alterations take placeabundant biochemical alterations take place17-2117-21. . 
Such changes primarily refer to the generation of Such changes primarily refer to the generation of 
aggregates and biochemical debris that accumulate aggregates and biochemical debris that accumulate 
in the supernatant during prolonged storage of RBCs in the supernatant during prolonged storage of RBCs 
(Figure 1). Biomechanical storage lesions occur in (Figure 1). Biomechanical storage lesions occur in 
the cytoskeleton and cellular membranes, defined the cytoskeleton and cellular membranes, defined 
as membrane and cytoskeleton protein oxidation, as membrane and cytoskeleton protein oxidation, 
membrane phospholipid loss, abnormal rearrangement membrane phospholipid loss, abnormal rearrangement 
of membrane phospholipids, and morphological of membrane phospholipids, and morphological 
changeschanges22,2322,23. As an example, increased storage induces an . As an example, increased storage induces an 
increased level of extracellular potassium, lactate, and a increased level of extracellular potassium, lactate, and a 
decrease of sodium and glucose which leads to acidosis, decrease of sodium and glucose which leads to acidosis, 
particularly obvious by the end of the second week of particularly obvious by the end of the second week of 
storage (approximately after day [d]14). Extended RBC storage (approximately after day [d]14). Extended RBC 
storage is also identified, resulting in reduced levels of storage is also identified, resulting in reduced levels of 
ATP and 2,3-diphosphoglycerate (2,3-DPG) (Figure ATP and 2,3-diphosphoglycerate (2,3-DPG) (Figure 
1). Taken together, the above events are useful markers 1). Taken together, the above events are useful markers 
that could be indicative of a storage lesion in a given that could be indicative of a storage lesion in a given 
stored unit of bloodstored unit of blood17,18,24-2817,18,24-28. Moreover, stored RBCs . Moreover, stored RBCs 
reveal functional changes to RBCs during storage, and reveal functional changes to RBCs during storage, and 
particularly reduced deformability and increased rigidity, particularly reduced deformability and increased rigidity, 
which may affect the flow of transfused RBCs through which may affect the flow of transfused RBCs through 
micro-capillaries, cell-to-cell aggregation, and adhesion micro-capillaries, cell-to-cell aggregation, and adhesion 
to endothelial cells. The decreased levels of 2,3-DPG to endothelial cells. The decreased levels of 2,3-DPG 
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increase the affinity of haemoglobin to oxygen, which increase the affinity of haemoglobin to oxygen, which 
results in reduced oxygen deliveryresults in reduced oxygen delivery26,29-3226,29-32. D'Alessandro . D'Alessandro 
et alet al. performed comprehensive metabolomics and . performed comprehensive metabolomics and 
quantitative tracing metabolic experiments that revealed quantitative tracing metabolic experiments that revealed 
that mature RBCs can metabolise substrates other that mature RBCs can metabolise substrates other 
than glucose, such as citrate. This observation was than glucose, such as citrate. This observation was 
highly relevant to Transfusion Medicine, influencing highly relevant to Transfusion Medicine, influencing 
particularly the process of RBC preparation and the particularly the process of RBC preparation and the 
formulation of novel additivesformulation of novel additives33,3433,34..

Red blood cell-derived lipids during storageRed blood cell-derived lipids during storage
During RBC storage, the implications of RBC During RBC storage, the implications of RBC 

membrane breakdown and release of potentially harmful membrane breakdown and release of potentially harmful 
bioactive lipids could be quantified, and contributed to bioactive lipids could be quantified, and contributed to 
the quality assessment of RBCthe quality assessment of RBC18,22,26,28,35,3618,22,26,28,35,36. The damaging . The damaging 
oxidative storage effects on the RBC lipid membrane oxidative storage effects on the RBC lipid membrane 
have numerous functional implications. As an example, have numerous functional implications. As an example, 
increasing oxidative stress on stored RBC is a determining increasing oxidative stress on stored RBC is a determining 
primer to increase phosphatidylserine translocation to primer to increase phosphatidylserine translocation to 
the RBC surface membranethe RBC surface membrane13,37,3813,37,38. This phenomenon . This phenomenon 
could mediate adhesion of transfused RBC to endothelial could mediate adhesion of transfused RBC to endothelial 
cells and induce the shedding and accumulation of cells and induce the shedding and accumulation of 
bioactive microvesicles (Mvs)bioactive microvesicles (Mvs)26,35,39,4026,35,39,40. These bioactive . These bioactive 
lipids have been implicated in transfusion-related acute lipids have been implicated in transfusion-related acute 
lung injury (TRALI) pathogenesis due, mainly, to theirlung injury (TRALI) pathogenesis due, mainly, to their2626  
polymorphonuclear neutrophil (PMN) priming abilities. polymorphonuclear neutrophil (PMN) priming abilities. 
In 2011, Silliman In 2011, Silliman et alet al. explored the effect of infusing . explored the effect of infusing 

d1 or d42 lipids that were isolated from healthy human d1 or d42 lipids that were isolated from healthy human 
donor into lipopolysaccharide (LPS) or saline-treated donor into lipopolysaccharide (LPS) or saline-treated 
male ratsmale rats4141. The study evaluated the PMN-priming . The study evaluated the PMN-priming 
capacity of the lipids as well as the effect of their capacity of the lipids as well as the effect of their 
infusion on acute lung injury as part of the "two-hit" infusion on acute lung injury as part of the "two-hit" 
TRALI modelTRALI model41-4441-44..

Red blood cell-derived microvesicles during Red blood cell-derived microvesicles during 
storagestorage

One implication of RBC membrane failure could One implication of RBC membrane failure could 
be the release of potentially injurious bioactive be the release of potentially injurious bioactive 
microvesiclesmicrovesicles26,35,39,4026,35,39,40. Phospholipids of the membrane . Phospholipids of the membrane 
are released during the microvesiculation process, are released during the microvesiculation process, 
which was first defined by Rumsby which was first defined by Rumsby et alet al. in 1977. in 19774545. . 
Microvesiculation is a cellular process that leads Microvesiculation is a cellular process that leads 
to intracellular communication and cell apoptosis. to intracellular communication and cell apoptosis. 
Membrane lipid oxidation and cytoskeletal protein Membrane lipid oxidation and cytoskeletal protein 
oxidation can dislocate the plasma membrane and oxidation can dislocate the plasma membrane and 
cytoskeletoncytoskeleton10,22,46-4810,22,46-48. This disturbance could be a key . This disturbance could be a key 
phenomenon contributing to the increased release, phenomenon contributing to the increased release, 
during the RBC storage, and accumulation of bioactive during the RBC storage, and accumulation of bioactive 
microvesicles. Recently, several studies investigating microvesicles. Recently, several studies investigating 
the composition of the RBC membrane, particularly the composition of the RBC membrane, particularly 
during microvesiculation, revealed a significant during microvesiculation, revealed a significant 
increase of RBC-derived microparticles as storage increase of RBC-derived microparticles as storage 
exceeded day 42exceeded day 4222,40,49-5322,40,49-53. Moreover, these RBC . Moreover, these RBC 
membrane-derived microvesicles present a significant membrane-derived microvesicles present a significant 

Figure 1 -  Red blood cell product storage: lesion storage and biological response modifier release.
 Hb: haemoglobin; ATP: adenosine triphosphate; 2,3-DPG: 2,3-diphosphoglycerate; NADH:  

nicotinamide adenine dinucleotide; MPs: microparticles; IL-8: interleukine 8; TNF: tumour necrosis 
factor; RANTES: regulated on activation, normal T cell expressed and secreted; NAP: neutrophil-
activating peptide; GRO: growth-related oncogene; MIP: macrophage inflammatory proteins; SDF: 
stromal cell-derived factor; ENA-7: epithelial neutrophil-activating protein 7; TGF: transforming 
growth factor.
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Inflammation and red blood cell storage

physiological and inflammatory pathophysiological physiological and inflammatory pathophysiological 
process, principally involving vascular dysfunction. process, principally involving vascular dysfunction. 
However, there is little clinical and However, there is little clinical and in vivoin vivo evidence  evidence 
linking the effects of microvesicles during transfusion. linking the effects of microvesicles during transfusion. 
As defined and summarised elegantly by Michel As defined and summarised elegantly by Michel 
Prudent Prudent et alet al..5454, analysis of , analysis of in vitroin vitro data highlights the  data highlights the 
presence of reversible and irreversible storage lesions presence of reversible and irreversible storage lesions 
demonstrating that RBCs exhibit two limits during demonstrating that RBCs exhibit two limits during 
storage: one around two weeks and another one around storage: one around two weeks and another one around 
four weeks of storage. Microvesiculations could be four weeks of storage. Microvesiculations could be 
considered irreversible storage lesions as degradation/considered irreversible storage lesions as degradation/
oxidation of proteins, protein aggregations, protein oxidation of proteins, protein aggregations, protein 
activation, such as the proteasome 20S, shape change activation, such as the proteasome 20S, shape change 
and deformabilityand deformability5454..

Reisz Reisz et alet al..5555 hypothesised that routine storage  hypothesised that routine storage 
of erythrocyte concentrates promotes metabolic of erythrocyte concentrates promotes metabolic 
modulation of stored RBCs by targeting functional thiol modulation of stored RBCs by targeting functional thiol 
residues of GAPDH and identified ex vivo functionally residues of GAPDH and identified ex vivo functionally 
relevant reversible and irreversible (sulfinic acid; Cys relevant reversible and irreversible (sulfinic acid; Cys 
to dehydroalanine) oxidations of GAPDH without to dehydroalanine) oxidations of GAPDH without 
exogenous supplementation of excess pro-oxidant exogenous supplementation of excess pro-oxidant 
compounds in clinically relevant blood products. Palia compounds in clinically relevant blood products. Palia et et 
alal. propose that 8 compounds (lactic acid, nicotinamide, . propose that 8 compounds (lactic acid, nicotinamide, 
5-oxoproline, xanthine, hypoxanthine, glucose, malic 5-oxoproline, xanthine, hypoxanthine, glucose, malic 
acid, and adenine) strongly correlate with the metabolic acid, and adenine) strongly correlate with the metabolic 
age of packed RBCs, and can be prospectively validated age of packed RBCs, and can be prospectively validated 
as biomarkers of the RBC metabolic lesionas biomarkers of the RBC metabolic lesion5656. In the . In the 
same way, Wither same way, Wither et alet al. show that several of the oxidised . show that several of the oxidised 
residues identified play well-established roles in haeme residues identified play well-established roles in haeme 
iron co-ordination, 2,3-diphosphoglycerate binding, and iron co-ordination, 2,3-diphosphoglycerate binding, and 
nitric oxide homeostasisnitric oxide homeostasis5757..

Recently, Straat Recently, Straat et alet al. hypothesised that extracellular . hypothesised that extracellular 
vesicles in RBC products during storage contribute vesicles in RBC products during storage contribute 
to a pro-inflammatory host response in recipients, to a pro-inflammatory host response in recipients, 
which is related both to their amount as well as to the which is related both to their amount as well as to the 
storage durationstorage duration5858. The authors clearly demonstrate that . The authors clearly demonstrate that 
incubation of whole blood with both fresh and stored incubation of whole blood with both fresh and stored 
supernatant containing extracellular vesicles induced a supernatant containing extracellular vesicles induced a 
strong host response with production of  tumour necrosis strong host response with production of  tumour necrosis 
factor (TNF), interleukin(IL)-6 and IL-8. Moreover, factor (TNF), interleukin(IL)-6 and IL-8. Moreover, 
once supernatant was depleted from extracellular once supernatant was depleted from extracellular 
vesicles, this host response was completely abolished. vesicles, this host response was completely abolished. 

Immunomodulatoty factors in stored red blood Immunomodulatoty factors in stored red blood 
cell concentratescell concentrates

The accumulation of immunomodulatoty factors The accumulation of immunomodulatoty factors 
in stored RBC concentrates has been implicated as a in stored RBC concentrates has been implicated as a 
potential cause of transfusion reactions associated with potential cause of transfusion reactions associated with 
the use of such productsthe use of such products8,9,25,26,29,32,59-618,9,25,26,29,32,59-61. Data suggest high . Data suggest high 
concentrations of TNF, IL-1 and IL-6 in random donor concentrations of TNF, IL-1 and IL-6 in random donor 
RBC concentratesRBC concentrates62-6462-64, and an association between the , and an association between the 
period of storage of blood components and the risk period of storage of blood components and the risk 
of developing acute transfusion reactions to platelet of developing acute transfusion reactions to platelet 
concentrates (PCs) and RBCsconcentrates (PCs) and RBCs3,22,53,65,663,22,53,65,66. . 

Cytokine could orchestrate a systemic inflammatory Cytokine could orchestrate a systemic inflammatory 
response. Kristiansson response. Kristiansson et alet al. report that plasma-soluble . report that plasma-soluble 
immunomodulatory factor concentration increases on immunomodulatory factor concentration increases on 
the first post-operative day after major surgical trauma, the first post-operative day after major surgical trauma, 
the Author observing a relationship between the amount the Author observing a relationship between the amount 
of RBC concentrates transfused perioperatively and of RBC concentrates transfused perioperatively and 
post-operative systemic plasma IL-6 concentrationpost-operative systemic plasma IL-6 concentration6767. . 
The interaction between these cytokines is complex, The interaction between these cytokines is complex, 
each being able to up-regulate and down-regulate each being able to up-regulate and down-regulate 
their own expression as well as that of the other their own expression as well as that of the other 
cytokines. Nevertheless, the cytokine content may cytokines. Nevertheless, the cytokine content may 
reflect the presence of leucocytes, in other words, an reflect the presence of leucocytes, in other words, an 
association with the initial amounts of leucocytes in association with the initial amounts of leucocytes in 
RBC concentrates. Leucoreduction may significantly RBC concentrates. Leucoreduction may significantly 
decrease febrile non-haemolytic transfusion reactions decrease febrile non-haemolytic transfusion reactions 
and may decrease cardiopulmonary transfusion and may decrease cardiopulmonary transfusion 
reactions (TRALI and transfusion-associated circulatory reactions (TRALI and transfusion-associated circulatory 
overload)overload)3,8,41,68,693,8,41,68,69. Presumably, this ensues through . Presumably, this ensues through 
reduced levels of bioactive lipids and soluble CD40L in reduced levels of bioactive lipids and soluble CD40L in 
leucoreduced RBCs, which would have been produced leucoreduced RBCs, which would have been produced 
by leucocytes, had they not been removed from the by leucocytes, had they not been removed from the 
blood product. Donor leucocytes release cytokines blood product. Donor leucocytes release cytokines 
and lipid factors able to activate neutrophils in a time-and lipid factors able to activate neutrophils in a time-
dependent course during RBC storagedependent course during RBC storage7070. Pre-storage . Pre-storage 
leucoreduction decreases the release of metabolites and leucoreduction decreases the release of metabolites and 
cellular components into the RBC product. TNF-α, a cellular components into the RBC product. TNF-α, a 
multipotent cytokine, perfoms several immunological multipotent cytokine, perfoms several immunological 
functions and is involved in maintaining the homeostasis functions and is involved in maintaining the homeostasis 
of the immune system. It is known, that TNF-α, like IL-1 of the immune system. It is known, that TNF-α, like IL-1 
and IL-6, suppresses erythropoiesis by direct inhibitory and IL-6, suppresses erythropoiesis by direct inhibitory 
effects on bone marrow RBC productioneffects on bone marrow RBC production71,7271,72. Moreover, . Moreover, 
TNF-α, being an endogenous pyrogen, is able to induce TNF-α, being an endogenous pyrogen, is able to induce 
fever, apoptotic cell death, cachexia, inflammation and fever, apoptotic cell death, cachexia, inflammation and 
to inhibit tumourigenesis and viral replication, and to inhibit tumourigenesis and viral replication, and 
respond to sepsis respond to sepsis viavia IL-1 and IL-6 producing cells. IL-6  IL-1 and IL-6 producing cells. IL-6 
is an important mediator of fever and of the acute phase is an important mediator of fever and of the acute phase 
response. It is capable of crossing the blood-brain barrier response. It is capable of crossing the blood-brain barrier 
and initiating synthesis of prostaglandin E2 (PGE2) and initiating synthesis of prostaglandin E2 (PGE2) 
in the hypothalamus, thereby changing the body's in the hypothalamus, thereby changing the body's 
temperature set point. In muscle and fatty tissue, IL-6 temperature set point. In muscle and fatty tissue, IL-6 
stimulates energy mobilisation that leads to increased stimulates energy mobilisation that leads to increased 
body temperaturebody temperature73,7473,74..

Therefore, Muylle Therefore, Muylle et alet al. demonstrated a relationship . demonstrated a relationship 
between TNF-α and IL-6 levels and febrile transfusion between TNF-α and IL-6 levels and febrile transfusion 
reactionsreactions7575. IL-8, also known as neutrophil chemotactic . IL-8, also known as neutrophil chemotactic 
factor, has two primary functions. It induces chemotaxis factor, has two primary functions. It induces chemotaxis 
in target cells, primarily neutrophils, but also other in target cells, primarily neutrophils, but also other 
granulocytes, causing them to migrate toward the site of granulocytes, causing them to migrate toward the site of 
infection. IL-8 is  also known to be a potent promoter of infection. IL-8 is  also known to be a potent promoter of 
angiogenesisangiogenesis76,7776,77. Cases of TRALI have been consistently . Cases of TRALI have been consistently 
associated with high levels of cytokines/chemokines, associated with high levels of cytokines/chemokines, 
specifically IL-8specifically IL-87878, which has been shown to promote , which has been shown to promote 
assembly of cholesterol-enriched microdomains or so-assembly of cholesterol-enriched microdomains or so-
called lipid rafts on human neutrophilscalled lipid rafts on human neutrophils7979. Moreover, . Moreover, 
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McKenzie McKenzie et al.et al., proposed that antibodies bind , proposed that antibodies bind 
monocytes (instead of neutrophils), leading to increased monocytes (instead of neutrophils), leading to increased 
IL-8, which results in neutrophilic pulmonary infiltrate IL-8, which results in neutrophilic pulmonary infiltrate 
with subsequent TRALIwith subsequent TRALI8080. IL-1 is intensely produced . IL-1 is intensely produced 
by tissue macrophages, monocytes, fibroblasts, and by tissue macrophages, monocytes, fibroblasts, and 
dendritic cells, but is also expressed by B lymphocytes, dendritic cells, but is also expressed by B lymphocytes, 
natural killer (NK) cells and epithelial cellsnatural killer (NK) cells and epithelial cells8181. They . They 
form an important part of the inflammatory response form an important part of the inflammatory response 
of the body against infection. These cytokines increase of the body against infection. These cytokines increase 
the expression of adhesion factors on endothelial the expression of adhesion factors on endothelial 
cells to enable transmigration (also called diapedesis) cells to enable transmigration (also called diapedesis) 
of immunocompetent cells, such as phagocytes, of immunocompetent cells, such as phagocytes, 
lymphocytes and others, to sites of infectionlymphocytes and others, to sites of infection82,8382,83. . 
They also affect the activity of the hypothalamus, They also affect the activity of the hypothalamus, 
the thermoregulatory centre, which leads to fever. the thermoregulatory centre, which leads to fever. 
IL-1, appears to be associated with the occurrence of IL-1, appears to be associated with the occurrence of 
febrile non-haemolytic transfusion reaction (FNHTR) febrile non-haemolytic transfusion reaction (FNHTR) 
and other transfusion reactions, such as urticaria, and other transfusion reactions, such as urticaria, 
hypotension, anaphylaxis, or TRALIhypotension, anaphylaxis, or TRALI62,84,8562,84,85. The main . The main 
critical factors in determining the accumulation of critical factors in determining the accumulation of 
cytokines are considered to be the WBC content and the cytokines are considered to be the WBC content and the 
age of the blood component; moreover, accumulation age of the blood component; moreover, accumulation 
is heterogeneous and there is a large inter-individual is heterogeneous and there is a large inter-individual 
variation related to donors' hereditary and social habitsvariation related to donors' hereditary and social habits8686. . 
Interestingly, the cytokines/chemokines in RBCs might Interestingly, the cytokines/chemokines in RBCs might 
be caused by haemolysis of the cells. This could be a be caused by haemolysis of the cells. This could be a 
comparable phenomenon to that detected in haemolytic comparable phenomenon to that detected in haemolytic 
transfusion reactions transfusion reactions in vitroin vitro where there are high  where there are high 
concentrations of cytokines/chemokinesconcentrations of cytokines/chemokines87,8887,88..

In the majority of the cases, antibodies against HLAs In the majority of the cases, antibodies against HLAs 
and/or human neutrophil antigen (HNA) present in the and/or human neutrophil antigen (HNA) present in the 
transfused product are thought to be responsible for transfused product are thought to be responsible for 
initiating TRALI. TRALI is assumed to result from two initiating TRALI. TRALI is assumed to result from two 
hits, the first hit being caused by the underlying clinical hits, the first hit being caused by the underlying clinical 
condition of the patient, whereas the second occurs when condition of the patient, whereas the second occurs when 
the antibodies or factors are transferred to the recipient the antibodies or factors are transferred to the recipient 
during transfusionduring transfusion8989. Peters . Peters et alet al. investigated 18 healthy . investigated 18 healthy 
male volunteers (aged 18-35 years) infused with LPS male volunteers (aged 18-35 years) infused with LPS 
to induce systemic inflammatory response syndrome. to induce systemic inflammatory response syndrome. 
Two hours later, each participant received either one Two hours later, each participant received either one 
unit of 2-day stored autologous RBCs, 35-day stored unit of 2-day stored autologous RBCs, 35-day stored 
autologous RBCs, or an equal volume of saline. Every autologous RBCs, or an equal volume of saline. Every 
2 hours up to 8 hours after LPS infusion, haemoglobin, 2 hours up to 8 hours after LPS infusion, haemoglobin, 
haemolysis parameters, and iron parameters, including haemolysis parameters, and iron parameters, including 
non-transferrin bound iron (NTBI), were measured. The non-transferrin bound iron (NTBI), were measured. The 
author concluded that 35-day stored autologous RBCs author concluded that 35-day stored autologous RBCs 
do not cause haemolysis or increased levels of NTBI do not cause haemolysis or increased levels of NTBI 
during human endotoxemiaduring human endotoxemia90,9190,91. Production of cytokines/. Production of cytokines/
chemokines could originate from an activation of RBC chemokines could originate from an activation of RBC 
contact with the storage bag system during the storage contact with the storage bag system during the storage 
period, indicating that these storage lesions should also period, indicating that these storage lesions should also 
be considered for future evaluations. Foreign material be considered for future evaluations. Foreign material 
may stimulate cytokine synthesis and release, though this may stimulate cytokine synthesis and release, though this 
may be less likely during storage at a temperature of 4 °C.may be less likely during storage at a temperature of 4 °C.

RecentlyRecently1313, our group focused on the characterisation , our group focused on the characterisation 
of stored RBC with regard to cytokine/chemokine of stored RBC with regard to cytokine/chemokine 
content, and investigated the possible influence of content, and investigated the possible influence of 
storage time (Figure 1). Individual RBC concentrate storage time (Figure 1). Individual RBC concentrate 
(RBCC) supernatants were processed by double (RBCC) supernatants were processed by double 
centrifugation at 2,600 centrifugation at 2,600 gg for ten minutes. Samples  for ten minutes. Samples 
were kept frozen at −80 °C and shipped on dry ice to were kept frozen at −80 °C and shipped on dry ice to 
the sample-processing laboratory. Levels of soluble the sample-processing laboratory. Levels of soluble 
cytokines growth-related oncogene (GRO)-α, IL-16, cytokines growth-related oncogene (GRO)-α, IL-16, 
epithelial-derived neutrophil-activating protein epithelial-derived neutrophil-activating protein 
78 (ENA-78), macrophage inflammatory protein 78 (ENA-78), macrophage inflammatory protein 
1α (MIP-1α), monocyte chemoattractant protein-1 1α (MIP-1α), monocyte chemoattractant protein-1 
(MCP-1), stromal cell-derived factor 1 (SDF-1) and (MCP-1), stromal cell-derived factor 1 (SDF-1) and 
transforming growth factor (TGF) β1, 2, and 3 were transforming growth factor (TGF) β1, 2, and 3 were 
measured in triplicate from aliquots using Luminex measured in triplicate from aliquots using Luminex 
technologytechnology9292, and amounts were expressed in ng/RBC , and amounts were expressed in ng/RBC 
unit. Supernatants from RBCCs were collected over unit. Supernatants from RBCCs were collected over 
time and tested for the presence of a variety of soluble time and tested for the presence of a variety of soluble 
chemokines and cytokines. GRO-α, IL-16, ENA-78, chemokines and cytokines. GRO-α, IL-16, ENA-78, 
MIP-1α, MCP-1, SDF-1 and TGF β1, 2, and 3 were MIP-1α, MCP-1, SDF-1 and TGF β1, 2, and 3 were 
selected on the basis of previous reportsselected on the basis of previous reports25,59,9325,59,93. There . There 
were no differences in ENA, GROα, MIP1α, MCP1, were no differences in ENA, GROα, MIP1α, MCP1, 
SDF1, IL-16 or TGF β3, either between the groups or SDF1, IL-16 or TGF β3, either between the groups or 
over timeover time1313. However, TGF β1 and TGF β2 decreased . However, TGF β1 and TGF β2 decreased 
over time in both RBCC groups, with a significant over time in both RBCC groups, with a significant 
difference at d0 difference at d0 vsvs d42 d421313. The biological activities . The biological activities 
of TGF-β are not species-specific. TGF-β isotypes of TGF-β are not species-specific. TGF-β isotypes 
share many biological activities and their actions on share many biological activities and their actions on 
cells tend to be qualitatively similar, though there cells tend to be qualitatively similar, though there 
are a few examples of distinct activities. In some are a few examples of distinct activities. In some 
systems, TGF-β3 appears to be more active than the systems, TGF-β3 appears to be more active than the 
other isotypes. TGF-β2 is the only variant that does other isotypes. TGF-β2 is the only variant that does 
not inhibit the growth of endothelial cells. TGF-β2 not inhibit the growth of endothelial cells. TGF-β2 
and TGF-β3, but not TGF-β1, inhibit the survival of and TGF-β3, but not TGF-β1, inhibit the survival of 
cultured embryonic chick ciliary ganglionic neurons. cultured embryonic chick ciliary ganglionic neurons. 
TGF-β is the most potent known growth inhibitor of TGF-β is the most potent known growth inhibitor of 
normal and transformed epithelial cells, endothelial normal and transformed epithelial cells, endothelial 
cells, fibroblasts, neuronal cells, lymphoid cells and cells, fibroblasts, neuronal cells, lymphoid cells and 
other haematopoietic cell types, hepatocytes, and other haematopoietic cell types, hepatocytes, and 
keratinocytes. Although TGF-β inhibits endothelial cell keratinocytes. Although TGF-β inhibits endothelial cell 
growth, it promotes angiogenesis in several bioassays, growth, it promotes angiogenesis in several bioassays, 
though TGF-β may also inhibit angiogenesis under though TGF-β may also inhibit angiogenesis under 
certain circumstancescertain circumstances94,9594,95. At higher concentrations, . At higher concentrations, 
TGF-β stimulates the growth of these cells. TGF-β has TGF-β stimulates the growth of these cells. TGF-β has 
mainly suppressive effects on the immune system by mainly suppressive effects on the immune system by 
inhibiting the IL-2 dependent proliferation of T cells inhibiting the IL-2 dependent proliferation of T cells 
and B lymphocytes. TGF-β inhibits the proliferation and B lymphocytes. TGF-β inhibits the proliferation 
of B lymphocytes and thymocytes induced by IL-2 and of B lymphocytes and thymocytes induced by IL-2 and 
IL-1, respectively, and inhibits the maturation of B IL-1, respectively, and inhibits the maturation of B 
cellscells9696. It also suppresses interferon-induced cytotoxic . It also suppresses interferon-induced cytotoxic 
activity of NK cells, cytotoxic T-lymphocyte activity, activity of NK cells, cytotoxic T-lymphocyte activity, 
and the proliferation of lymphokine-activated killer and the proliferation of lymphokine-activated killer 
cell precursors. TGF-β also inhibits the synthesis of cell precursors. TGF-β also inhibits the synthesis of 
immunoglobulin (Ig)G and IgM by B lymphocytes and immunoglobulin (Ig)G and IgM by B lymphocytes and 
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stimulates the synthesis of IgA. TGF-β1 is the most stimulates the synthesis of IgA. TGF-β1 is the most 
potent known chemoattractant for neutrophilspotent known chemoattractant for neutrophils97,9897,98..

In this same reportIn this same report1313, we performed a functional assay , we performed a functional assay 
of RBCC supernatant on EA.hy926 endothelial cells. of RBCC supernatant on EA.hy926 endothelial cells. 
The human endothelial hybrid cell line EA.hy926 was The human endothelial hybrid cell line EA.hy926 was 
obtained by fusion of primary umbilical vein endothelial obtained by fusion of primary umbilical vein endothelial 
cells with the human lung carcinoma cell line A459/8 cells with the human lung carcinoma cell line A459/8 
(ATCC #CRL-2922). EA.hy926 cells were cultured (ATCC #CRL-2922). EA.hy926 cells were cultured 
in Dulbecco's modified MEM medium supplemented in Dulbecco's modified MEM medium supplemented 
with 10% foetal calf serum and 1% penicillin-with 10% foetal calf serum and 1% penicillin-
streptomycin and then incubated at 37 °C in a humidified streptomycin and then incubated at 37 °C in a humidified 
atmosphere in 5% COatmosphere in 5% CO22 until the cell monolayer reached  until the cell monolayer reached 
confluence. The cells were then exposed to stored RBCC confluence. The cells were then exposed to stored RBCC 
supernatants. IL-6, sCD141 and sCD62E levels were supernatants. IL-6, sCD141 and sCD62E levels were 
measured by enzyme-linked immunosorbent assay. In measured by enzyme-linked immunosorbent assay. In 
this this in vitroin vitro model, we investigated the bioactivity of  model, we investigated the bioactivity of 
soluble immunomodulatory factors in endothelial cells soluble immunomodulatory factors in endothelial cells in in 
vitrovitro. We tested the potential bioactivities of the soluble . We tested the potential bioactivities of the soluble 
immunomodulatory factors from RBCs over time using immunomodulatory factors from RBCs over time using 
EA.hy926. There was a difference in the expression of EA.hy926. There was a difference in the expression of 
marker molecules generally associated with EA.hy926 marker molecules generally associated with EA.hy926 
cell activation (CD141) during storage (d1-d42) and cell activation (CD141) during storage (d1-d42) and 
similar results were observed for the expression of similar results were observed for the expression of 
soluble markers generally associated with EA.hy926 soluble markers generally associated with EA.hy926 
cell activation (sCD141, sCD62E and IL-6). This result, cell activation (sCD141, sCD62E and IL-6). This result, 
revealing the bioactivities of soluble immunomodulatory revealing the bioactivities of soluble immunomodulatory 
factors in the supernatant of RBCCs on endothelial cells factors in the supernatant of RBCCs on endothelial cells 
in vitroin vitro, suggests a potential generation of inflammatory , suggests a potential generation of inflammatory 
markers during RBC storage. Further investigation markers during RBC storage. Further investigation 
could be carried out to determine the nature of these could be carried out to determine the nature of these 
inflammatory markers.inflammatory markers.

Conclusions and perspectivesConclusions and perspectives
The increase of inflammatory soluble markers The increase of inflammatory soluble markers 

observed in transfusion-related immunomodulationobserved in transfusion-related immunomodulation12,9912,99  
is reduced by leucocyte reductionis reduced by leucocyte reduction60,63,100-10360,63,100-103. However, . However, 
stored RBCs deliver large quantities of iron to the stored RBCs deliver large quantities of iron to the 
monocyte/macrophage system and could thus induce monocyte/macrophage system and could thus induce 
inflammation, and transfusion of older, stored RBCs, inflammation, and transfusion of older, stored RBCs, 
therefore, produces a proinflammatory response therefore, produces a proinflammatory response 
associated with increased iron levels in the liver, spleen, associated with increased iron levels in the liver, spleen, 
and kidney, and increased circulating levels of non-and kidney, and increased circulating levels of non-
transferrin bound irontransferrin bound iron3,1043,104..

However, it is currently unclear whether the storage However, it is currently unclear whether the storage 
lesions simply reflect an accelerated ageing of the lesions simply reflect an accelerated ageing of the 
RBCs, or something else, and the consequences RBCs, or something else, and the consequences in vivoin vivo  
(after transfusion) remain largely unknown. In addition, (after transfusion) remain largely unknown. In addition, 
RBC preparation and storage processes (cryopreserved RBC preparation and storage processes (cryopreserved 
for extended periods of time, cryoprotectant, plastic for extended periods of time, cryoprotectant, plastic 
bag, etc.) could be investigated to quantify the RBC bag, etc.) could be investigated to quantify the RBC 
inflammatory soluble markers observed in transfusion-inflammatory soluble markers observed in transfusion-
related immunomodulation. In this context, we note related immunomodulation. In this context, we note 
that several current concepts of intervention (reduction that several current concepts of intervention (reduction 
of biological response modifiers) focus on methods of biological response modifiers) focus on methods 

to attenuate the cytokine responseto attenuate the cytokine response105-108105-108. Another . Another 
characteristic could be considered concerning the characteristic could be considered concerning the 
transfusion-related immunomodulation, as for platelet transfusion-related immunomodulation, as for platelet 
componentcomponent2,109-1122,109-112. The variability in cytokine/chemokine . The variability in cytokine/chemokine 
concentration in RBCs could reveal a biological variation concentration in RBCs could reveal a biological variation 
in donors with regard to their capacity to synthesise and in donors with regard to their capacity to synthesise and 
release mediators. Moreover, differences in measured release mediators. Moreover, differences in measured 
cytokine/chemokine concentrations associated with cytokine/chemokine concentrations associated with 
various commercial immunoassay kits should be various commercial immunoassay kits should be 
considered and standardised in the future. considered and standardised in the future. 

The clinical implications of transfusing RBCs The clinical implications of transfusing RBCs 
containing cytokines/chemokines to critically-ill patients containing cytokines/chemokines to critically-ill patients 
have not been clarifiedhave not been clarified113113. It might be that the cytokine . It might be that the cytokine 
content of transfused RBCs may fuel the systemic content of transfused RBCs may fuel the systemic 
inflammatory reaction in conditions of trauma and inflammatory reaction in conditions of trauma and 
infection, and simulate non-haemolytic transfusion infection, and simulate non-haemolytic transfusion 
reactions. Investigations have confirmed that stored reactions. Investigations have confirmed that stored 
RBC transfusions seem to up-regulate proinflammatory RBC transfusions seem to up-regulate proinflammatory 
gene expression in the leucocytes of the transfusion gene expression in the leucocytes of the transfusion 
recipientrecipient114114. Moreover, McFaul . Moreover, McFaul et alet al..115115 observed an  observed an 
in vivoin vivo inflammatory effect of transfusion with an  inflammatory effect of transfusion with an 
increasingly proinflammatory RBC function of storage. increasingly proinflammatory RBC function of storage. 

Numerous studies have evaluated a wide variety of Numerous studies have evaluated a wide variety of 
photosensitisers and alkylating agents as candidates for photosensitisers and alkylating agents as candidates for 
a pathogen inactivation process of RBC suspensions, a pathogen inactivation process of RBC suspensions, 
but few with a focus on the inflammatory role of but few with a focus on the inflammatory role of 
RBC. Consequently, future questions could probably RBC. Consequently, future questions could probably 
investigate:investigate:
i) how this blood component differs from classical RBC i) how this blood component differs from classical RBC 

components in use;components in use;
ii) what are the benefits to the patients of possible ii) what are the benefits to the patients of possible 

pathogen inactivation processes to be used for RBC pathogen inactivation processes to be used for RBC 
suspensions;suspensions;

iii) whether there a reduction in acute transfusion iii) whether there a reduction in acute transfusion 
reactions in patients receiving future pathogen-reactions in patients receiving future pathogen-
reduced RBC (febrile non-haemolytic and/or allergic reduced RBC (febrile non-haemolytic and/or allergic 
transfusion reactions, TRALI).transfusion reactions, TRALI).
Future animal and clinical studies could probably Future animal and clinical studies could probably 

increase knowledge of the effect of RBC storage on post-increase knowledge of the effect of RBC storage on post-
transfusion outcomes and TRALI, with a specific focus transfusion outcomes and TRALI, with a specific focus 
on the inflammatory soluble markers observed in TRIM. on the inflammatory soluble markers observed in TRIM. 
Moreover, knowledge of TRIM could help answer Moreover, knowledge of TRIM could help answer 
questions concerning a possible difference between questions concerning a possible difference between 
fresh and old blood, and, more interestingly, the medical fresh and old blood, and, more interestingly, the medical 
effects of transfusing stored RBCs. As elegantly defined effects of transfusing stored RBCs. As elegantly defined 
in animal models by James C. Zimringin animal models by James C. Zimring1616, the question , the question 
now is to understand the "induction of cytokine storm" now is to understand the "induction of cytokine storm" 
on RBCs during storage, and the potential promotion of on RBCs during storage, and the potential promotion of 
acute transfusion reactions.acute transfusion reactions.

Acknowledgements Acknowledgements 
The Authors are grateful to Charles A. Arthaud, The Authors are grateful to Charles A. Arthaud, 

Jocelyne Fagan and Marie A. Eyraud for their Jocelyne Fagan and Marie A. Eyraud for their 
contribution of original data. We would like to thank the contribution of original data. We would like to thank the 

All rights reserved - For personal use only 
No other use without premission



© SIM
TI S

erv
izi

 Srl

150

Sut C et al

Blood Transfus 2017; 15: 145-52  DOI 10.2450/2017.0343-16

medical staff and personnel of medical staff and personnel of Etablissement Français Etablissement Français 
du Sang Rhone-Alpes-Auvergnedu Sang Rhone-Alpes-Auvergne, Saint-Etienne, France , Saint-Etienne, France 
for their technical support throughout our studies. This for their technical support throughout our studies. This 
work was supported by grants from the French National work was supported by grants from the French National 
Blood Service - EFS, France and the Association Blood Service - EFS, France and the Association Les Les 
Amis de RémiAmis de Rémi, Savigneux, France. , Savigneux, France. 

FundingFunding
Financial support was received through grants from Financial support was received through grants from 

the the Amis de RémiAmis de Rémi Association and EFS Rhone-Alpes- Association and EFS Rhone-Alpes-
Auvergne, France.Auvergne, France.

The Authors declare no conflicts of interest.The Authors declare no conflicts of interest.

ReferencesReferences
1) 1)   Stolla M, Refaai MA, Heal JM, et al. Platelet transfusion - the Stolla M, Refaai MA, Heal JM, et al. Platelet transfusion - the 

new immunology of an old therapy. Front Immunol 2015; new immunology of an old therapy. Front Immunol 2015; 66: 28.: 28.
2) 2)  Garraud O, Cognasse F, Tissot JD, et al. Improving platelet  Garraud O, Cognasse F, Tissot JD, et al. Improving platelet 

transfusion safety: biomedical and technical considerations. transfusion safety: biomedical and technical considerations. 
Blood Transfus 2016; Blood Transfus 2016; 1414: 109-22.: 109-22.

3) 3)  Hod EA, Zhang N, Sokol SA, et al. Transfusion of red blood  Hod EA, Zhang N, Sokol SA, et al. Transfusion of red blood 
cells after prolonged storage produces harmful effects that are cells after prolonged storage produces harmful effects that are 
mediated by iron and inflammation. Blood 2010; mediated by iron and inflammation. Blood 2010; 115115: 4284-92.: 4284-92.

4) 4)  Garraud O, Hamzeh-Cognasse H, Laradi S, Cognasse F. Paths  Garraud O, Hamzeh-Cognasse H, Laradi S, Cognasse F. Paths 
to understand and to limit inflammation in Transfusions. Eur to understand and to limit inflammation in Transfusions. Eur 
J Inflamm 2014; J Inflamm 2014; 1212: 191-5.: 191-5.

5) 5)  Spitalnik SL. Stored red blood cell transfusions: iron,  Spitalnik SL. Stored red blood cell transfusions: iron, 
inflammation, immunity, and infection. Transfusion 2014; inflammation, immunity, and infection. Transfusion 2014; 
5454: 2365-71.: 2365-71.

6) 6) Muszynski JA, Spinella PC, Cholette JM, et al. Transfusion-Muszynski JA, Spinella PC, Cholette JM, et al. Transfusion-
related immunomodulation: review of the literature and related immunomodulation: review of the literature and 
implications for pediatric critical illness. Transfusion 2017; implications for pediatric critical illness. Transfusion 2017; 
5757: 195-206.: 195-206.

7) 7)  Vamvakas EC, Blajchman MA. Transfusion-related  Vamvakas EC, Blajchman MA. Transfusion-related 
immunomodulation (TRIM): an update. Blood Rev 2007; immunomodulation (TRIM): an update. Blood Rev 2007; 
2121: 327-48.: 327-48.

8) 8)  Hod EA, Spitalnik SL. Harmful effects of transfusion of older  Hod EA, Spitalnik SL. Harmful effects of transfusion of older 
stored red blood cells: iron and inflammation. Transfusion stored red blood cells: iron and inflammation. Transfusion 
2011; 2011; 5151: 881-5.: 881-5.

9) 9)  Zimrin AB, Hess JR. Current issues relating to the transfusion  Zimrin AB, Hess JR. Current issues relating to the transfusion 
of stored red blood cells. Vox Sang 2009; of stored red blood cells. Vox Sang 2009; 9696: 93-103.: 93-103.

10) 10) D'Alessandro A, Kriebardis AG, Rinalducci S, et al. An D'Alessandro A, Kriebardis AG, Rinalducci S, et al. An 
update on red blood cell storage lesions, as gleaned through update on red blood cell storage lesions, as gleaned through 
biochemistry and omics technologies. Transfusion 2015; biochemistry and omics technologies. Transfusion 2015; 5555: : 
205-19.205-19.

11) 11) Zubair AC. Clinical impact of blood storage lesions. Am J Zubair AC. Clinical impact of blood storage lesions. Am J 
Hematol 2010; Hematol 2010; 8585: 117-22.: 117-22.

12) 12) Garraud O, Tariket S, Sut C, et al. Transfusion as an inflammation Garraud O, Tariket S, Sut C, et al. Transfusion as an inflammation 
hit: knowns and unknowns. Front Immunol 2016; hit: knowns and unknowns. Front Immunol 2016; 77: 534. : 534. 

13) 13) Sut C, Hamzeh-Cognasse H, Laradi S, et al. Properties Sut C, Hamzeh-Cognasse H, Laradi S, et al. Properties 
of donated red blood cell components from patients with of donated red blood cell components from patients with 
hereditary hemochromatosis. Transfusion 2017; hereditary hemochromatosis. Transfusion 2017; 5757: 166-77.: 166-77.

14) 14) Vallion R, Bonnefoy F, Daoui A, et al. Transforming Vallion R, Bonnefoy F, Daoui A, et al. Transforming 
growth factor-beta released by apoptotic white blood cells growth factor-beta released by apoptotic white blood cells 
during red blood cell storage promotes transfusion-induced during red blood cell storage promotes transfusion-induced 
alloimmunomodulation. Transfusion 2015; alloimmunomodulation. Transfusion 2015; 5555: 1721-35.: 1721-35.

15) 15) Calabro S, Gallman A, Gowthaman U, et al. Bridging channel Calabro S, Gallman A, Gowthaman U, et al. Bridging channel 
dendritic cells induce immunity to transfused red blood cells. dendritic cells induce immunity to transfused red blood cells. 
J Exp Med 2016; J Exp Med 2016; 213213: 887-96.: 887-96.

16) 16) Zimring JC. Fresh versus old blood: are there differences and Zimring JC. Fresh versus old blood: are there differences and 
do they matter? Hematology Am Soc Hematol Educ Program do they matter? Hematology Am Soc Hematol Educ Program 
2013; 2013; 20132013: 651-5. : 651-5. 

17) 17) Kim-Shapiro DB, Lee J, Gladwin MT. Storage lesion: role Kim-Shapiro DB, Lee J, Gladwin MT. Storage lesion: role 
of red blood cell breakdown. Transfusion 2011; of red blood cell breakdown. Transfusion 2011; 5151: 844-51.: 844-51.

18) 18) Zimring JC. Established and theoretical factors to consider Zimring JC. Established and theoretical factors to consider 
in assessing the red cell storage lesion. Blood 2015; in assessing the red cell storage lesion. Blood 2015; 125125: : 
2185-90.2185-90.

19) 19) Pallotta V, Rinalducci S, Zolla L. Red blood cell storage affects Pallotta V, Rinalducci S, Zolla L. Red blood cell storage affects 
the stability of cytosolic native protein complexes. Transfusion the stability of cytosolic native protein complexes. Transfusion 
2015; 2015; 5555: 1927-36.: 1927-36.

20) 20) D'Alessandro A, D'Amici GM, Vaglio S, Zolla L. Time-course D'Alessandro A, D'Amici GM, Vaglio S, Zolla L. Time-course 
investigation of SAGM-stored leukocyte-filtered red bood cell investigation of SAGM-stored leukocyte-filtered red bood cell 
concentrates: from metabolism to proteomics. Haematologica concentrates: from metabolism to proteomics. Haematologica 
2012; 2012; 9797: 107-15.: 107-15.

21) 21) Kri ebardis AG, Antonelou MH, Stamoulis KE, et al. Progressive Kri ebardis AG, Antonelou MH, Stamoulis KE, et al. Progressive 
oxidation of cytoskeletal proteins and accumulation of oxidation of cytoskeletal proteins and accumulation of 
denatured hemoglobin in stored red cells. J Cell Mol Med denatured hemoglobin in stored red cells. J Cell Mol Med 
2007; 2007; 1111: 148-55.: 148-55.

22) 22) Almizraq R, Tchir JD, Holovati JL, Acker JP. Storage of red Almizraq R, Tchir JD, Holovati JL, Acker JP. Storage of red 
blood cells affects membrane composition, microvesiculation, blood cells affects membrane composition, microvesiculation, 
and in vitro quality. Transfusion 2013; and in vitro quality. Transfusion 2013; 5353: 2258-67.: 2258-67.

23) 23) Bicalho B, Holovati JL, Acker JP. Phospholipidomics Bicalho B, Holovati JL, Acker JP. Phospholipidomics 
reveals differences in glycerophosphoserine profiles of reveals differences in glycerophosphoserine profiles of 
hypothermically stored red blood cells and microvesicles. hypothermically stored red blood cells and microvesicles. 
Biochim Biophys Acta 2013; Biochim Biophys Acta 2013; 18281828: 317-26.: 317-26.

24) 24) Hod EA, Spitalnik SL. Stored red blood cell transfusions: Hod EA, Spitalnik SL. Stored red blood cell transfusions: 
Iron, inflammation, immunity, and infection. Transfus Clin Iron, inflammation, immunity, and infection. Transfus Clin 
Biol 2012; Biol 2012; 1919: 84-9.: 84-9.

25) 25) Radwanski K, Garraud O, Cognasse F, et al. The effects of Radwanski K, Garraud O, Cognasse F, et al. The effects of 
red blood cell preparation method on in vitro markers of red red blood cell preparation method on in vitro markers of red 
blood cell aging and inflammatory response. Transfusion blood cell aging and inflammatory response. Transfusion 
2013; 2013; 5353: 3128-38.: 3128-38.

26) 26) Hess JR. Measures of stored red blood cell quality. Vox Sang Hess JR. Measures of stored red blood cell quality. Vox Sang 
2014; 2014; 107107: 1-9.: 1-9.

27) 27) Sparrow RL. Red blood cell storage duration and trauma. Sparrow RL. Red blood cell storage duration and trauma. 
Transfus Med Rev 2014.Transfus Med Rev 2014.

28) 28) Zimring JC, Spitalnik SL. Pathobiology of transfusion Zimring JC, Spitalnik SL. Pathobiology of transfusion 
reactions. Ann Rev Pathol 2015; reactions. Ann Rev Pathol 2015; 1010: 83-110.: 83-110.

29) 29) Hess JR. Red cell changes during storage. Transfus Apher Hess JR. Red cell changes during storage. Transfus Apher 
Sci 2010; Sci 2010; 4343: 51-9.: 51-9.

30) 30) Hess JR. Red cell storage. J Proteomics 2010; Hess JR. Red cell storage. J Proteomics 2010; 7373: 368-73.: 368-73.
31) 31) Hess JR. Red cell storage: when is better not good enough? Hess JR. Red cell storage: when is better not good enough? 

Blood Transfus 2009; Blood Transfus 2009; 77: 172-3.: 172-3.
32) 32) van der Meer PF, Cancelas JA, Cardigan R, et al. Evaluation van der Meer PF, Cancelas JA, Cardigan R, et al. Evaluation 

of overnight hold of whole blood at room temperature before of overnight hold of whole blood at room temperature before 
component processing: effect of red blood cell (RBC) additive component processing: effect of red blood cell (RBC) additive 
solutions on in vitro RBC measures. Transfusion 2011; solutions on in vitro RBC measures. Transfusion 2011; 5151: : 
15S-24S.15S-24S.

33) 33) D'Alessandro A, Nemkov T, Yoshida T, et al. Citrate D'Alessandro A, Nemkov T, Yoshida T, et al. Citrate 
metabolism in red blood cells stored in additive solution-3. metabolism in red blood cells stored in additive solution-3. 
Transfusion 2016; DOI: 10.1111/trf.13892.Transfusion 2016; DOI: 10.1111/trf.13892.

34) 34) D'Alessandro A, Nemkov T, Kelher M, et al. Routine D'Alessandro A, Nemkov T, Kelher M, et al. Routine 
storage of red blood cell (RBC) units in additive solution-3: storage of red blood cell (RBC) units in additive solution-3: 
a comprehensive investigation of the RBC metabolome. a comprehensive investigation of the RBC metabolome. 
Transfusion 2015; Transfusion 2015; 5555: 1155-68.: 1155-68.

35) 35) Flatt JF, Bawazir WM, Bruce LJ. The involvement of cation Flatt JF, Bawazir WM, Bruce LJ. The involvement of cation 
leaks in the storage lesion of red blood cells. Front Physiol leaks in the storage lesion of red blood cells. Front Physiol 
2014; 2014; 55: 214.: 214.

36) 36) Spinelli SL, Lannan KL, Casey AE, et al. Isoprostane and Spinelli SL, Lannan KL, Casey AE, et al. Isoprostane and 
isofuran lipid mediators accumulate in stored red blood cells isofuran lipid mediators accumulate in stored red blood cells 
and influence platelet function in vitro. Transfusion 2014; and influence platelet function in vitro. Transfusion 2014; 
5454: 1569-79.: 1569-79.

37) 37) Lang E, Pozdeev VI, Xu HC, et al. Storage of erythrocytes Lang E, Pozdeev VI, Xu HC, et al. Storage of erythrocytes 
induces suicidal erythrocyte death. Cell Physiol Biochem induces suicidal erythrocyte death. Cell Physiol Biochem 
2016; 2016; 3939: 668-76.: 668-76.

38) 38) Tzounakas VL, Georgatzakou HT, Kriebardis AG, et al. Donor Tzounakas VL, Georgatzakou HT, Kriebardis AG, et al. Donor 
variation effect on red blood cell storage lesion: a multivariable, variation effect on red blood cell storage lesion: a multivariable, 
yet consistent, story. Transfusion 2016; yet consistent, story. Transfusion 2016; 5656: 1274-86.: 1274-86.

39) 39) Donadee C, Raat NJ, Kanias T, et al. Nitric oxide scavenging Donadee C, Raat NJ, Kanias T, et al. Nitric oxide scavenging 
by red blood cell microparticles and cell-free hemoglobin as by red blood cell microparticles and cell-free hemoglobin as 
a mechanism for the red cell storage lesion. Circulation 2011; a mechanism for the red cell storage lesion. Circulation 2011; 
124124: 465-76.: 465-76.

All rights reserved - For personal use only 
No other use without premission



© SIM
TI S

erv
izi

 Srl

151
Blood Transfus 2017; 15: 145-52  DOI 10.2450/2017.0343-16

Inflammation and red blood cell storage

40) 40) Kent MW, Kelher MR, West FB, Silliman CC. The pro-Kent MW, Kelher MR, West FB, Silliman CC. The pro-
inflammatory potential of microparticles in red blood cell inflammatory potential of microparticles in red blood cell 
units. Transfus Med 2014; units. Transfus Med 2014; 2424: 176-81.: 176-81.

41) 41) Silliman CC, Moore EE, Kelher MR, et al. Identification of Silliman CC, Moore EE, Kelher MR, et al. Identification of 
lipids that accumulate during the routine storage of prestorage lipids that accumulate during the routine storage of prestorage 
leukoreduced red blood cells and cause acute lung injury. leukoreduced red blood cells and cause acute lung injury. 
Transfusion 2011; Transfusion 2011; 5151: 2549-54.: 2549-54.

42) 42) Silliman CC, Bjornsen AJ, Wyman TH, et al. Plasma and lipids Silliman CC, Bjornsen AJ, Wyman TH, et al. Plasma and lipids 
from stored platelets cause acute lung injury in an animal from stored platelets cause acute lung injury in an animal 
model. Transfusion 2003; model. Transfusion 2003; 4343: 633-40.: 633-40.

43) 43) Silliman CC, Ambruso DR, Boshkov LK. Transfusion-related Silliman CC, Ambruso DR, Boshkov LK. Transfusion-related 
acute lung injury. Blood 2005; acute lung injury. Blood 2005; 105105: 2266-73.: 2266-73.

44) 44) Benson AB, Moss M, Silliman CC. Transfusion-related acute Benson AB, Moss M, Silliman CC. Transfusion-related acute 
lung injury (TRALI): a clinical review with emphasis on the lung injury (TRALI): a clinical review with emphasis on the 
critically ill. Br J Haematol 2009; critically ill. Br J Haematol 2009; 147147: 431-43.: 431-43.

45) 45) Rumsby MG, Trotter J, Allan D, Michell RH. Recovery of membrane Rumsby MG, Trotter J, Allan D, Michell RH. Recovery of membrane 
micro-vesicles from human erythrocytes stored for transfusion: a micro-vesicles from human erythrocytes stored for transfusion: a 
mechanism for the erythrocyte discocyte-to-spherocyte shape mechanism for the erythrocyte discocyte-to-spherocyte shape 
transformation. Biochem Soc Trans 1977; transformation. Biochem Soc Trans 1977; 55: 126-8.: 126-8.

46) 46) Schiffelers RM. Micro-Vesiculation and Disease, London, Schiffelers RM. Micro-Vesiculation and Disease, London, 
13-14 September 2012. J Extracell Vesicles 2012; 13-14 September 2012. J Extracell Vesicles 2012; 11: 19768.: 19768.

47) 47) Seghatchian J, de Sousa G. Pathogen-reduction systems for Seghatchian J, de Sousa G. Pathogen-reduction systems for 
blood components: the current position and future trends. blood components: the current position and future trends. 
Transfus Apher Sci 2006; Transfus Apher Sci 2006; 3535: 189-96.: 189-96.

48) 48) Antonelou MH, Seghatchian J. Update on extracellular Antonelou MH, Seghatchian J. Update on extracellular 
vesicles inside red blood cell storage units: adjust the sails vesicles inside red blood cell storage units: adjust the sails 
closer to the new wind. Transfus Apher Sci 2016; closer to the new wind. Transfus Apher Sci 2016; 5555: 92-104.: 92-104.

49) 49) Rubin O, Crettaz D, Canellini G, et al. Microparticles in Rubin O, Crettaz D, Canellini G, et al. Microparticles in 
stored red blood cells: an approach using flow cytometry and stored red blood cells: an approach using flow cytometry and 
proteomic tools. Vox Sang 2008; proteomic tools. Vox Sang 2008; 9595: 288- 97.: 288- 97.

50) 50) Rubin O, Crettaz D, Tissot JD and Lion N. Microparticles Rubin O, Crettaz D, Tissot JD and Lion N. Microparticles 
in stored red blood cells: submicron clotting bombs? Blood in stored red blood cells: submicron clotting bombs? Blood 
Transfus 2010; Transfus 2010; 88: s31-8.: s31-8.

51) 51) Rubin O, Delobel J, Prudent M, et al. Red blood cell-derived Rubin O, Delobel J, Prudent M, et al. Red blood cell-derived 
microparticles isolated from blood units initiate and propagate microparticles isolated from blood units initiate and propagate 
thrombin generation. Transfusion 2013; thrombin generation. Transfusion 2013; 5353: 1744-54.: 1744-54.

52) 52) Canellini G, Rubin O, Delobel J, et al. Red blood cell Canellini G, Rubin O, Delobel J, et al. Red blood cell 
microparticles and blood group antigens: an analysis by flow microparticles and blood group antigens: an analysis by flow 
cytometry. Blood Transfus 2012; cytometry. Blood Transfus 2012; 1010: s39-45.: s39-45.

53) 53) Bur nouf T, Chou ML, Goubran H, et al. An overview of the Bur nouf T, Chou ML, Goubran H, et al. An overview of the 
role of microparticles/microvesicles in blood components: role of microparticles/microvesicles in blood components: 
are they clinically beneficial or harmful? Transfus Apher Sci are they clinically beneficial or harmful? Transfus Apher Sci 
2015; 2015; 5353: 137-45.: 137-45.

54) 54) Prudent M, Tissot JD, Lion N. In vitro assays and clinical trials Prudent M, Tissot JD, Lion N. In vitro assays and clinical trials 
in red blood cell aging: lost in translation. Transfus Apher Sci in red blood cell aging: lost in translation. Transfus Apher Sci 
2015; 2015; 5252: 270-6.: 270-6.

55) 55) Reisz JA, Wither MJ, Dzieciatkowska M, et al. Oxidative Reisz JA, Wither MJ, Dzieciatkowska M, et al. Oxidative 
modifications of glyceraldehyde 3-phosphate dehydrogenase modifications of glyceraldehyde 3-phosphate dehydrogenase 
regulate metabolic reprogramming of stored red blood cells. regulate metabolic reprogramming of stored red blood cells. 
Blood 2016; Blood 2016; 128128: e32-42.: e32-42.

56) 56) Paglia G, D'Alessandro A, Rolfsson O, et al. Biomarkers Paglia G, D'Alessandro A, Rolfsson O, et al. Biomarkers 
defining the metabolic age of red blood cells during cold defining the metabolic age of red blood cells during cold 
storage. Blood 2016; storage. Blood 2016; 128128: e43-50.: e43-50.

57) 57) Wither M, Dzieciatkowska M, Nemkov T, et al. Hemoglobin Wither M, Dzieciatkowska M, Nemkov T, et al. Hemoglobin 
oxidation at functional amino acid residues during routine oxidation at functional amino acid residues during routine 
storage of red blood cells. Transfusion 2016; storage of red blood cells. Transfusion 2016; 5656: 421-6.: 421-6.

58) 58) Straat M, Boing AN, Tuip-De Boer A, et al. Extracellular Straat M, Boing AN, Tuip-De Boer A, et al. Extracellular 
vesicles from red blood cell products induce a strong pro-vesicles from red blood cell products induce a strong pro-
inflammatory host response, dependent on both numbers and inflammatory host response, dependent on both numbers and 
storage duration. Transfus Med Hemother 2016; storage duration. Transfus Med Hemother 2016; 4343: 302-5.: 302-5.

59) 59) Tung JP, Fraser JF, Nataatmadja M, et al. Age of blood and Tung JP, Fraser JF, Nataatmadja M, et al. Age of blood and 
recipient factors determine the severity of transfusion-related recipient factors determine the severity of transfusion-related 
acute lung injury (TRALI). Crit Care 2012; acute lung injury (TRALI). Crit Care 2012; 1616: R19.: R19.

60) 60) Tanaka S, Harrois A, Duranteau J. Leukodepleted versus Tanaka S, Harrois A, Duranteau J. Leukodepleted versus 
nonleukodepleted red blood cell transfusion in septic patients: nonleukodepleted red blood cell transfusion in septic patients: 
a microcirculatory vision. Critical care 2014; a microcirculatory vision. Critical care 2014; 1818: 128.: 128.

61) 61) Zecher D, Cumpelik A, Schifferli JA. Erythrocyte-derived Zecher D, Cumpelik A, Schifferli JA. Erythrocyte-derived 
microvesicles amplify systemic inflammation by thrombin-microvesicles amplify systemic inflammation by thrombin-

dependent activation of complement. Arterioscler Thromb dependent activation of complement. Arterioscler Thromb 
Vasc Biol 2014; Vasc Biol 2014; 3434: 313-20.: 313-20.

62) 62) Kristiansson M, Soop M, Saraste L, Sundqvist KG. Cytokines Kristiansson M, Soop M, Saraste L, Sundqvist KG. Cytokines 
in stored red blood cell concentrates: promoters of systemic in stored red blood cell concentrates: promoters of systemic 
inflammation and simulators of acute transfusion reactions? inflammation and simulators of acute transfusion reactions? 
Acta Anaesthesiol Scand 1996; Acta Anaesthesiol Scand 1996; 4040: 496-501.: 496-501.

63) 63) Shukla R, Patel T, Gupte S. Release of cytokines in stored Shukla R, Patel T, Gupte S. Release of cytokines in stored 
whole blood and red cell concentrate: effect of leukoreduction. whole blood and red cell concentrate: effect of leukoreduction. 
Asian J Transfus Sci 2015; Asian J Transfus Sci 2015; 99: 145-9.: 145-9.

64) 64) Benson DD, Beck AW, Burdine MS, et al. Accumulation of Benson DD, Beck AW, Burdine MS, et al. Accumulation of 
pro-cancer cytokines in the plasma fraction of stored packed pro-cancer cytokines in the plasma fraction of stored packed 
red cells. J Gastrointest Surg 2012; red cells. J Gastrointest Surg 2012; 1616: 460-8.: 460-8.

65) 65) Middelburg RA, Borkent B, Jansen M, et al. Storage time Middelburg RA, Borkent B, Jansen M, et al. Storage time 
of blood products and transfusion-related acute lung injury. of blood products and transfusion-related acute lung injury. 
Transfusion 2012; Transfusion 2012; 5252: 658-67.: 658-67.

66) 66) Liu C, Liu X, Janes J, et al. Mechanism of faster NO scavenging Liu C, Liu X, Janes J, et al. Mechanism of faster NO scavenging 
by older stored red blood cells. Redox biology 2014; by older stored red blood cells. Redox biology 2014; 22: 211-9.: 211-9.

67) 67) Kristiansson M, Soop M, Saraste L, Sundqvist KG. Post-Kristiansson M, Soop M, Saraste L, Sundqvist KG. Post-
operative circulating cytokine patterns--the influence of operative circulating cytokine patterns--the influence of 
infection. Intensive Care Med 1993; infection. Intensive Care Med 1993; 1919: 395-400.: 395-400.

68) 68) Sharma RR and Marwaha N. Leukoreduced blood components: Sharma RR and Marwaha N. Leukoreduced blood components: 
Advantages and strategies for its implementation in developing Advantages and strategies for its implementation in developing 
countries. Asian J Transfus Sci 2010; countries. Asian J Transfus Sci 2010; 44: 3-8.: 3-8.

69) 69) Antonelou MH, Tzounakas VL, Velentzas AD, et al. Effects of Antonelou MH, Tzounakas VL, Velentzas AD, et al. Effects of 
pre-storage leukoreduction on stored red blood cells signaling: pre-storage leukoreduction on stored red blood cells signaling: 
a time-course evaluation from shape to proteome. J Proteomics a time-course evaluation from shape to proteome. J Proteomics 
2012; 2012; 7676: 220-38.: 220-38.

70) 70) Silliman CC, Paterson AJ, Dickey WO, et al. The association Silliman CC, Paterson AJ, Dickey WO, et al. The association 
of biologically active lipids with the development of of biologically active lipids with the development of 
transfusion-related acute lung injury: a retrospective study. transfusion-related acute lung injury: a retrospective study. 
Transfusion 1997; Transfusion 1997; 3737: 719-26.: 719-26.

71) 71) Jelkmann W. Proinflammatory cytokines lowering erythropoietin Jelkmann W. Proinflammatory cytokines lowering erythropoietin 
production. J Interferon Cytokine Res 1998; production. J Interferon Cytokine Res 1998; 1818: 555-9.: 555-9.

72) 72) Vannucchi AM, Grossi A, Rafanelli D, et al. Inhibition of Vannucchi AM, Grossi A, Rafanelli D, et al. Inhibition of 
erythropoietin production in vitro by human interferon gamma. erythropoietin production in vitro by human interferon gamma. 
Br J Haematol 1994; Br J Haematol 1994; 8787: 18-23.: 18-23.

73) 73) Netea MG, Kullberg BJ, Van der Meer JW. Circulating cytokines Netea MG, Kullberg BJ, Van der Meer JW. Circulating cytokines 
as mediators of fever. Clin Infect Dis 2000; as mediators of fever. Clin Infect Dis 2000; 3131: S178-84.: S178-84.

74) 74) Conti B, Tabarean I, Andrei C, Bartfai T. Cytokines and fever. Conti B, Tabarean I, Andrei C, Bartfai T. Cytokines and fever. 
Front Biosci 2004; Front Biosci 2004; 99: 1433-49.: 1433-49.

75) 75) Muylle L, Joos M, Wouters E, et al. Increased tumor necrosis Muylle L, Joos M, Wouters E, et al. Increased tumor necrosis 
factor alpha (TNF alpha), interleukin 1, and interleukin 6 factor alpha (TNF alpha), interleukin 1, and interleukin 6 
(IL-6) levels in the plasma of stored platelet concentrates: (IL-6) levels in the plasma of stored platelet concentrates: 
relationship between TNF alpha and IL-6 levels and febrile relationship between TNF alpha and IL-6 levels and febrile 
transfusion reactions. Transfusion 1993; transfusion reactions. Transfusion 1993; 3333: 195-9.: 195-9.

76) 76) Romagnani P, Lasagni L, Annunziato F, et al. CXC Romagnani P, Lasagni L, Annunziato F, et al. CXC 
chemokines: the regulatory link between inflammation and chemokines: the regulatory link between inflammation and 
angiogenesis. Trends Immunol 2004; angiogenesis. Trends Immunol 2004; 2525: 201-9.: 201-9.

77) 77) Strieter RM, Burdick MD, Gomperts BN, et al. CXC chemokines Strieter RM, Burdick MD, Gomperts BN, et al. CXC chemokines 
in angiogenesis. Cytokine Growth Factor Rev 2005; in angiogenesis. Cytokine Growth Factor Rev 2005; 1616: 593-609.: 593-609.

78) 78) Toy P, Gajic O, Bacchetti P, et al. Transfusion-related acute lung Toy P, Gajic O, Bacchetti P, et al. Transfusion-related acute lung 
injury: incidence and risk factors. Blood 2012; injury: incidence and risk factors. Blood 2012; 119119: 1757-67.: 1757-67.

79) 79) Guichard C, Pedruzzi E, Dewas C, et al. Interleukin-8-induced Guichard C, Pedruzzi E, Dewas C, et al. Interleukin-8-induced 
priming of neutrophil oxidative burst requires sequential priming of neutrophil oxidative burst requires sequential 
recruitment of NADPH oxidase components into lipid rafts. recruitment of NADPH oxidase components into lipid rafts. 
J Biol Chem 2005; J Biol Chem 2005; 280280: 37021-32.: 37021-32.

80) 80) McKenzie CG, Kim M, Singh TK, et al. Peripheral blood McKenzie CG, Kim M, Singh TK, et al. Peripheral blood 
monocyte-derived chemokine blockade prevents murine monocyte-derived chemokine blockade prevents murine 
transfusion-related acute lung injury (TRALI). Blood 2014; transfusion-related acute lung injury (TRALI). Blood 2014; 
123123: 3496-503.: 3496-503.

81) 81) Garlanda C, Dinarello CA, Mantovani A. The interleukin-1 Garlanda C, Dinarello CA, Mantovani A. The interleukin-1 
family: back to the future. Immunity 2013; family: back to the future. Immunity 2013; 3939: 1003-18.: 1003-18.

82) 82) Liu L, Mul FP, Kuijpers TW, et al. Neutrophil transmigration Liu L, Mul FP, Kuijpers TW, et al. Neutrophil transmigration 
across monolayers of endothelial cells and airway epithelial across monolayers of endothelial cells and airway epithelial 
cells is regulated by different mechanisms. Ann N Y Acad cells is regulated by different mechanisms. Ann N Y Acad 
Sci 1996; Sci 1996; 796796: 21-9.: 21-9.

83) 83) Hill ME, Bird IN, Daniels RH, et al. Endothelial cell-Hill ME, Bird IN, Daniels RH, et al. Endothelial cell-
associated platelet-activating factor primes neutrophils associated platelet-activating factor primes neutrophils 

All rights reserved - For personal use only 
No other use without premission



© SIM
TI S

erv
izi

 Srl

152

Sut C et al

Blood Transfus 2017; 15: 145-52  DOI 10.2450/2017.0343-16

for enhanced superoxide production and arachidonic acid for enhanced superoxide production and arachidonic acid 
release during adhesion to but not transmigration across release during adhesion to but not transmigration across 
IL-1 beta-treated endothelial monolayers. J Immunol 1994; IL-1 beta-treated endothelial monolayers. J Immunol 1994; 
153153: 3673-83.: 3673-83.

84) 84) Hod EA, Cadwell CM, Liepkalns JS, et al. Cytokine storm Hod EA, Cadwell CM, Liepkalns JS, et al. Cytokine storm 
in a mouse model of IgG- mediated hemolytic transfusion in a mouse model of IgG- mediated hemolytic transfusion 
reactions. Blood 2008; reactions. Blood 2008; 112112: 891-4.: 891-4.

85) 85) Lin JS, Tzeng CH, Hao TC, et al. Cytokine release in febrile Lin JS, Tzeng CH, Hao TC, et al. Cytokine release in febrile 
non-haemolytic red cell transfusion reactions. Vox Sang non-haemolytic red cell transfusion reactions. Vox Sang 
2002; 2002; 8282: 156-60.: 156-60.

86) 86) Addas-Carvalho M, Origa AF, Saad ST. Interleukin 1 beta and Addas-Carvalho M, Origa AF, Saad ST. Interleukin 1 beta and 
tumor necrosis factor levels in stored platelet concentrates tumor necrosis factor levels in stored platelet concentrates 
and the association with gene polymorphisms. Transfusion and the association with gene polymorphisms. Transfusion 
2004; 2004; 4444: 996-1003.: 996-1003.

87) 87) Davenport RD. The role of cytokines in hemolytic transfusion Davenport RD. The role of cytokines in hemolytic transfusion 
reactions. Immunol Invest 1995; reactions. Immunol Invest 1995; 2424: 319-31.: 319-31.

88) 88) Davenport RD. Pathophysiology of hemolytic transfusion Davenport RD. Pathophysiology of hemolytic transfusion 
reactions. Semin Hematol 2005; reactions. Semin Hematol 2005; 4242: 165-8.: 165-8.

89) 89) Peters AL, Van Stein D, Vlaar AP. Antibody-mediated Peters AL, Van Stein D, Vlaar AP. Antibody-mediated 
transfusion-related acute lung injury; from discovery to transfusion-related acute lung injury; from discovery to 
prevention. Br J Haematol 2015; prevention. Br J Haematol 2015; 170170: 597-614.: 597-614.

90) 90) Peters AL, Kunanayagam RK, van Bruggen R, et al. Peters AL, Kunanayagam RK, van Bruggen R, et al. 
Transfusion of 35-day stored red blood cells does not result Transfusion of 35-day stored red blood cells does not result 
in increase of plasma non-transferrin bound iron in human in increase of plasma non-transferrin bound iron in human 
endotoxemia. Transfusion 2017; endotoxemia. Transfusion 2017; 5757: 53-9.: 53-9.

91) 91) Peters AL, van Hezel ME, Cortjens B, et al. Transfusion of Peters AL, van Hezel ME, Cortjens B, et al. Transfusion of 
35-day stored 35-day stored RBCRBCs in the presence of endotoxemia does s in the presence of endotoxemia does 
not result in lung injury in humans. Crit Care Med 2016; not result in lung injury in humans. Crit Care Med 2016; 
4444: e412-9.: e412-9.

92) 92) Hamzeh-Cognasse H, Damien P, Nguyen KA, et al. Immune-Hamzeh-Cognasse H, Damien P, Nguyen KA, et al. Immune-
reactive soluble OX40 ligand, soluble CD40 ligand, and reactive soluble OX40 ligand, soluble CD40 ligand, and 
interleukin-27 are simultaneously oversecreted in platelet interleukin-27 are simultaneously oversecreted in platelet 
components associated with acute transfusion reactions. components associated with acute transfusion reactions. 
Transfusion 2014 Transfusion 2014 5454: 613-25.: 613-25.

93) 93) Cognasse F, Garraud O, Hamzeh-Cognasse H, et al. Cognasse F, Garraud O, Hamzeh-Cognasse H, et al. 
Investigative in vitro study about red blood cell concentrate Investigative in vitro study about red blood cell concentrate 
processing and storage. Am J Respir Crit Care Med 2013; processing and storage. Am J Respir Crit Care Med 2013; 
187187: 216-7.: 216-7.

94) 94) Byfield SD, Roberts AB. Lateral signaling enhances TGF-Byfield SD, Roberts AB. Lateral signaling enhances TGF-
beta response complexity. Trends Cell Biol 2004; beta response complexity. Trends Cell Biol 2004; 1414: 107-11.: 107-11.

95) 95) Santibanez JF, Quintanilla M, Bernabeu C. TGF-beta/Santibanez JF, Quintanilla M, Bernabeu C. TGF-beta/
TGF-beta receptor system and its role in physiological and TGF-beta receptor system and its role in physiological and 
pathological conditions. Clin Sci 2011; pathological conditions. Clin Sci 2011; 121121: 233-51.: 233-51.

96) 96) Cazac BB, Roes J. TGF-beta receptor controls B cell Cazac BB, Roes J. TGF-beta receptor controls B cell 
responsiveness and induction of IgA in vivo. Immunity responsiveness and induction of IgA in vivo. Immunity 
2000; 2000; 1313: 443-51.: 443-51.

97) 97) Reibman J, Meixler S, Lee TC, et al. Transforming growth Reibman J, Meixler S, Lee TC, et al. Transforming growth 
factor beta 1, a potent chemoattractant for human neutrophils, factor beta 1, a potent chemoattractant for human neutrophils, 
bypasses classic signal-transduction pathways. Proc Natl bypasses classic signal-transduction pathways. Proc Natl 
Acad Sci USA 1991; Acad Sci USA 1991; 8888: 6805-9.: 6805-9.

98) 98) Ghio M, Ottonello L, Contini P, et al. Transforming growth Ghio M, Ottonello L, Contini P, et al. Transforming growth 
factor-beta1 in supernatants from stored red blood cells factor-beta1 in supernatants from stored red blood cells 
inhibits neutrophil locomotion. Blood 2003; inhibits neutrophil locomotion. Blood 2003; 102102: 1100-7.: 1100-7.

99) 99)  Hod EA. Red blood cell transfusion-induced inflammation:  Hod EA. Red blood cell transfusion-induced inflammation: 
myth or reality. ISBT Sci Ser 2015; myth or reality. ISBT Sci Ser 2015; 1010: 188-91.: 188-91.

100) 100) King KE, Shirey RS, Thoman SK, et al. Universal King KE, Shirey RS, Thoman SK, et al. Universal 
leukoreduction decreases the incidence of febrile leukoreduction decreases the incidence of febrile 
nonhemolytic transfusion reactions to RBCs. Transfusion nonhemolytic transfusion reactions to RBCs. Transfusion 
2004; 2004; 4444: 25-9.: 25-9.

101) 101)  Refaai MA, Blumberg N. Transfusion immunomodulation  Refaai MA, Blumberg N. Transfusion immunomodulation 
from a clinical perspective: an update. Expert Rev Hematol from a clinical perspective: an update. Expert Rev Hematol 
2013; 2013; 66: 653-63.: 653-63.

102) 102)  D'Alessandro A, Dzieciatkowska M, Hill RC, Hansen KC.  D'Alessandro A, Dzieciatkowska M, Hill RC, Hansen KC. 
Supernatant protein biomarkers of red blood cell storage Supernatant protein biomarkers of red blood cell storage 
hemolysis as determined through an absolute quantification hemolysis as determined through an absolute quantification 
proteomics technology. Transfusion 2016; proteomics technology. Transfusion 2016; 5656: 1329-39.: 1329-39.

103) 103) Pertinhez TA, Casali E, Baroni F, et al. A comparative study Pertinhez TA, Casali E, Baroni F, et al. A comparative study 
of the effect of leukoreduction and pre-storage leukodepletion of the effect of leukoreduction and pre-storage leukodepletion 
on red blood cells during storage. Front Mol Biosci 2016; on red blood cells during storage. Front Mol Biosci 2016; 
33: 13.: 13.

104) 104)  Rohde JM, Dimcheff DE, Blumberg N, et al. Health care- Rohde JM, Dimcheff DE, Blumberg N, et al. Health care-
associated infection after red blood cell transfusion: a associated infection after red blood cell transfusion: a 
systematic review and meta-analysis. JAMA 2014; systematic review and meta-analysis. JAMA 2014; 311311: : 
1317-26.1317-26.

105) 105) Tanaka S, Hayashi T, Tani Y, Hirayama F. Removal of Tanaka S, Hayashi T, Tani Y, Hirayama F. Removal of 
biological response modifiers associated with platelet biological response modifiers associated with platelet 
transfusion reactions by columns containing adsorption transfusion reactions by columns containing adsorption 
beads. Transfusion 2014; beads. Transfusion 2014; 5454: 1790-7.: 1790-7.

106) 106)  Belizaire RM, Makley AT, Campion EM, et al. Resuscitation  Belizaire RM, Makley AT, Campion EM, et al. Resuscitation 
with washed aged packed red blood cell units decreases with washed aged packed red blood cell units decreases 
the proinflammatory response in mice after hemorrhage. J the proinflammatory response in mice after hemorrhage. J 
Trauma Acute Care Surg 2012; Trauma Acute Care Surg 2012; 7373: S128-33.: S128-33.

107) 107) Loh YS, Tan S, Kwok M, et al. Reduction of biological Loh YS, Tan S, Kwok M, et al. Reduction of biological 
response modifiers in the supernatant of washed paediatric response modifiers in the supernatant of washed paediatric 
red blood cells. Vox Sang 2016; red blood cells. Vox Sang 2016; 111111: 365-73.: 365-73.

108) 108) Sandgren P, Ronnmark J, Axelsson J. In vitro affinity Sandgren P, Ronnmark J, Axelsson J. In vitro affinity 
reduction of biologic response modifiers from production reduction of biologic response modifiers from production 
buffy coat platelets exposed to recombinant protein receptors. buffy coat platelets exposed to recombinant protein receptors. 
Transfusion 2015; Transfusion 2015; 5555: 1919-26.: 1919-26.

109) 109) Aloui C, Prigent A, Sut C, et al. The signaling role of Aloui C, Prigent A, Sut C, et al. The signaling role of 
CD40 ligand in platelet biology and in platelet component CD40 ligand in platelet biology and in platelet component 
transfusion. Int J Mol Sci 2014; transfusion. Int J Mol Sci 2014; 1515: 22342-64.: 22342-64.

110) 110)  Aloui C, Prigent A, Tariket S, et al. Levels of human platelet- Aloui C, Prigent A, Tariket S, et al. Levels of human platelet-
derived soluble CD40 ligand depend on haplotypes of derived soluble CD40 ligand depend on haplotypes of 
CD40LG-CD40-ITGA2. Sci Rep 2016; CD40LG-CD40-ITGA2. Sci Rep 2016; 66: 24715.: 24715.

111) 111)  Aloui C, Sut C, Cognasse F, et al. Development of a highly  Aloui C, Sut C, Cognasse F, et al. Development of a highly 
resolutive method, using a double quadruplex tetra-primer-resolutive method, using a double quadruplex tetra-primer-
ARMS-PCR coupled with capillary electrophoresis to study ARMS-PCR coupled with capillary electrophoresis to study 
CD40LG polymorphisms. Mol Cell Probes 2015; CD40LG polymorphisms. Mol Cell Probes 2015; 2929: 335-42.: 335-42.

112) 112) Aloui C, Sut C, Prigent A, et al. Are polymorphisms of Aloui C, Sut C, Prigent A, et al. Are polymorphisms of 
the immunoregulatory factor CD40LG implicated in acute the immunoregulatory factor CD40LG implicated in acute 
transfusion reactions? Sci Rep 2014; transfusion reactions? Sci Rep 2014; 44: 7239.: 7239.

113) 113) Garraud O, Chabert A, Pozzetto B, et al. Non-leukodepleted Garraud O, Chabert A, Pozzetto B, et al. Non-leukodepleted 
red blood cell transfusion in sepsis patients: beyond red blood cell transfusion in sepsis patients: beyond 
oxygenation, is there a risk of inflammation? Crit Care oxygenation, is there a risk of inflammation? Crit Care 
2014; 2014; 1818: 690.: 690.

114) 114)  Escobar GA, Cheng AM, Moore EE, et al. Stored packed  Escobar GA, Cheng AM, Moore EE, et al. Stored packed 
red blood cell transfusion up-regulates inflammatory gene red blood cell transfusion up-regulates inflammatory gene 
expression in circulating leukocytes. Ann Surg 2007; expression in circulating leukocytes. Ann Surg 2007; 246246: : 
129-34.129-34.

115) 115) McFaul SJ, Corley JB, Mester CW, Nath J. Packed blood McFaul SJ, Corley JB, Mester CW, Nath J. Packed blood 
cells stored in AS-5 become proinflammatory during storage. cells stored in AS-5 become proinflammatory during storage. 
Transfusion 2009; Transfusion 2009; 4949: 1451-60.: 1451-60.

Arrived: 30 November 2016 - Revision accepted: 16 December 2016
Correspondence: Fabrice Cognasse 
EFS Rhône-Alpes-Auvergne and GIMAP-EA 3064 
Faculté de Médecine, Université de Saint-Etienne - Campus Santé Innovation 
10 rue de la Marandière 
42270 Saint-Priest-en-Jarez, France 
e-mail: fabrice.cognasse@univ-st-etienne.fr

All rights reserved - For personal use only 
No other use without premission




