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Abstract 

Transfusion of red blood concentrates (RCCs) is a lifesaving procedure. Nonetheless, a 

number of studies have revealed that transfusion of RCC products is still associated with 

increased risk of serious clinical outcomes. Additionally, studies demonstrating the deleterious 

consequences of transfusion-related immunomodulation have had conflicting results. While 

many previous studies have focused on accumulation of potentially harmful 

immunomodulatory mediators during RCC storage, recent randomized clinical trials have failed 

to demonstrate benefit with fresh RCC transfusion in critically ill or hospitalized patients. 

Noteworthy, it has been suggested that RCC manufacturing methods, which are rarely 

accounted for in interventional trials, may have confounded these results. In addition, the 

presence of extracellular vesicles (EVs) in RCC product is an important factor that has emerged 

as a potential mediator of the immunomodulatory activity post transfusion. Therefore, this 

research has focused on investigating the impact of different manufacturing methods and 

extracellular vesicles on immunomodulatory activity of RCC in vitro as an approach to 

minimize or eliminate the parameters responsible for poorer clinical outcomes.   

This thesis tested the hypothesis that non-RBC generated vesicles in RCC are potent 

mediators of RCC immunomodulatory activity in vitro, and the characteristics of these vesicles 

are influenced by method of blood component manufacturing and length of RCC hypothermic 

storage. Investigations were conducted at several levels, from detecting and characterizing 

extracellular vesicles in RCC products using different approaches, to assessing the 

immunomodulatory activity that EVs play in vitro as a function of blood manufacturing method 

and storage duration.  
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Despite the progress that has been made to understand EVs, the technical limitations and 

lack of standardization of procedures used in EVs characterization likely contribute to the 

considerable variability in the reported literature. As the biological complexity of EVs creates 

excessive challenges and difficulties in detecting, and characterizing these EVs, most studies 

do not take into account the heterogeneity of EVs in the RCC products in terms of concentration, 

content, size, and phenotype (cell of origin). Therefore, for this research different detection 

methods were used, including flow cytometry, dynamic light scattering and the novel tunable 

resistive pulse sensing technique to characterize the diversity of EVs in the nano and sub-micron 

range. Results of this work have verified that RCCs contain a mixed population of EVs and not 

all EVs in RCC are solely from the constituent RBCs.      

Furthermore, assessing the impact of the blood component manufacturing methods on 

quality characteristics of stored RCCs showed that blood manufacturing methods significantly 

influence the immunomodulatory effects of RCC supernatant on monocytes in vitro and 

significantly affect RBC and non-RBC EV characteristics throughout storage. Collectively 

these differences have the potential to impact quality and safety of RBC products. The work 

presented here is among the first to document a functional consequence related to RCC quality 

measures and EV characteristics that result from different blood component manufacturing 

methods. In addition, this work showed that automated washing of RCCs products can reduce 

the immunomodulatory activity associated RCC supernatants in vitro.  

This work provides a better understanding of the issues that exist with current blood 

products, as an aim to improve the blood component manufacturing processes and the quality 

of the stored RCCs. This research contributes to our understanding of the complex relationship 

between the storage duration, blood manufacturing method, what is in the blood bags, and 
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transfusion-related immunomodulation. Herein a novel and strong scientific foundation for the 

role of blood manufacturing methods and RCC EVs in immunomodulation is discussed. The 

tools and methods used in this work can be used in the future studies to identify the specific 

factors or mediators associated with transfusion-related immunomodulation.  
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the Canadian Blood Services Ethics Board, Project Name “Role of blood component 
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by Dr. Jason Acker (Professor at University of Alberta) with Drs. Jennifer A. Muszynski 
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California, Blood Systems Research Institute, San Francisco, USA), and Nicole Juffermans 

(Academic Medical Center, Amsterdam, the Netherlands). Cytokine data for the monocytes 
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was performed by PhD student (Mathijs R. Wirtz, Academic Medical Center, University of 
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Amsterdam, Amsterdam, the Netherlands).  Note that the pulmonary cell assay is part of another 

PhD thesis and therefore, is not be included in this thesis, but used to support the discussion in 

Chapter 4.  Potassium supernatants were analyzed by laboratory services at University of 

Alberta Hospital. Data collection for hemolysis was performed with technical help of Tracey 

Turner (Centre of Innovation, Canadian Blood Services). Samples for residual WBCs were sent 

to Canadian Blood Services National Testing Lab for data collection. The remaining data was 

collected by myself.   

Cytokine analysis in Chapter 5 was done in collaboration with Dr. Donald Branch at 

Canadian Blood Services in Toronto. Multiplex Cytokine analysis was performed by Dr. Trang 

Duong from the Hospital for Sick Children Research Institute in Toronto. The data collection 

for the MMA and HUVEC assay was performed with the help of Betty Kipkeu (MSc student, 

Laboratory Medicine and Pathology, University of Alberta). Data for EV cell of origin was 

collected in Dr. Norris Lab (Blood Systems Research Institute, San Francisco) by Dylan 

Hampton. Samples for residual WBCs were sent to Canadian Blood Services Brampton Testing 

Lab for data collection. The remaining data was collected by myself.  

The experimental designs in Chapters 2 were developed by myself. The experimental 

designs in Chapters 3 and 4 was developed with the assistance of Dr. Acker and Anita Howell, 

as well as our collaborators. The experimental design in Chapter 5 was developed by myself.  

The data analysis in Chapters 2, 3, 4 and 5 and concluding chapter 6 are my original work, as 

well as the literature review in Chapter 1. Dr. Qi-long Yi (Canadian Blood Services statistician) 

assisted with statistical analysis for Chapter 3 and 4.  
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author and was involved with concept formation, data analysis and manuscript editing.  

Chapter 3 of this thesis has been published in two manuscripts. The first paper of this 
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1.1.THE RISKS ASSOCIATED WITH LIFE-SAVING BLOOD TRANSFUSIONS 

Transfusion of red blood cell concentrates (RCCs) is a necessary, lifesaving medical 

intervention. RCCs are given to increase oxygen delivery to tissues in clinical situations where 

the circulating RBC level is low (anaemia). Approximately 1.2 million RCCs are collected and 

transfused each year in Canada1,2, and more than 90 million units are transfused globally3.  

RCCs are used to treat patients in a wide variety of medical and surgical interventions.  

Approximately 30% of critical care patients, and more than 50% of cardiac surgery patients will 

receive blood products during their hospital stay 4,5. Unfortunately, like any medical therapy 

blood transfusion comes with risks. 

As a global industry committed to improving the safety of blood products, significant 

efforts have been made to reduce the infectious risks associated with blood transfusion. For 

example, the occurrence of transfusion-related infections is now very low (approximately 1 in 

8 million for HIV, 1 in 6.7 million for Hepatitis C and 1 in 1.7 million for Hepatitis B).6  With 

the risk of transfusion-transmitted disease significantly reduced, efforts are now focusing on 

several immune and non-immune transfusion adverse events such as acute and delayed 

hemolytic reactions, Transfusion Related Acute Lung Injury (TRALI), Transfusion Associated 

Circulatory Overload (TACO), and hypotensive reactions that have been associated with 

increased mortality and morbidity in transfusion recipients (summarized in7,8).  

There is an emerging interest in the risks posed by the ability for blood transfusion to 

modulate the immune system of recipients. Transfusion Related Immunomodulation (TRIM) 

has been implicated in adverse clinical outcomes such as increased infection, acceleration of 

cancer growth, multiple organ dysfunction and short-term mortality after transfusion9,10. 

Purported mechanisms for TRIM include the release of immunosuppressive prostaglandins, 
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activation of T lymphocytes by exosomes, inhibition of cytokine production (IL-2), suppression 

of monocytes and cytotoxic T-cells and increase in T-cell suppressor activity9,11,12.  A large 

number of observational trials have suggested the RBC transfusions may be associated with 

increased morbidity and mortality8, with several studies attempting to demonstrate the 

deleterious consequences of transfusion induced immune suppression with conflicting results.13-

17 While efforts to understand the biological mechanisms responsible for TRIM are underway, 

and clinical studies to examine the outcomes associated with immunomodulation continue, the 

role that blood component manufacturing has on the cell and cell-free components within blood 

components is rarely appreciated.  This article will review the current evidence for a role for 

extracellular vesicles (EVs) in transfusion-related immunomodulation and will discuss the 

impact that different methods used to collect, manufacture and store blood have on the 

composition and characteristics of EVs in RCCs. 

 

1.2.EXTRACELLULAR VESICLES - WHAT ARE THEY? 

 

1.2.1. A Definition of Extracellular Vesicles 

The first discovery of extracellular vesicles was in 1964 when Chargaff and West18,19 

identified “subcellular factors” in cell-free plasma and showed that these factors played a role 

in blood clotting.  In 1967, Wolf20 confirmed the presence of these subcellular factors using 

electron microscopy when he was studying the “platelet dust” that was known to be shed by 

platelets during storage19,21. In most recent reviews, EVs are classified based on the mechanism 

of formation and the biophysical properties of the vesicles22.  Accordingly, EVs can be 

categorized into two major types: exosomes and microvesicles19. 
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1.2.2. Mechanism of Microvesiculation  

Microvesiculation is a controlled process by which EVs or, membranous vesicles are 

formed and released in vivo and in vitro by cells in response to a variety of conditions and 

stimuli including hypoxia, oxidative stress and shear stress23-26.  Cells can release a mixed 

population of EVs which are heterogeneous submicron-sized vesicles surrounding by a 

phospholipid bilayer and contain proteins, lipids, and variety of genetic molecules27-31. 

Although the term cell-derived vesicles or EVs is usually used when referring to the exosomes 

and/or microvesicles32,33, this is dependent on the formation, function, cell of origin, and 

characterization.  

2.2.1. Exosome Formation  

Exosomes are released by many types of cells and they existing in most, if not all, of the 

biological fluids including, but not limited to saliva, urine, milk, blood, seminal and 

cerebrospinal fluid19,33. There are two general pathways or mechanisms for exosome formation 

19,24,33-35. The first one is the classical mechanism where the exosomes originate as a 

consequence of multivesicular bodies (MVBs) fusing with the plasma membrane. Briefly, this 

process starts by inward budding after a selection of proteins and lipids to form vesicles inside 

the intraluminal vesicles (ILVs).  The late endosomes accumulate inside the cell and are termed 

MVBs. Subsequently, these MVBs could fuse with the lysosomes or fuse with the plasma 

membrane. The fusion between the limiting membrane of the MVBs with the plasma membrane 

results in the release of the exosomes into the extracellular space. Protein sorting is one of the 

main reasons for MVBs formation and the release of vesicles which allows the maintenance of 

specific proteins in the plasma membrane or the elimination of others28,36. It has been shown 

that activated platelets undergo exocytosis or the release of exosomes not only via MVBs but 
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also by the fusion of platelet α-granules24. Additionally, it has been shown that the MVBs serve 

in an intermediate stage of α-granules production37,38. For a further understanding of the platelet 

secretory system, the formation, characterization, and secretion mechanisms of granules is 

reviewed by Koseoglu et al25. 

In 2006, Booth et al34 described a direct exosome formation pathway.  They show that 

the exosome formation as presented by Denzer et al24 and Stoorvogel et al35 is not the only 

pathway that exists in cells. By studying Jurkat T-cells, Booth et al. showed that these cells have 

endosome-like domains of plasma membrane and from these domains the cell can directly bud 

and release exosomes which share similar functions as the other extracellular vesicles. Although 

other cells, such as erythroleukemia cell lines, have been shown to form exosomes directly, the 

range of cells that may directly release exosomes are still not yet known19. Therefore, additional 

investigations are required to define cells types which are capable of directly release these 

exosomes under different conditions and to determine what influences this specific type of 

formation.  

It has been demonstrated that these two types of exosomes (formed by the classical and 

the direct pathway) are very similar in diameter, density and surface markers which make it 

very difficult to distinguish between them19. This has made the identification and the biogenesis 

classification of EVs even more complex and challenging. Studies to discriminate these 

exosomes from the other EVs and to eliminate the confusion in the classification are needed. 

1.2.2.2.Microvesicles (MVs) Formation 

In general, the formation of microvesicles or microparticles involves an outward 

shedding of the plasma membrane when the cell undergoes cytoskeletal re-organization and 

loses asymmetrical distribution of lipids within the plasma membrane22,39. Typically, under 
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resting conditions, phosphatidylserine (PS) is located in the inner leaflet of the plasma 

membrane39. The asymmetric distribution of PS is maintained by three different enzymes: 

flippases, floppases and scramblases39.  The inward (flip) and outward (flop) PS translocations 

are ATP-dependent while the movement of PS between both membrane leaflets (scramblases) 

is ATP-independent39.  However, when the cell undergo simulation, injury or apoptosis, the 

floppase can mediate the translocation of the PS to the outer leaflet of the plasma membrane.  

Loss of lipid asymmetric distribution can rapidly occur when calcium influx inhibits the activity 

of the flippase allowing for translocation of phospholipids39.  

Based on this principle of formation it is expected that all microvesicles express PS on 

their surfaces but this is not always the case. It has been shown that some endothelial-derived 

microvesicles are PS-negative when labelled with Annexin-V39,40. Therefore, the expression of 

PS on microvesicles is still controversial39. However, in order to understand these types of 

matters and to examine the logic behind the EVs formation, it is important to look at the factors 

mediating the microvesiculation. 

1.2.2.3. Regulation of Microvesiculation  

Microvesiculation will vary under different situations24,39. While the mechanisms 

underlying vesiculation are not well established, a number of studies highlight several factors 

that can enhance or diminish this process33,35,41. For instance, it has been shown that changes in 

intracellular calcium can trigger the release of MVs33,41,42.  In addition, the fusion of MVBs with 

the plasma membrane, the last step of exosome secretion, may involve an interaction between 

specific SNARE proteins (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors)24,33. From a blood storage point of view, it is known that several changes occur to 

stored blood which can trigger and induce microvesiculation. For example, prolonged storage 
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of red blood cells, leads to an increase in lipid peroxidation and protein oxidation as a result of 

oxidative stress which can contribute to the formation of MVs43.  Moreover, the depletion of 

ATP and the elevation of intracellular calcium concentration during ex vivo storage can enhance 

microvesiculation44. Consequently, these changes reduce the quality of the cells and increase 

number of PS-positive MVs which may lead to numerous adverse clinical outcomes post 

transfusion as these MVs circulate in the blood stream45.  

It is recognized that the EVs in the red cell concentrate contain a mixture of 

microvesicles and exosomes46. However, as erythrocytes are able to produce MVs but lack the 

capacity to release exosomes47,48, there has been some difficult in attributing adverse clinical 

events directly to the red blood cell MVs.  Therefore, an accurate classification of the EVs is 

critical in studying the potential effects of each type of EVs on the quality of the blood products.  

However, it is important to mention that the formation of EVs is not always bad.  Reticulocytes, 

an immature erythrocytes, form and release exosomes during maturation as a means to clear 

some membrane proteins such as the transferrin receptor23,24,35,49. This demonstrate that 

exosomes can mediate the clearance of cellular waste and are involve in cell hemostasis32,50. 

Even though there are vast studies that explain the formation of EVs, there is a lack of 

knowledge on the molecular mechanisms of microvesiculation51. Perfect understanding of the 

biology of microvesiculation is important to understand the advantages and prevent the adverse 

effects of these vesicles.  

1.2.3. Characterization of Extracellular Vesicles  

In addition to the differences in biogenesis, EVs vary in other properties such as size, 

composition and biomarkers. While exosomes are generally small spherical vesicles (~50-100 

nm), the microvesicle or microparticles are morphologically more heterogonous (~50-1000 



8 
 

nm)32,51-54.  The biophysical and biochemical parameters of these vesicles reflect their 

biogenesis and cell sources.  EVs hold specific biomarkers that have been shown to differ from 

cell to cell and reflect the content and the surface markers of their cell origin55-57. Accordingly, 

these different makers can be used to characterize EVs. For example, exosomes can be 

characterized by the proteins that are associated with the fusion and the sorting process such as 

the GTPases, annexins and flotillin. Taking cell markers into consideration, red blood cell MVs 

can be identified by the presence of glycophorin A58.  However, Choi et al.57 pointed out that 

several studies report different findings and significant variances in EV protein compositions, 

which are likely due to the differences in the techniques used for isolation, purification and 

characterization.   

1.2.4. Limitation in Classification and Characterization  

Although numerous reviews and articles significantly contribute to our understanding 

of EVs and their possibility in mediating physiological and pathological processes, some 

important problems require our consideration. The first matter is associated with the confusion 

in the terminology used to name the membranous vesicles59.  The practice is to name the EVs 

based on their cell of origin (e.g. platelet-derived vesicles, red blood cell-derived vesicles, and 

leukocyte-derived vesicles) while recently an argument was made to name the vesicles based 

on the mechanism of formation (exosome, microvesicles, and apoptotic bodies) in order to 

overcome problems with the preparation of the vesicles59-61.  The second challenge in 

classifying EVs has to do with the different methods used in their isolation and purification. 

Isolating vesicles from plasm without protein contamination or aggregation is still a major 

challenge59,62. The third challenge is with the inconsistency used to classify EVs according to 

size.  For example some studies define the size range for the exosome from 50-100 nm63 while 
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others give a range from 40-150 nm32. These data suggest that the biological complexity of EVs 

including the variation in morphology, size, composition, cellular source and mechanism of 

formation, can contribute to the technical challenges and difficulties in isolating, detecting, and 

characterizing EVs19,56. Although there are a wide variety of methods and techniques being used 

to purify, identify, quantify and characterize EVs, there are several limitations associated with 

these techniques27,28,30,56. There is a significant need for standardized methods and 

improvements in technologies to detect and characterize EVs.  

1.2.5. Function of Extracellular Vesicles 

Extracellular vesicles are gaining significant attention in the literature due to their 

potential role as biomarkers for disease, their use as delivery systems, and their role in various 

biological and pathological processes53,64-68. Over the last decade, it has been shown that EVs 

act as vehicles for the transport of specific cell components including lipids, proteins and 

functional nucleic acid (such as RNA molecules) from a donor cell to recipient or target cell64,68-

71. The delivery of the EV cargo can result in modification or modulation of the recipient cell 

function54,64,69. This procedure was shown in studies69,72 which detected a high amount of 

microRNAs (miRNAs) inside EVs that were not only transferred to the target cells but also 

translated into proteins. The data suggests that EVs have the ability to modulate functional 

genetic information through a novel mechanism of cell to cell communication or intercellular 

exchange69. The promise of this discovery has led to a significant growth in the study of EVs as 

drug delivery vehicles to promote therapeutic activity, such as gene therapy, and to reduce 

adverse pharmaceutical side-effects54,64,68,69,72. It is important to mention that both types of EVs, 

microvesicles and exosomes, have shown the capacity to deliver molecular cargo from one cell 

to another69,72-74. Nevertheless, the term “exosomes” is used more than “microvesicles” in this 
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approach, which could be due to the fact that exosomes have been the EVs most extensively 

studied 68,75. However, most of the studies use the term EVs because the terminology and 

classification is not standardized yet as previously mentioned54,60.  

EVs are an attractive candidate as therapeutic, drug delivery vehicles and as diagnostic 

markers due to their natural occurrence and ability to carry and transfer molecular cargo to target 

cells54,64,69,71,72. Extracellular vesicles as natural delivery system may be beneficial to eliminate 

or reduce the challenges associated with the current strategies of drug delivery such as 

liposomes, the synthetic delivery system64,69.  One of the major advantages of using EVs over 

liposomes is the complexity of surface compositions of EVs which can lead to the effective 

transfer of the cargo and efficient fusion or internalization with the recipient cell64,67.  In 

addition, EVs express complement regulators and self–markers to avoid recognition and 

clearance by phagocytes which can enhance their stability in the circulation64,76. Subsequently, 

EVs can circulate for longer time and transfer their cargo to the recipient cell even over long 

distances64. Regardless of these advantages and promising results, there are issues and 

challenges that need to be addressed before using them in clinical situations66,67,71. For instance, 

there is a general lack of understanding of the complicated roles and the related mechanisms of 

EVs in health and disease64,66,71,77. Moreover, there are difficulties in identifying the appropriate 

method to load particular types of cargo into EVs67,71. 

Cell to cell communication, an important process in multicellular organisms, is known 

to be achieved by either a direct contact between cells or by transfer of cell-secreted molecules 

such as growth factor, cytokines and chemokines78-82. Recently, EVs have been shown to be 

important mediators of cell-cell communication32,59,60,63,83. Extracellular vesicles can facilitate 

signal transduction in a paracrine and autocrine manner60,78,84. Studies have demonstrated 
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several possible mechanisms of effective interaction between EVs and target cells to deliver the 

cargo which include; fusion with the plasma membrane, binding to the recipient cell surface, 

and endocytosis or internalization24,33,79,85. However, these mechanisms are not well 

understood,79 and additional investigations and studies are required in this field. 

The participation of EVs in transferring genetic information is one of their most 

interesting functions54,79,80.  As previously mentioned, cells release EVs which can contain 

miRNAs into body fluids to communicate with target cells69,79,80.  MicroRNAs are small non-

coding RNAs that serve as regulatory molecules in various biological/pathological conditions 

such as inflammation and immune response79,86,87. Since the discovery of a role for miRNAs in 

immunomodulation, a number of studies have identified unique miRNAs that can regulate the 

immune response either by inhibition or promotion of transcription in immune cells79. These 

miRNA can be found in the extracellular environment bound to high-density lipoprotein, or 

packed into EVs to protect these miRNAs from degradation and facilitate effective 

transportation and cell to cell communication78,79. While several studies have provided evidence 

that EVs can transfer active molecules and mediate intercellular signalling or exchange, the 

mechanisms of molecule sorting into EVs and the exact cell signalling pathways are far from 

being understood33,78,79. 

 

1.3. EXTRACELLULAR VESICLES AND TRANSFUSION-RELATED 

IMMUNOMODULATION 

 

1.3.1. Transfusion-Related Immunomodulation 

Transfusion-related immunomodulation has been suggested as one mechanism to 

explain the adverse clinical outcomes, such as infection, multi-organ dysfunction and mortality, 
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that have been associated with blood transfusion88-90.  The TRIM effect of allogenic blood 

transfusion has been known since 1970 when whole blood transfusions were shown to enhanced 

graft survival after kidney transplantation91. Although the exact mechanisms of TRIM are still 

not resolved92, some possible mechanisms include: the suppression of cytotoxic cell and 

monocyte/macrophage activity, proliferation of suppressor T-cell activity, and inhibition of 

interleukin-2, and activation of T-cell by exosomes46,88,90,93,94.  These mechanisms have been 

suggested to be a result of the infusion of active allogenic leucocytes which down regulate the 

immunity of recipients, and/or the infusion of soluble mediators such as soluble human 

leukocyte antigen (HLA) peptides, histamine, proinflammatory cytokines, CD40 ligand 

(CD40L or CD154), free hemoglobin, or EVs which have been shown to accumulate during the 

storage88,93-96. However, further studies, are necessary to identify the exact causes and triggers 

for TRIM and to understand the mechanisms associated with these clinical implications. 

1.3.2. Immunomodulatory Effects of Extracellular Vesicles 

Recently, the immunomodulatory potential of EVs in the blood products has emerged 

as an important focus of studies in transfusion medicine63,97,98. It has been shown that EVs may 

play a significant role in mediating immunomodulatory effects46,99-101. For example, it has been 

found that EVs in the RCC units, which accumulate during storage, contribute to neutrophil 

priming and activation and thus promote the inflammatory response in the transfused patient 

with older blood98,101. Moreover, it has been suggested that EVs transfer genetic information 

such as miRNA, which may play an important role in regulating the immune system84,102. In 

addition, platelet EVs can be messengers that may affect recipient immunity79,84. It has been 

revealed that platelet EVs expressing CD40L can deliver signals to B cells to simulate 

immunoglobulin G (IgG) production and recruit adaptive immune response in support CD4+ T 
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cell84,103,104. This indirect interaction between EVs and T cells was shown by Danesh et al46 who 

suggest that blockade of CD40L can prevent an increase in T-cell proliferation.  Furthermore, 

there are several other ways that EVs influence inflammation or coagulation processes such as 

the presence of PS on their surface which can trigger the production of the tissue factor19,82,105. 

A number of studies have shown other effects of EV on the immune system including their 

ability to enhance production of chemokines and cytokines, stimulate the proliferation of T cell, 

and induce tumor necrosis factor (TNF-a) production by monocytes46,106. However, the role of 

EVs in RCCs on TRIM is not firmly established as shown by the work of Muszynski et al107, 

who suggest that the effect of stored RCCs on the immunosuppression of monocyte is due to 

protein-bound RNAs and not EVs in RCC units.  

The discrepancy in the potential mechanisms observed among studies can be due to a 

number of factors including differences in the blood products studied, techniques, tools, and 

different manipulation processes. Zhang et al63 reviewed the potential immune modulatory roles 

of the EVs from immune cells and non-immune cells. They suggest that there can be different 

effects from EVs on the immune system depending on different factors such as the EV cell of 

origin, the class of the EVs, as well as the type of EVs isolation methods used. Studies 

examining the role of EVs on TRIM are often difficult to evaluate as there is significant 

confusion or over generalization in terminology that is used to describe what is being examined 

59,78,84 rather than appreciating the role for each type of EVs individually. For instance, Danesh 

et al46 indicated that RCC EVs as small as 200 nm and positive for CD63 marker are exosomes 

but not microvesicles and they (the exosomes) are the type of EVs that induce cytokines TNF-

a secretion in monocyte.  According to their study, they excluded the microvesicles while 

several studies prove that microvesicles, including erythrocyte EVs, can be in the range of 200 
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nm32,53,63,105,108. In order to better understand TRIM, efforts need to be taken to characterize the 

phenotype of all EVs within the population and to understand the role that each has on the 

biological effect being studied. Understanding the immunomodulative action of each type of 

EVs in RCC units can be a great help to understand their potential roles adverse transfusion 

outcomes. 

1.3.3. A Role for Hemoglobin-Bound EVs in TRIM 

Erythrocyte membrane, hemoglobin, and cellular energetic are the fundamental 

components required for effective oxygen transportation to the tissue109. As the erythrocyte ages 

under the hypothermic storage conditions, the metabolic components are depleted, resulting in 

a changes to the cell membrane which target the erythrocytes for destruction110,111. The 

disruption of the erythrocyte membrane leads to the formation of extracellular vesicles (EVs) 

and the release of hemoglobin, as free hemoglobin and EV-bound hemoglobin, into the 

surrounding environment111,112. In circulation, cell-free hemoglobin and hemoglobin-bound 

EVs react with the vasodilator nitric oxide (NO), an important molecule which modulates blood 

flow, much faster than intact RBCs. This results in an increase in NO consumption which will 

induce vasoconstrictions, hypertension, vascular injury, and may enhance inflammation post 

transfusion110,111,113. Transfusion of stored RCCs or supernatant from stored RCCs can 

inactivate endothelial NO, induce systematic hypertension and may partly participate in 

multiple organ dysfunction and mortality, especially when massive transfusion is required113-

116.   

Soluble and EV-bound hemoglobin are present in the RCCs, and the amount of the EV-

bound hemoglobin can exceed the amount of cell-free hemoglobin117. EV-bound hemoglobin is 

much more effective that free hemoglobin at removing NO from circulation as EV-bound 
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hemoglobin is not cleared by haptoglobin following transfusion111. Transfusion of stored RCCs 

can cause systematic inflammatory activation via the mononuclear phagocyte system, and this 

is associated with membrane-encapsulated hemoglobin118. Moreover, it has been shown that 

EVs in stored RCC units can promote inflammatory chemokines bioactivity upon interaction 

with platelets in vivo106.  In order to understand the potential roles of EVs on the deleterious 

clinical events after transfusion of RCCs, it is important to determine the role that EVs and 

hemoglobin-bound EVs may have on TRIM.  

 

1.4. RED BLOOD CELL CONCENTRATES AND MANUFACTURING METHODS: 

ARE ALL RED BLOOD CELL CONCENTRATES EQUIVALENT? 

 

1.4.1. Whole Blood Processing Methods and RCC Storage Affect Quality 

While RCCs are stored in the blood bank refrigerator, they are still metabolically active 

and as a result undergo progressive storage age-related changes. This “hypothermic storage 

lesion” includes oxidation of cellular structures and membrane vesiculation resulting in loss of 

membrane flexibility, and depletion of other key metabolites such as ATP and the hemoglobin 

regulator 2,3-DPG119,120. This current knowledge of the red cell storage lesion has been used to 

propose biological pathways to explain mechanisms whereby older blood could contribute to 

patient morbidity and mortality. Several biological pathways have been suggested, including: 

the role of microvesicles in stored blood in the pathogenesis of thrombosis, inflammation and 

responses to pathogens121; activation of platelets in the stored RCC product that could cause 

platelet-white blood cell aggregate complexes with procoagulant activity122; deformability 

changes that result in red cells becoming entrapped in the spleen123; decreased blood flow 

because of rigidity of transfused red cells, and decreased oxygen delivery as microvesicle-
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entrapped hemoglobin and free plasma hemoglobin serve as potent scavengers of nitric oxide 

once a patient is transfused110. The possible impact of the duration of RCC storage prior to 

transfusion on outcome has been tested in a number of large, international, randomized 

controlled trials (RCTs)124-127, but other factors may also contribute to the “storage lesion” and 

related transfusion outcomes.  

One element that is emerging as an important mediator of “what’s in the bag” of 

transfused RCCs is the manufacturing methods that are used to separate the RBCs, platelets and 

plasma from whole blood. The method used to separate blood components from whole blood128-

131, the storage solutions used132-134 and other factors such as pre-storage leukoreduction135 have 

all been shown to affect the characteristics of transfused products and may influence quality. 

Variation in blood products also arises from normal biological differences in the donor 

population134,136. Therefore, it has been very difficult to achieve any level of global, or even 

national, standardization of blood products, which has confounded current clinical and 

laboratory based studies aimed at examining transfusion reactions137.  

By examining the characteristics of RCCs produced in Canada, we have shown a lack of 

equivalency across the red cell products distributed for transfusion138-140. Similar studies in the 

US have evaluated RCCs prepared from whole blood donations using the platelet rich plasma 

method for separation and RBCs collected through an automated apheresis process (both 

methods not currently used in Canada)141.  Collectively, these studies showed differences in the 

levels of hemolysis, potassium, cytokine and microparticle levels, oxidative stress, oxygen 

carrying capacity, deformability, and residual plasma, platelet and leukocyte concentrations.  It 

is no longer appropriate to consider all RCCs used in transfusion as being equivalent. 
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While it is well established that differences in the methods used to manufacture RCCs can 

have an impact on the in vitro quality characteristics, there is limited data to show that these 

differences have any clinical relevance.  In a recently published retrospective study, the method 

of whole blood processing was shown to be associated with in hospital mortality of transfused 

adults 142.  Patients who received fresh RCCs (≤ 7 days of storage) that were prepared by a 

whole blood filtration, top / top manufacturing method were associated with a higher risk of in-

hospital mortality than was transfusion with mid-age RBCs (stored 8-35 days) prepared by the 

red cell filtration, top / bottom method.  This work is significant in that it suggests that blood 

component manufacturing is important and that different clinical outcomes may be determined 

by the method used to collect, store and manufacture the blood components. 

1.4.2. Extracellular Vesicles and Different Blood Component Manufacturing Methods 

An increase in EVs with storage has been identified as a significant indicator of storage 

lesion143-146.  The number of EVs in a RCC will vary during the storage depending on the storage 

solution that is used. For example, a higher number of EVs has been observed in RCC with 

SAGM (saline-adenine-glucose-mannitol) in comparison to RCC with AS-1(Additive solution-

1)138. In addition, the populations of EVs in stored RCCs is heterogeneous in terms of size, 

concentration, composition and cell of origin and will depend on the component preparation 

method that is used138,140,147,148.  Leukoreduced RCCs have much lower concentrations of 

platelet- and leukocyte derived EVs that non-leukoreduced products148.  Manufacturing 

processes known to affect the level of hemolysis in the RCCs, such as centrifugation force, hold 

time and temperatures before component separation and component extraction have been 

associated with an increase in EVs in the RCC.  In addition, EV accumulation during storage 

has been shown to be significantly different among different blood donors with the impact of 
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donor age, sex and donation frequency being potential factors44,115,134,149. Therefore, it is 

important to study how blood component manufacturing can affect the composition of the RCC 

and the potential role that each fraction in RCCs can have on the biological activity of the 

products.  

When we consider a RCC, there are three distinct fractions that are influenced by the blood 

component-manufacturing environment. They are: 1. Cellular Fraction. This fraction contains 

the targeted red blood cells. Irrespective of the method used for RCC production, RBCs 

predominate in this fraction throughout the product storage duration. Depending on the method 

used for RCC production, the concentration of non-RBC cells (ie. platelets, leukocytes, 

endothelial cells) in this fraction will vary.  2. Extracellular Vesicles.  This fraction contains all 

of the EVs found in the blood of healthy donors that are not removed during component 

production, as well as those EVs formed during production and RCC storage. It has been shown 

that the phenotype of the EVs in RCCs will dramatically change during storage as cells age in 

the blood bag and undergo apoptosis and necrosis120,150,151. It has been shown that characteristics 

of this fraction will vary with the method of RCC production. For example, pre-storage 

leukoreduction not only removes leukocytes but also platelet-derived EVs in the RCCs152, with 

the timing of the filtration and the product filtered (i.e. whole blood vs buffy coat depleted 

blood) influencing the EVs in the RCC153. 3. Storage solution/medium. This fraction contains 

what remains from RCCs after fractions 1 and 2 are extracted. It can also be seen as the “vesicle-

depleted supernatant”. It contains water-soluble cellular by-products (i.e. hemoglobin, 

potassium, hydrophilic lipids) that accumulate in RCCs as a result of the storage lesions. The 

composition of this fraction changes throughout storage and is heavily influenced by the cell 

fraction released due to oxidative stress and membrane lysis.  
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Each fraction present in a RCC can contribute uniquely to transfusion-associated immune 

activation and vascular reactivity. These include but are not limited to immune activation by Hb 

and free heme154, NO scavenging by free and membrane-bound Hb110, immunomodulation by 

cytokines released by “contaminating” WBCs and platelets155, increased phosphatidylserine 

(PS) exposure-mediated adhesion to the endothelium156, pro-coagulatory activity by EVs 

expressing PS45,157, immune activation by EV carrying complement and immunoglobulins158, 

and potentiation of pro-inflammatory effects by water-soluble oxidized products of arachidonic 

acid159. Complicating our ability to understand the role that each factor may have in specific 

transfusion-associated reactions is the underlying pathology of the patients receiving the blood 

products160,161. Understanding the individual contributions of each fraction to immune 

activation or suppression will greatly help in understanding the role that blood component 

manufacturing plays in this multifactorial environment. 

1.4.3. Can Manufacturing Method Be Used to Reduce TRIM? 

Several approaches have been introduced to improve the quality of the stored blood and to 

reduce post-transfusion adverse outcomes15,162-164. Leukoreduction is one of the practical 

strategies to improve the RCC quality by removing 99.9% of leukocytes and platelets15. 

Leukoreduction can reduce the quantity of the non-RBC EVs and may reduce the bioactivity of 

these EVs when taking the method of production into consideration.  However, leukoreduction 

mitigates, but does not abrogates the immunomodulatory effects of transfusion15. For that 

reason, washing of RCC to remove the soluble mediators/factors and reduce the bioactivity of 

the stored RCC, regardless of the manufacturing method, maybe an effective additional 

procedure to reduce the immunomodulatory effect of transfusion15,162,165.  Enhanced 

leukoreduction and washing of RCCs may lead to reductions in the incidence of TRIM. 
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1.5. CONCLUSION 

Transfusion of RCCs is a lifesaving procedure. However, several studies have shown that 

RCC transfusion is associated with an increased risk of serious and lethal adverse clinical 

outcomes. Data is emerging which suggests that extracellular vesicles in stored RCCs may have 

a role in mediating the immunomodulatory effects of RCC transfusion. However, RCC units 

have been shown to contain a mixed population of EVs and not all EVs in RCC are solely from 

the constituent RBCs. The concentration of the different EVs (the RBC EVs and the non-RBC 

EVs), their composition, as well as their effects on the quality of the products vary depending 

on the manufacturing methods used to produce the RCC units. The influence of the different 

component manufacturing methods on RCC fractions, including non-RBC cells and non-RBC 

EVs, which may contribute to TRIM, are only now beginning to be examined.  With 

improvements in blood component manufacturing technologies and processes, the impact that 

EVs have on post-transfusion outcomes may be reduced or eliminated. Studies are necessary to 

better understand the important donor, manufacturing, storage and recipient factors affecting 

the role of EVs on patient outcomes. 

 

1.6. THESIS APPROACHES 

Transfusion of RCCs is a lifesaving procedure. However, several studies have shown that 

RCC transfusion is associated with an increased risk of serious and lethal adverse clinical 

outcomes. Data is emerging which suggests that extracellular vesicles in stored RCCs may have 

a role in mediating the immunomodulatory effects of RCC transfusion. However, RCC units 

have been shown to contain a mixed population of EVs and not all EVs in RCC are solely from 
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the constituent RBCs. The concentration of the different EVs (the RBC EVs and the non-RBC 

EVs), their composition, as well as their effects on the quality of the products vary depending 

on the manufacturing methods used to produce the RCC units. The influence of the different 

component manufacturing methods on RCC fractions, including non-RBC cells and non-RBC 

EVs, which may contribute to TRIM, are only now beginning to be examined.  With 

improvements in blood component manufacturing technologies and processes, the impact that 

EVs have on post-transfusion outcomes may be reduced or eliminated. Studies are necessary to 

better understand the important donor, manufacturing, storage and recipient factors affecting 

the role of EVs on patient outcomes. Therefore, this research will focus on investigating the role 

RCC-derived EVs and blood component manufacturing methods on the immunomodulatory 

activity of hypothermically stored RCCs.  

The first part of this thesis focuses on detecting and identifying “what is in the bags” of 

differently manufactured RCCs and highlighting the presence of non-RBC fractions in the RCC 

products including residual cells and cell-derived EVs. The second part of this thesis was 

conducted to understand the role that cell-derived EVs and blood manufacturing methods may 

play in the quality and immunomodulatory activity of RCC products with an attempt to relate 

this knowledge to the development of better manufacture processing, preservation and 

transfusion. Thus, the last part of this research focuses on identifying strategies that may 

eliminate the parameters responsible for poorer clinical outcomes. 

 

1.7. HYPOTHESIS AND THESIS OBJECTIVES 

      This thesis will test the hypothesis that non-RBC generated vesicles in RCC are potent 

mediators in RCC immunomodulatory activity in vitro, and the characteristics of these vesicles 
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are influenced by method of blood component manufacturing and length of RCC hypothermic 

storage.    

The thesis consists of experimental studies with four specific research aims (SRAs): 

SRA1: Detect and characterize extracellular vesicles in stored red blood cell concentrate using 

different method of detection (Chapter 2). 

SRA2: Examine the impact of blood component manufacturing on extracellular vesicles and 

red blood cell quality control parameters during hypothermic storage (Chapter 3). 

SRA3: Assess the influence of blood manufacturing methods on red blood cell product 

characteristics, extracellular vesicles subtypes, and immunomodulatory activity (Chapter 4). 

SRA4: Investigate the effect of washing on extracellular vesicle and the immunomodulatory 

activity of stored red blood cell concentrate (Chapter 5). 
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Chapter 2* 

 

 

 

Extracellular Vesicle Characteristics in Stored Red Blood 

Cell Concentrates Are Influenced by Method of Detection 

                                                           
* A version of this chapter has been published as Almizraq RJ, Seghatchian J, Holovati JL, and 
Acker JP. Extracellular vesicle characteristics in stored red blood cell concentrates are 
influenced by the method of detection. Transfusion and Apheresis Science. 2017; 56 (2):254-
260. 
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2.1. INTRODUCTION 

Heterogeneous populations of extracellular vesicles (EVs) have been shown to be present 

in and accumulate in red blood cell concentrates (RCCs) throughout storage and can be an 

indicator of red blood cell damage1-5. Extracellular vesicles, including exosome and 

microvesicles/microparticles (MVs/MPs), are submicron-sized vesicles (50 nm to 1000 nm in 

diameter) released in vitro and in vivo from many types of cells6-9. Extracellular vesicles have 

recently gained considerable attention due to their roles in numerous biological processes10-13. 

Extracellular vesicles contain various bioactive molecules (proteins, lipids, and nucleic acids 

such microRNAs)12,14-18. Recently, it has been shown that EVs, both MVs and exosome, are key 

mediators of intercellular signaling and communication14,16,18-20. The biological complexity of 

EVs including the variation in morphology, size, composition, cellular source and the 

biogenesis, create excessive challenges and technical difficulties in detecting, quantifying and 

size profiling EVs6,21-23. It has been shown that different EV characteristics can be observed 

when a sample is prepared or analyzed with different procedures or techniques6,24,25. Of note, 

most studies examining the biological implications of RBC EVs do not take into account the 

heterogeneity of EVs in the RCC products in terms of concentration, content, size, and 

phenotype.   

Even though there are a wide variety of methods and techniques being used to detect and 

characterize EVs in blood products, there are several limitations associated with these 

methods6,24-26. For instance, flow cytometry (FC), is the most common optical method used to 

identify, quantify and characterize the EVs as it is readily available to research groups11,13,26,27. 

Nonetheless, one of the major limitations of standard FC is the lower limit of detection as most 

flow cytometers are unable to detect EVs less than 300 nm7,11,13,26.  Notably, several studies 
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have shown considerable attention to the importance of small EVs (exosomes) in cell-cell 

communication, cell signalling by participating in antigen presentation, and their potential roles 

in immunomodulation 15,28,29. Therefore, improved instrumentation and techniques have 

become available to allow the characterization of small EVs6,11,30,31.   

Nano-sizing instruments can be used to determine a wide size range of nano-sized 

particles by measuring the Brownian motion of particles in a sample using the dynamic light 

scattering (DLS). Dynamic light scattering is simple to apply and it can be used to accurately 

determine the size distribution of monodisperse populations of particles ranging from 1 nm to 

6 µm26. This technique enables the detection of the small particle that cannot be detected by FC. 

However, measuring polydisperse or heterogeneous populations, such as EVs from body fluids, 

becomes problematic because there is a tendency to bias results toward the detection of larger 

particles7,26. Furthermore, absolute concentrations of EVs cannot be determined by DLS 

techniques26. A tunable resistive pulse sensing (TRPS) technology can be used to determine the 

size and concentration of small particles6,22. The TRPS technology uses nanopore electrical 

impedance to achieve single-molecule detection that can be used to determine the concentration 

and size profile of a wide range of particles in a sample 22.  DLS and TRPS techniques provide 

the opportunity to resolve nanoscale EVs in blood products. 

The aim of this study was to evaluate the advantages and disadvantages of using three 

different techniques (TRPS, FC, and DLS) to characterize EVs in stored RCCs. 

 

2.2. MATERIALS AND METHODS 

2.2.1. Blood Collection 



 

49 
 

Whole blood was collected and RCCs were produced according to standard operating 

procedures at Canadian Blood Services.  Briefly, whole blood units were collected from eligible 

donors into Top-and-Bottom blood collection packs (LCRD quadruple T/B CPD/SAGM 500 mL 

Bactivam ITL, LQT7291LX, MacoPharma, Mouvaux, France) and processed using the Top-

Bottom filtration system (n=3). As previously explained 32,33, approximately 480 mL of whole 

blood was collected in 70 mL of citrate-phosphate-dextrose (CPD)-anticoagulant.  Units were 

held overnight and centrifuged to separate the blood components. The extracted red blood cells 

were suspended in about 110 mL of saline-adenine-glucose-mannitol (SAGM) within 24 hours 

of stop-bleeding time, and the RCC units were luekoreduced by filtration at room temperature. 

All units were then stored at 1-6 °C for up to 43 days.  

2.2.2. Sampling and Study Design 

Sampling was performed using a validated technique as previously described 34,35. At each 

testing point (day 3, 7, 21, and 42) units were gently massaged and thoroughly mixed by 

inversion and 12 mL of RBCs was aseptically drawn from each bag into 15 mL conical tubes 

using a sampling site coupler and an 18-gauge needle that attached to a 25 mL syringe. Samples 

were centrifuged at 2200 x g for 10 min at 4 °C (Eppendorf 5810R). The supernatant of each 

sample was equally distributed into three 1.5 mL microtubes for triplicate measurements as 

illustrated in the experimental design Figure 2.1. Prepared RCC supernatants were used for 

EVs characterization with TRPS, FC, and DLS methods to reduce variability in sample 

preparation across the methods. The microparticle size and concentration by the TRPS were 

measured on day 3, 7, 21, and 42. Since the TRPS technique is very time consuming, the 

microparticle count by flow cytometry and sizing by DLS were completed on the following 
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days; day 4, 8, 22, 43. Each sample (n=3) was run in triplicate in order to reduce sample 

variability, to verify results and generate acceptable data.  

2.2.3. Flow Cytometry Characterization of RCC EVs* 

      The RBC microparticle (RMPs) count was measured based on a flow cytometry flow rate 

technique as previously published4 with some modifications. Flow cytometry is the most 

common and ideal method used to quantify particles based on their phenotype36,37. The flow 

cytometer principle allows for the measurement of the properties of fluorescently labelled cells 

or particles in a suspension as they pass in a single file in front of a laser permitting the order to 

be detected, counted, and characterized38.   The light from a laser is either scattered or absorbed 

(fluorescence), and the detectors placed in flow cytometer, such as forward scatter (FSC) and 

side scatter (SSC), collect and measure the scattered and fluorescent light. Characterization of 

the particles is done by their size which correlate with the FSC light and by their relative 

granularity which is shown by the scattered light 36,37.  In this study, RCC supernatants (40 µL) 

were diluted with 1x phosphate buffered saline (PBS; pH 7.4) then incubated with a fluorescein 

isothiocyanate (FITC) anti-human CD235a antibody (Invitrogen, MHGLA01) for 15 min in the 

dark at room temperature (20-25 °C). For nonspecific antibody binding, an isotype control 

(FITC mouse IgG1, k isotype control; Invitrogen, Life Technologies, Frederick, USA) was 

used. Frozen RBCs (-80 °C) served as positive controls for RBC microvesiculation. Buffer with 

FITC-CD235a antibody but no RBCs or supernatant was used as the negative control. All 

samples were filtered using 12 x 75 culture tubes with filter tops (0.2 μm filter top tubes, VWR, 

Cat. No. CA28143-315). Prepared samples were run on a bench-top digital flow cytometer 

                                                           
* The author would like to acknowledge Dr. Aja Rieger (Flow Cytometry Core Manager, Faculty of Medicine 
and Dentistry, University of Alberta) for the training in flow cytometer. 
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(LSR-Fortessa X-20, BD Biosciences, San Jose, USA), which was equipped with 5 separated 

lasers (375 nm, 405 nm, 488 nm, 561 nm, and 633 nm) and the system operates using BD 

FACSDiva 8.0.1 software (BD Biosciences). Latex beads 1.0 µm in diameter (Bangs 

Laboratories, USA) were used to generate a gate around the desired population of microparticles 

to further classify them based on their size and only microparticles ≤ 1.0 µm in diameter were 

analyzed. FSC and SSC of the flow cytometer, measured on a logarithmic scale, was used to 

distinguish between RBC and RMPs populations. For this study only RBC-EVs/RMPs events 

were counted, as only particles positive for glycophorin A-FITC and less than 1.01 μm in size 

as shown on a FSC-SSC dot plot were detected. TruCOUNT beads (BD Bioscience, 

Mississauga, ON) were used to determine the absolute number of RMPs/μL. Absolute numbers 

of RMPs/μL were calculated using the following equation: 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑝𝑒𝑟 𝜇𝐿 = 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑅𝑀𝑃𝑠 (CD235a positive) 𝑒𝑣𝑒𝑛𝑡𝑠

𝑁𝑢𝑚𝑏𝑒𝑟  𝑇𝑟𝑢𝐶𝑂𝑈𝑁𝑇 𝑏𝑒𝑎𝑑𝑠 𝑔𝑎𝑡𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠
𝑥

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑟𝑢𝐶𝑜𝑢𝑛𝑡 𝐵𝑒𝑎𝑑 𝑝𝑒𝑟 𝑡𝑢𝑏𝑒

𝑆𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 
𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟     

Eq.2.1 

Where: 

Number of RMPs events = the number of FITC-CD235a/Glycophorin A positive events in the 

red blood cell microparticle gate 

Number of TruCOUNT beads per tube = the bead count from the TruCOUNT package for the 

specific lot number used  

Number of TruCOUNT beads event = the number of events in the TruCOUNT bead gate  

Suspension volume = the volume of buffer used to suspend the TruCOUNT beads, and 
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Dilution factor = determined from the ratio of buffer and Fluorochromes added to the RCC 

supernatant sample 

 

2.2.4. Dynamic Light Scattering/Zetasizer*  

     As the flow cytometer lacks the ability to resolve nanoparticles (e.g. EV < 200nm), we used 

a dynamic light scattering instrument, as DLS is the most widely used technique for the 

nanoparticles size measurements. The mean size (nm in diameter) of EV in RCC supernatant 

was determined using Zetasizer Nano S (Malvern Instruments Ltd, Worcestershire, UK) as 

previously described39. The DLS/Zetasizer Nano system measures the speed of particles that 

move by Brownian motion and correlates this to the size of the particles, where small particles 

move quickly and large particles move slowly. A leaser provides the light source to illuminate 

the sample particles and a detector is used to measure the intensity fluctuations of the scattered 

light by the different size of particles40,41. Uniform polystyrene microspheres of 120 nm, 200 

nm, and 400 nm diameter (Bangs Laboratories, USA) in a 0.01% concentration in PBS were 

used as standards. Supernatants (300 µL) were diluted with PBS (600 µL) and analyzed with 

the Zetasizer immediately using sample refractive index of 1.43 (phospholipid liposomes). 

Samples were allowed to equilibrate for 2 min at 25 °C. The dispersant refractive index value 

was 1.33 (water). The size of the observed EVs populations was determined by Z-average size 

and polydispersity index (PdI).  

2.2.5.  Tunable Resistive Pulse Sensing Assessment  

                                                           
* The author would like to acknowledge Dr. Luciana da Silveira Cavalcante (Laboratory Medicine and 
Pathology, University of Alberta) for the training and technical help with DLS. 
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      To be able to quantify and distinguish the different subpopulations of EVs based on their 

size profile, the number and size characterization of EVs were measured using a tunable 

resistive pulse sensing instrument (qNano system; IZON Science Ltd, Christchurch, New 

Zealand). The tunable resistive pulse sensing technology uses the Coulter principle on nanoscale 

and allows for single- molecules detection through a nano-sized pore22,42-44. In TRPS, a 

nanopore separates two types of fluid cells; 1) the lower fluid, which is filled with electrolyte 

solution (particle-free) and 2) the upper fluid which is filled with the sample of interest. When 

a voltage is applied across the fluid cell via silver-silver chloride electrodes, ions move between 

the electrodes through nanopore and create a baseline current. As a particle passes through the 

nanopore, it displaces a volume of electrolyte causing a temporary increase in the resistance and 

corresponding decrease in the measured current.  A temporary alternation in the established 

current detected allows for the sizing and counting of particles in electrolyte solution. Each 

particle or nanoparticle passing through the nanopore creates a blockade event “resistive pulse” 

which is displayed in real time. The magnitude of this blockade event is proportional to the 

volume of the particles44. Size profiling of sample particles (unknown particles diameter) can 

be accomplished by comparing the blockade events produced by the sample particles with the 

blockade events produced by calibration particles (known diameter)22,43,44. In this study, two 

different nanopores (NP200 and NP400, IZON Science Ltd) were used in this study to target 

EVs in the size range of 100 nm to 1000 nm using a standard stretch range (43-47 mm).  

Carboxylate polystyrene calibration particles (CPC200 and CPC500; IZON Science Ltd.) were 

used with the NP 200 and NP400 nanopores respectively for optimization and to insure an 

accurate size and concentration measurements. The size profile of EVs in RCC supernatant 

samples was performed by comparing the resistive pulses (blockades) of the EVs (unknown 
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diameter) with the resistive pulses resulting from measurement of calibration particles (known 

diameter).  Both CPC200 and CPC500 were suspended in Solution A (Fluid Cell Electrolyte, 

IZON Reagent kit, RK1, IZON Science Ltd) according to the target particle concentration as 

recommended by the manufacture. Supernatant samples were initially diluted with Solution Q 

(qEV Electrolyte, IZON Science Ltd) at 1:1 dilution and the sample dilution adjusted as required 

to target a particle rate of 1000-2000/min. Samples were filtered with a 0.80 μm syringe filter 

and/or 0.45 μm syringe filter before being analysed with NP400/NP200 respectively as 

recommending by the manufacturer. All calibration and sample measurements were run under 

the same conditions as recommended by the manufacture and at least 1000 particles were 

recoded with two different pressures. A minimum of 2 pA difference between the two pressures 

was applied with the standard pressure range (1 unit=1 mbar). The resolution range of NP200 

with CPC200 was set to detect EVs < 200 nm, while NP400 with CPC500 was set to detect EV 

≥ 200 nm. Data obtained were analyzed using Izon Control Suite software (Izon Control Suite 

Version 3.2.2.268, Izon Science Ltd). 

2.2.6. Statistical Analysis 

Data analysis was performed using statistical computer software (IBM SPSS Statistics 

23.0, Armonk, NY, USA). Analysis of variance (ANOVAs) was used to identify significant 

differences within the storage period for each assay. ANOVAs followed by a Scheffe post hoc 

test were used to evaluate any significance among pairwise comparisons of testing time points 

during the storage time. Probability (P) values less than 0.05 was considered significant. 

Correlational analysis was performed using SigmaPlot 13.0 (Systat Software Inc.) 
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2.3. RESULTS 

2.3.1. Flow Cytometry 

Fluorescence based flow cytometry was used to identify and quantify microparticles in 

RCC supernatant samples. Flow cytometric analysis showed that the absolute number of 

RMPs/μL (CD235a+) increased gradually during hypothermic storage (Figure 2.2). In 

comparison to day 4 of storage, a statistical significant increase in the number of RMPs/μL was 

detected on day 22 and day 43 (p < 0.0001), but there was no significant difference in the 

number of RMPs/μL on day 8 when compared with day 4 of storage (p = 0.979). 

2.3.2. Dynamic Light Scattering   

A Malvern Zetasizer nano-system was used to determine a wide size range of nano-sized 

particles in RCC supernatant samples using dynamic light scattering. Dynamic light scattering 

analysis of RCC supernatants showed that the zeta-average size of EVs (d.nm) changed during 

storage time (Figure 2.3). A significant increase in the zeta-average size of EVs was identified 

on day 8, 22 and day 43 in comparison to the initial testing point (day 4; p < 0.05). Results show 

that the average size of EVs increased from less than 100 nm on day 4 to about 200 nm on day 

43 of storage. 

2.3.3. Tunable Resistive Pulse Sensing 

An IZON Science Ltd qNano using TRPS technology was used to characterize the micro-

and nano-particles in RCCs. Results from the qNano show an increase in the concentration of 

EVs (EVs/mL) during RCC storage (Figure 2.4). Further characterization of EVs based on their 

size showed that the concentration of the EVs < 200 nm significantly increased throughout 

storage (p < 0.05; Figure 2.4A). In addition, a significant increase in the number of EVs ≥ 200 
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nm was observed on day 21 and day 42 of storage in comparison to day 3 (p<0.001), but no 

statistically significant differences were observed on day 7 in comparison to day 3 of storage 

(p=0.931; Figure 2.4B). Notably, overall qNano data indicated that the concentration of small 

EVs is greater than the larger EVs at all of the testing points during storage (Figure 2.5).  

Furthermore, in comparison to day 3 of storage, the size profile of EVs obtained using two 

different nanopores to cover a wider dynamic analysis range showed a statistical significant 

decrease in the size of EVs on day 7, 21 and 42 (p<0.001; Table 2.1).  

2.3.4.  Correlations  

      To assess the relationships between the concentration (EVs/mL) of EVs from FC and 

TRPS/qNano, exploratory correlational analyses were performed. As illustrated in Figure 2.6A, 

a very week correlation between the concentration (EV/mL) of EVs measured by FC and 

qNano/NP200 (R2=0.008). When the concentration EVs ≥ 200 nm measured by qNano/NP400 

compared with EVs measured by FC, a moderately positive correlation was identified (R2 = 

0.29, Figure 2.6B). However, a weak correlation was identified between the EVs concentration 

measured by FC and total concentration of EVs measured by qNano using NP200 and NP400 

(Figure 2.6C), suggesting that the EVs data are not comparable between these two techniques 

due to the different resolution of methods used to detect the particles of interest.  

     Correlation analyses were also executed to evaluate the relationships between the size of 

EVs from DLS/Zetasizer and TRPS/qNano (Figure 2.7). Moderate correlations were observed 

between z-average sizes of EVs measured by DLS and the size profile of individual population 

of EVs obtained by qNano using two different nanopores (NP200/small EVs, Figure 2.7A; 

NP400/large EVs, Figure 2.7B). However, correlation analysis revealed that there was a strong 

relationship between the z-average sizes of EVs measured by DLS and the average size of 
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overall EVs measured by qNano (Figure 2.7C). This data suggest that DLS is able to resolve a 

wide range of particles, including particles < 200 nm, as does the qNano system. However, DLS 

reports only average size of all particles in a suspension and lacks the ability to report an 

accurate size profile or concentration of subpopulations of particles.  

 

2.4. DISCUSSION 

Throughout the last decades, EVs have gained great consideration due to their potential 

roles in various biological and pathological processes9,23,30,45-48. However, limitations 

associated with the current technologies used to characterize EVs have hampered the 

standardization of EVs in blood products20,27. This study shows that the characterization of 

EV present in stored RCC products is significantly influenced by the method of detection 

used. 

Quantitative analysis using the flow cytometer and a TRPS device showed an increase in 

the number of EVs during hypothermic storage (Figure 2.2 and 2.4).  However, when compared 

with the TRPS device, we found that FC was unable to identify and quantify EVs ≥ 200 nm in 

size.  This is consistent with previous studies that stated the lack of current flow cytometers to 

resolve small EVs7,11,26,49,50.  In addition, correlation analysis was performed to evaluate the 

relationship between number of EVs obtained by TRPS and by FC methods throughout storage 

(Figure 2.6). Moderate positive correlation was identified between FC and qNano (NP400) EVs 

concentration, while very weak correlations observed with the qNano (NP200).  Noteworthy, 

results obtained from qNano techniques showed that the majority of EVs (60-90 %), generated 

during the storage were between 90 nm to 200 nm in size (Figure 2.5). Knowing that RCCs 
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contain a heterogeneous population of EVs that change during storage 29, it is likely that not all 

EVs in this study are entirely generated by RBCs.  As a result, the observed increase in EVs can 

be due to changes in the RBC-EV and non-RBC EV (i.e. EVs from platelets and white blood 

cells) populations. Therefore, it is critical to further examine these small EVs and evaluate their 

potential roles in adverse clinical outcomes post-transfusion.   

A comparison of the TRPS and DLS techniques demonstrate considerable differences 

in the EVs size profile during storage. While the qNano measurements showed a significant 

decrease in the mean size of EVs, the Zetasizer/DLS showed a significant increase in the 

average size of EVs during storage. DLS assesses the size distribution of particles in the 

suspension when they scatter the laser light under the Brownian motion 40,41.  However, it has 

been indicated that measuring poly-disperse or heterogeneous populations with the DLS 

system can be problematic as it is biased towards larger particles present in the solution7,26. 

In addition, unlike the TRPS technique, DLS is unable to distinguish between different 

subpopulations of EVs as it reports only the average size of the measured particles. Therefore, 

when correlation analysis was performed to assess the relationship between the size of EVs 

detected during storage by the qNano and Zetasizer/DLS (Figure 2.7), a moderate to weak 

correlation was observed (NP200; R2 = 0.29), (NP400; R2 = 0.26).  However, the correlation 

between the average size of EVs detected during storage by the qNano and Zetasizer/DLS 

showed a very strong positive correlation (R2 = 0.95).   

This study clearly showed that the EVs data varied across the detection methods and the 

data cannot be directly compared due to the differences in the measurement capabilities of each 

technique.  In addition, the scope of this study was not to select the best method(s) to 

characterize EVs in stored RCCs, which is difficult to do in the absence of a reference method. 
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This study further stresses the importance of developing reference method(s) to establish a 

standardization and to make it possible to compare published data relating to this important 

parameters.  

As each technique provides certain benefits and limitations, it is important to understand 

these before selecting a specific method to evaluate the characteristics of EVs in stored RCCs.  

Characterizing the size, concentration and phenotype of EVs in stored RCCs can be used to 

better understand the donor, manufacturing and storage factors that influence patient outcomes.  

Similarly, by understanding the characteristics of the EVs in a sample, we may begin to gain a 

better appreciation of the role that different subpopulations of EVs may be playing in their 

complex biological activity. For this reason, it may be necessary to employing multiple methods 

to examine EVs to more fully understand the complexity of factors affected EVs in stored RCCs. 

 

2.5. CONCLUSION 

This study provides evidence that quantitative or qualitative evaluation of the EVs present 

in RCCs will be dependent on the detection method used and the testing points examined during 

storage.  When compared with TRPS technology, FC detects only fluorescently labelled EVs ≥ 

200 nm and DLS reports only the average size, not the actual size, of EVs. Despite the progress 

that has been made to understand EVs, the technical limitations and lack of standardization of 

procedures used in EVs characterization likely contribute to the considerable variability in the 

reported literature20,27. In addition, this study demonstrates that the majority of EVs detected 

during early storage of RCC are small EVs or exosome-size vesicles which may not be solely 

generated form RBCs. It is therefore important that further studies on EVs in stored RCCs utilize 
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multiple techniques to characterize EVs if we are to advance our understanding of the role that 

EVs have in adverse transfusion events and post-transfusion outcomes. 
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FIGURE AND TABLE:  

Figure 2.1: Experimental design for the characterization EVs in stored RCCs using three different techniques: Flow cytometer, dynamic light 
scatting (DLS), and tunable resistive pulse sensing (TRPS).   
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Figure 2.2: Flow cytometry - Absolute number of RBC microparticles/µL in up to 43 d stored 
RCCs (n=3, in triplicate measurements). Data are reported as mean ± 1SD. *Significant results 
(p < 0.0001) in comparison to day 4 values.  
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Figure 2.3: Dynamic light scattering assessment of RCC during storage for up to 43 d. The 
average size of EVs (d. nm) is reported (mean ± 1SD). *Significant results (p <0.05) in 
comparison to day 4 values.  
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Figure 2.4: TRPS assessment of the concentration of EVs/mL in RCC stored for up to 42 
analyzed using the IZON qNano system with NP400 (A) and NP200 (B). Data are reported as 
mean ± 1SD. *Significant results (p <0.05) in comparison to day 3 values.  

 

NP400

E
V

s 
C

on
ce

nt
ra

tio
n 

(#
/m

L)

0

5e+9

1e+10

2e+10

2e+10

A)

B)

Length of storage (d)

 3  7  21  42 

E
V

s 
C

on
ce

nt
ra

tio
n 

(#
/m

L)

0

1e+10

2e+10

3e+10

4e+10

5e+10

6e+10

NP200

*

*

*

* *

 

 



 

65 
 

Figure 2.5: Concentration (mL) vs size (nm) histogram of extracellular vesicles in RCCs stored 
for up to 42 days as measured by the TRPS (qNano system). NP200 (Black), NP400 (Gray).  
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Figure 2.6: Relationship between the concentration (EVs/mL) of EVs from FC and TRPS 
(qNano); (A), small EVs (NP200), (B) large EVs (NP400), (C) total EVs (NP400 and NP200) 
in stored RCCs.  
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Figure 2.7: Relationship between the size (nm) of EVs from DLS (Malvern Zetasizer) and 
TRPS (qNano); (A), small EVs (NP200), (B) large EVs (NP400), (C) total EVs (NP400 and 
NP200) in stored RCCs.  
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Table 2.1: Size of EVs from TRPS (qNano) measurements (Median ± 95% Cl).  
 

qNano EVs size (nm) in diameter  

 

Day 3  Day 7 Day 21 Day 42 

Median ± 95 % Cl Median ± 95 % Cl  Median ± 95 % Cl  Median ± 95 % Cl  

NP200 163.5±11.2  127.5±2.6  120.5±1.6*  122±1.2*  

NP400 305.0±8.4   241.0±1.7   225.0±1.7*   233±13.1*   
*Significant results (p <0.05) in comparison to day 3  
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3.1. INTRODUCTION: 

      Red blood cell concentrates (RCCs) are used worldwide as a transfusion therapy product 1,2.  

The quality control of the blood components is vital during processing and storage for the 

patient safety 3. Although several accomplishments have been made to maintain the integrity 

and function of blood cells and to improve the quality of stored blood components for better 

transfusion outcomes 4-8, a number of studies have revealed that transfusion of red blood cell 

(RBC) products is still associated with increased risk of adverse clinical events 9-15. Many recent 

studies have focused on effects of storage duration on the quality of blood products and their 

clinical consequences 10,11,13,16,17. However, the quality of the RCC products can depend on 

several other factors such as donor-to-donor variability, variation in the quality testing methods, 

and blood manufacturing methods 1,2,18,19. Although the processing of the blood components is 

controlled 3, the RCCs issued for transfusion are not manufactured or treated equally and the 

variations between RCCs produced by different manufacturing methods are not well 

appreciated. In Canada, the blood processing methods include red cell filtered (RCF, Top-and-

Bottom) and whole blood filtered (WBF, Top-and-Top) RCCs 18. Variations between differently 

manufactured RCCs have been observed in many studies, such as differences in levels of 

hemoglobin, hematocrit, and cytokines, all of which have been shown to influence the quality 

profiles of the transfused products 6,20-22.  

      Extracellular vesicles (EVs) vary in RCCs and plasma components depending on the blood 

processing method used 22-25. Blood products can contain a mixed population of EVs, including 

exosome and microvesicles, which are heterogeneous submicron-sized vesicles surrounding by 

a phospholipid bilayer and contain proteins, lipid, and a variety of RNA molecules 26-30. The 

presence of EVs in stored RCC products, which accumulate during storage, has been identified 
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as a significant indicator of the storage lesion 4,5,31,32. Based on current knowledge, it has been 

suggested that EVs in stored blood are associated with a number of adverse outcomes such as 

neutrophil activation and promote an inflammatory response in the recipients of older blood 33-

36. Thus, EVs are potentially important in the quality of the blood products, in vitro and in vivo, 

and clearly require further investigations. Noteworthy, the heterogeneity of EVs such as their 

size, concentration, content and phenotype, is not well-considered in most of the studies 

investigating EVs in RCC products. These characteristics of EVs, particularly the small 

EVs/exosomes (50-200 nm in size), in stored blood components are not often reported due to 

the technical challenges in detecting these heterogeneous submicron-sized particles 37. Although 

the flow cytometer is the most common technique used to identify and quantify EVs in 

suspension 29,38,39, EVs less than 300 nm are undetectable by this method 28,29,38.  Accurately 

distinguishing between diverse subpopulations of EVs in differently manufacturing RCCs is not 

usually considered in RBC storage studies. The aim of this study was to assess the impact of 

different blood manufacturing methods and duration of hypothermic storage (HS) on the 

subpopulations of extracellular vesicles in relation to other commonly evaluated in vitro quality 

parameters of RCC products.  

 

3.2.MATERIALS AND METHODS 

3.2.1. Blood Collection and Sampling  

Whole blood was collected and RCCs were produced according to standard operating 

procedures at Canadian Blood Services (CBS). Briefly, whole blood units (n = 24) were 

collected from eligible donors and manufactured using either a red cell filtration [RCF; 
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top/bottom, n=12] or a whole blood filteration [WBF; top/top, n=12] as previously 

described22,40.  

During the RCF procedure, as described in Chapter 2, whole blood collected with 70 mL of 

citrate-phosphate-dextrose (CPD)-anticoagulant were rapidly cooled to 18-24 oC and held 

overnight. Products were then centrifuged at 3493 × g for 11 min to separate the blood 

components (plasma, RBCs, and buffy coat) and saline-adenine-glucose-mannitol (SAGM) was 

added to the extracted RCCs. The RCC units were leukoreduced by filtration at room 

temperature within 24 hours of stop-bleed time.  For the WBF units, whole blood was collected 

with 70 mL of CPD-anticoagulant, cooled (1-6 oC) and leukoreduced by filtration within 48 

hour of stop-bleed time before being separated. Filtered units were then centrifuged at 4552 × g 

for 6 min to separate the blood components (plasma and RBCs only). An automated extractor 

(Compomat G4) was used to extract plasma and then SAGM is added to RCCs. All RCC units 

produced with both manufacturing methods were stored at 1-6 °C for up to 43 days. 

      Red blood concentrate sampling was performed three times during the storage using a 

validated technique as previously described in Chapter 2. At each testing point (day 7, 21, and 

42), 14 mL of RBCs was aseptically drawn from each bag into 15 mL conical tubes.  For each 

sample, 10 mL was centrifuged at 2200 x g for 10 min at 4 °C (Eppendorf 5810R) and the 

supernatant was collected for analysis using the tunable resistive pulse sensing (TRPS) 

technology (qNano system; IZON Science Ltd, Christchurch, New Zealand). The remaining 4 

mL of RBCs were used for in vitro quality assessments (hemolysis, spun hematocrit, 

deformability, ATP, 2,3-DPG, RBC hematologic indices) and flow cytometry.   
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3.2.2. In Vitro Assessment of RCC Units*   

 Hemolysis  

       Hemolysis measurement is one of the most important and useful determinants of blood 

product quality41,42. Hemolysis signifies the disruption of the intact red blood cell (RBC) 

membrane which results in the release of hemoglobin (Hb) and in this study hemolysis was 

determined as previously described 6,31,43 using a Drabkin's-based spectrophotometric method, 

which is considered the gold standard method.  For hematocrit (Hct), RCCs were aspirated into 

self-sealing hematocrit capillary tube and read visually after centrifugation for 5 min in a Hct 

centrifuge (Hettich Haematokrit Centrifuge Type 2010, Tuttlingen, Germany). Total 

hemoglobin (THb)  was determined by diluting RBCs 1:200 in Drabkin's reagent (0.61 mmol/L 

potassium ferricyanide, 0.77 mmol/L potassium cyanide, 1.03 mmol/L potassium dihydrogen 

phosphate, and 0.1% Triton X-100). Supernatant hemoglobin (SHb) was determined by diluting 

the supernatant 1:12.5 in Drabkin's reagent and incubated in the dark for at least 5 minutes at 

room temperature. Two-hundred µL of each sample was transferred into a flat bottom 

microplate (Corning Life Science, USA) and the absorbance was measured 

spectrophotometrically at 540 nm using a microplate reader (SpectraMax 384 Plus, Molecular 

Devices Corp., Sunnyvale, CA). Commercial tri-level hemoglobin controls (low, medium and 

high ranges) were used as controls for total hemoglobin (Stanbio Laboratory, Boerne, TX). 

Hemolysis is then calculated using the hematocrit (Hct), the amount of SHb and total Hb (THb) 

in the sample using the following equation42:  

 Hemolysis (%) = [(100-Hct) x SHb]/ THb Eq. 3.1 

                                                           
* The author acknowledge Anita Howell and Tracey Turner (Centre for Innovation, Canadian Blood Services) 
and for their technical help with the RCC in vitro assessments.   
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Where:  

Hct = hematocrit (%) 

SHb = supernatant hemoglobin (g/L) 

THb = total hemoglobin (g/L) 

RBC Deformability 

      RBC deformability was measured using a laser-assisted optical rotational cell analyzer 

(Mechatronics, Zwaage, Netherlands) as previously described 44,45. For this study, RBCs were 

diluted 1:100 in polyvinylpyrrolidone and subjected to shear stresses ranging from 0.95 to 30 

Pa at a temperature of 37 ºC. The diffraction pattern produced by the scatter of a laser beam at 

each stress was collected and consequently plotted as a deformability curve. RBC deformability 

curves were linearized via the Eadie-Hofstee technique, as previously publised44, to obtain two 

RBC deformation kinetic parameter (EImax and KEI). EImax, a measure of deformability, can be 

defined as the maximum elongation index predicted at an infinite shear stress while KEI, a 

measure of rigidity, can be defined as the shear stress required to achieve half of EImax. All 

values are expressed as means ± standard error (SEM). 

RBC Hematological Indices 

      Hematological indices, including RBC count, the mean corpuscular volume (MCV), mean 

corpuscular Hgb (MCH), mean corpuscular Hb concentration (MCHC), Hb, and Hct were 

determined using a hematological analyzer (Coulter Automated Cell Counter; Coulter AcT, 

Beckman Coulter, New York, NY)45. The RCC sample was mixed thoroughly by inversion and 

12 µL was aspirated in open mode by the Coulter AcT 8 Hematology Analyzer. Samples were 

diluted inside the instrument, as described in the operator's manual (AcT Series Analyzer, 2010). 

RBC count (RBC/L) and MCV (fL) was determined based on changes in electrical impedance 
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as RBCs in suspension pass through the coulter aperture. Hct was calculated by the following 

equation: 

Hct = (RBC count ∗ MCV) / 10                                                    Eq. 3.2 

      THb (g/L) was quantified by the system using a modified cyanmethemoglobin method. 

MCH is the average weight of Hb in in individual RBC, expressed in units picograms (pg) and 

calculated by dividing Hb concentration (g/L) by RBC count (RBCs/L). MCHC was expressed 

in grams/decilitre (g/L), calculated by dividing Hb concentration by the Hct. 

Adenosine Triphosphate 

      Adenosine triphosphate (ATP) concentration of RCC samples was assessed 

spectrophotometrically using a commercially available kit and controls (DiaSys Diagnostic 

Systems GmbH, Holzheim, Germany), as previously described6,31,45. The RBC samples were 

added to 10% trichloroacetic acid, vortexed and placed on ice. The supernatants were then 

combined with substrates (glucose, and NAD+) and enzymes (hexokinase and glucose-6-

phosphate dehydrogenase) required for the enzymatic reaction to occur. ATP  from  the  sample  

is  used  in  two  chemical  reactions,  which  ultimately  convert glucose  into  6-

phosphogluconate  and  NADH.  The resulting amount of NADH produced, which is 

proportional to the amount of ATP within the sample, was measured spectrophotometrically at 

340 nm.  The amount of ATP in the sample was calculated as µmol/dL using the following 

equation: 

                                      ATP (µmol/dL) = 
     ∆𝐴 𝑥 𝑉 𝑥 𝐹 𝑥 100   

ɛ340 𝑥 𝑣 𝑥 𝑑
                                   Eq.3.3 

Where: 

∆A= (absorbance of the samples solution at 340 nm)-(absorbance of the blank at 340 nm), 
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 V= total volume of the sample,  

F=dilution factor of the sample preparation, 

ɛ= extinction coefficient of NADH (6.3 at 340 nm), 

 v =sample volume used in ATP assay, and   

d= light path (cm) 

      The amount of ATP in the sample was normalized using the total Hb concentration (μmol/g 

Hb).      

2,3-diphosphoglycerate  

      Determination of 2,3-diphosphoglycerate (2,3-DPG) was performed using a commercial kit 

according to  manufacturer’s  instructions (Roche Diagnostics  GmbH, Mannheim, Germany) 

and normalized using the total Hb concentration as previously described6. RCC sample was 

diluted (1:5) with in 0.6 mol/L perchloric acid on ice then centrifuged to obtain a clear 

supernatant. Supernatant was diluted (8:1) with 2.5 mol/L potassium carbonate and incubated 

for 1 h on ice to neutralize the perchloric acid then centrifuged to obtain the supernatant. The 

extracted supernatant was used measure the 2,3‐DPG from RBCs using a commercial kit 

according to manufacturer’s  instructions. The 2,3‐DPG from RBCs is  determined from a    

series  of  six  chemical  reactions which result in  the  production  of  glycerol-3-phosphate and 

the depletion  of  two  NADH  molecules  per  each  2,3-DPG  molecule. NADH  absorbance  

was  measured  at  340  nm  on  the SPECTRAmax  PLUS  384 (Molecular Devices 

Corporation). The concentration of 2,3‐DPG in the test sample, which is indirectly related to 

the amount of NADH remaining after the reaction, was calculated using SoftMax Pro software 

(Molecular Devices Corporation) according to the equation below:  
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                                         2,3−DPG (mmolL)= 
∆𝐴 𝑥 𝑉 𝑥 𝐹   

2 𝑥 ɛ340 𝑥 𝑣 𝑥 1
                                           Eq.3.4 

Where:  

∆A= (absorbance of the sample) – (absorbance of the blank) at 340 nm 

Vs = sample volume used in the assay (μL) 

F= dilution factor for sample 

ɛ340= extinction coefficient of NADH at 340 nm (6.3 cm-1·mM-1) 

L = light path (cm) 

VT = total reaction volume (μL) 

      Distilled  water  was  used  as  a  blank  and an in‐house 2,3-DPG standard (2.5 mmol/L) 

prepared from (2,3‐diphospho‐d‐glyceric acid pentasodium salt; Sigma‐Aldrich, St. Louis,  

USA) was used as an assay control. The 2,3‐DPG concentration was normalized using the Hb  

content of each sample and reported as μmol/g Hb.  

      All in vitro quality parameters were assessed on day 7 (fresh) and day 42 (expiry). The 

microparticle count by flow cytometry was measured on day 7, 21, 42. The extracellular vesicle 

size and concentration by the TRPS were completed on day 8, 22, and 43.  

3.2.3. Extracellular Vesicles Characterization 

3.2.3.1.Flow Cytometry Assay for extracellular Vesicle Quantification    

      The RBC microparticles (RMPs) count was measured based on a flow cytometry flow rate 

technique as previously published31,37 and described in Chapter 2 with some modifications for 

the purpose of this study. In this study, the total RCC sample was used instead of the RCC 

supernatant as in Chapter 2 because the centrifugation force used to obtain RCC supernatant 

may pull down some RCC-EVs, such as RBC microparticles. Therefore, it was important for 
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the study to measure total RMPs to better correlate the total number of RMPs in the RCC 

products with the RBC in vitro quality parameters. In addition, the expression of 

phosphatidylserine (PS), which has been shown to contribute in RBC membrane lesion and 

microvesiculation during HS31, was measured for further characterization of the surface of 

RMPs and assessment of the quality of RCC products. Therefore, two markers were used in this 

study: fluorescein isothiocyanate (FITC) anti-human CD235a antibody (MHGLA01, 

Invitrogen, Life Technologies, ON, Canada) which was used as a marker for RBCs and RMPs, 

and APC Annexin V (BD PharMingen, San Jose, CA) which was used to measure the exposure 

of phosphatidylserine (PS) on the particles. RBCs (5 μL) were diluted with 1X PBS then 

incubated with (FITC) anti-human CD235a antibody and APC Annexin V for 15 min in the 

dark at room temperature. Prepared samples were run on a bench-top digital flow cytometer 

(LSR-Fortessa X-20, BD Biosciences, San Jose, USA) and analyzed using BD FACSDiva 8.0.1 

software (BD Biosciences, USA) as previously described in Chapter 2 (Section 2.2.3).   

3.2.3.2.TRPS Assay for Extracellular Vesicle Concentration and Size-profiling  

      Quantification and size characterization of EVs in RCCs were measured using a tunable 

resistive pulse sensing instrument (qNano system; IZON Science Ltd) as previously described 

in Chapter 2 (Section 2.2.5).  

 

3.2.4. Statistical Analysis 

      Statistical analysis was completed using computer software (IBM SPSS Statistics 23.0, 

Armonk, NY, USA). Analysis of variance (ANOVAs) followed by a Tukey post hoc test was 

used to identify significant differences within the storage period for EVs assays and to evaluate 

any significance amongst pairwise comparisons of testing time points during the storage time. 
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Using Univariate ANOVAs followed by Bonferroni test, interaction between the blood 

manufacturing methods and storage time was examined to determine if manufacturing method 

type effect varies with storage time. Paired t tests were used to identify significant differences 

between the testing time points (days 7 and 42) for the in vitro quality parameters. Correlational 

analysis was performed using SigmaPlot 13.0 (Systat Software Inc.). Probability (p) values less 

than 0.05 were considered significant.  

 

3.3. RESULTS: 

3.3.1. Flow Cytometer: RBC Microparticles and Phosphatidylserine Expression Change 

with Storage Duration and Blood Manufacturing Methods  

      Flow cytometric analysis showed that the absolute number of CD235+ microparticles/µL 

gradually increased throughout the storage period for both blood processing methods, RCF and 

WBF (Figure 3.1A). In both blood manufacturing methods, a significant increase in the number 

of RMPs/µL was observed on day 21 (RCF; p = 0.003, WBF; p = 0.017) and day 42 (RCF and 

WBF; p < 0.001) of HS in comparison to day 7. Early in storage (day 7), a significant difference 

in the number of RMPs/µL between the RCF and WBF methods was seen (p = 0.033). Further 

flow cytometric investigation revealed differences between the RCF and WBF methods in the 

percentage of RMPs expressing PS on day 7 (p < 0.001) and day 42 (p = 0.010). While there 

was no significant change in the percentage of RMPs expressing PS observed during storage 

with RCF-RCCs, a significant decrease in the percentage RMP-PS was detected on day 21 and 

day 42 (p <0.001) with WBF-RCCs. Further analysis of RMPs showed significant decreases in 

the median fluorescence intensities (MFIs) for the expression of PS on RMPs on day 42 of 

storage (Figure 3.1C) for both blood manufacturing products (RCF; p = 0.035, WBF; p < 
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0.001). Noteworthy, throughout HS, MFIs of RMP-PS for RCF samples was significantly lower 

than WBF samples (p < 0.001, Figure 3.1C). 

3.3.2. TRPS: Extracellular Vesicles in Stored RCCs Differ Between the Blood Processing 

Methods  

       The TRPS analysis showed that heterogeneous submicron-sized vesicles are present in 

RCC products and accumulate during storage (Figure 3.2 and Figure 3.3). Although the total 

concertation of EV/mL increased significantly during storage in RCF and WBF units, RCCs 

produced by WBF contained greater numbers of EVs in comparison to RCF (Figure 3.3C). 

Extracellular vesicles in the stored RCC products were further categorized based on their size 

as either small EVs (EVs < 200 nm) or large EVs (EVs ≥ 200 nm). This characterization shows 

that the concentration of small EVs was higher in WBF units in comparison to the RCF (Figure 

3.3), and a significant difference between the two methods was observed again on day 43 of 

storage (p = 0.0015, Figure 3.3A). Statistically significant differences between the blood 

processing methods in the number of EV/MPs ≥ 200 nm were identified only on day 22 of 

storage (p = 0.0017, Figure 3.3B). In addition, EVs size profiling showed significant differences 

between RCF and WBF products on day 22 and 43 of storage (p < 0.01, Table 3.1).  

3.3.3. RBC in Vitro Quality Parameters are Affected by Blood Manufacturing Methods 

and Storage Time 

      Significant differences were observed between RCF and WBF methods in the level of ATP 

at the end of HS time (day 42; p = 0.0102, Table 3.2). In addition, there was a statistical 

significant decrease in the levels of ATP and 2,3-DPG on day 42 of storage compared to day 7 

(p < 0.001).  
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      In both RCF and WBF manufacturing methods, MCV slightly increased while MCHC 

significantly decreased throughout storage (p < 0.001, Table 3.2). Furthermore, the MCHC was 

significantly higher in WBF method in comparison to the RCF method early in the storage (p = 

0.0162) and at expiry (p = 0.0496). However, there was no significant change detected in MCH 

during storage or between processing methods.  

      There was a significant increase in percent hemolysis during storage in both RCC products 

(RCF and WBF; p < 0.001, Table 3.2). Notably, on day 42, WBF method showed greater 

percent hemolysis in comparison to the RCF method (p = 0.005).  Nevertheless, all samples fell 

within the acceptable level of hemolysis (less than 0.8 %) required by to the Canadian Standards 

Association 46,47.  

      Red blood cell deformability measurements showed slight but statistically significant 

differences throughout storage in RCF and WBF methods (Table 3.2). Elmax ,which is a measure 

maximum elongation index of RBC, decreased significantly at day 42 in comparison to day 7 

of storage in RCF (p < 0.001) and WBF method (p = 0.039). Although RCCs produced by the 

RCF method were associated with lower Elmax at expiry (0.50 ± 0.01) in comparison to WBF 

units (0.52 ± 0.02), no statistical significant differences were identified between the two groups 

(p = 0.095). In addition, there were no significant difference in KEL, which is a measure of RBC 

rigidity, between the two processing methods at early storage (p = 0.452) or at expiry (p = 

0.215).  

      The relationships between the microvesiculation and in vitro quality parameters throughout 

the HS period were further investigated for both RCF and WBF RCCs (Figure 3.4). Moderate 

negative correlations were identified between number of EVs and level of ATP in both 

manufacturing methods (RCF: R2 = 0.562, WBF: R2 = 0.562) (Figure 3.4A). Additionally, 
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while less strong negative correlations were observed between total number of EVs and EImax 

was observed with RCF units (R2 = 0.456), even weaker correlations were identified with WBF 

units (R2 = 0.346) (Figure 3.4B). Correlation analysis also showed a moderately positive 

relationship between EVs concentration and percent hemolysis in both processing methods 

(RCF: R2 = 0.443, WBF: R2 = 0.478) (Figure 3.4C).    

 

3.4. DISCUSSION 

      Although regulatory standards are applied to the processing and storage of RCCs to ensure 

the safety of the blood products, a number of product quality characteristics have been shown 

to be impacted by the manufacturing method and hypothermic storage 3,22,31,48. Currently, the 

role that the storage duration may play on the quality of blood products and transfusion 

outcomes has been the focus of several studies 22,35. Variability exists within the blood products 

themselves 48,49, which may contribute to the storage lesions and adverse clinical outcomes. The 

blood component manufacturing processes and donor characteristics have emerged as major 

elements to explain some of the variability and conflicting clinical observations detected 

amongst blood products 22,48. Here, we add to the current understanding on the impact of blood 

manufacturing methods and hypothermic storage duration on the characteristics of different 

subpopulations of EVs and in vitro quality parameters of RCCs produced by RCF and WBF 

processing methods. Significant differences in extracellular vesicles subpopulations and 

concentrations as well as cellular quality parameters were observed amongst RCCs products 

throughout storage time.  



 

91 
 

      Data from TRPS showed that the total number of EVs increase significantly during HS in 

both methods (p<0.05) and WBF contained the highest number of EVs in comparison to RCF 

which is consistent with other studies by our group 19,22,31. It has been suggested that the 

characteristics of EVs can vary among the blood products due to the variation in the blood 

processing methods 50,51. Bakkour et al. 19 highlighted some feasible reasons to explain the 

variation in EVs characteristics between RCF and WBF RCCs including variability in the 

temperature and the lengths of preprocessing storage time as well as leukoreduction technique. 

For instance, WBF filtration occurs before centrifugation and component separation while for 

RCF, leukoreduction occurs after these processes. Taking into account that the leukoreduction 

removes not only leukocytes but also platelets and platelet-derived EVs from RCCs 52, and the 

buffy-coat removal improves the efficacy of pre-storage leukoreduction 53, it would be logical 

to predict that the lower EVs count in RCF in comparison to WBF RCC (Figure 3.1) may be 

due to the leukoreduction process. This is consistent with recent reports showing that RCF units 

have lower concentrations of platelet-EVs and WBC-EVs when compared with other blood 

manufacturing methods, including the WBF method54 . This also can explain our novel data 

captured by the TRPS which showed that the concentration of small EVs/ exosomes (< 200 nm) 

was greater in WBF units in comparison to the RCF with significant differences between the 

two methods on day 43 of storage (p=0.001). It has been previously shown that RCF RCCs 

contain fewer residual cells (platelet and white blood cells) in comparison to WBF RCCs as the 

RCF method removes the majority of the undesirable cells during the preparation of the buffy 

coat and before the leukoreduction 19. In view of that, it is also more likely that WBF RCCs 

contain more small EVs such as platelet-derived EVs and WBC-derived EVs in comparison to 

RCF RCCs. However, it is important to mention that identifying the cell of origin of these small 
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EVs (< 200 nm) detected in this study is yet to be elucidated, especially that most of the studies 

investigating EVs in RCC products account only for the microparticles that are characterised by 

the flow cytometer which lacks the ability to resolve the small EVs. Recently, great attention 

has been directed to the role of the “contaminating” residual cells in RCCs, but the role of the 

EVs derived from these residual cells, which likely reflecting the same role as their cell of 

origin, is still narrowly considered. Therefore, further studies are required to investigate the cell 

of origin of these EVs, particularly the small EVS, and their potential role on the quality of the 

products as well as their immunomodulatory effects post transfusion.   

      In addition to the EVs data from TRPS, FC analysis showed that the concentration RBC 

(CD235+) derived MPs significantly increased during the storage period in both manufacturing 

methods. It has been suggested that RBC membrane changes occur ex vivo, and there is a 

reduction in ATP and an increase in hemolysis, which are clearly associated with RBC 

membrane changes and microvesiculation 31,50,55-57. This supports the findings of this study 

where a positive correlation were observed between EVs and hemolysis, and a negative 

correlation with the level of ATP and deformability parameters (Elmax). Therefore, we 

hypothesize that the EV profile differences detected in the first week of storage are likely to be 

attributed to the cellular lesions induced by the variation in the blood processing methods, while 

the differences observed after the first week, toward the end of storage, are more likely reflecting 

the storage-related impacts 22. 

      In this study, assessing the RBC metabolism including ATP and 2,3-DPG showed 

significant depletion of these key metabolites by the end of storage (Table 3.2).  Depletion of 

ATP has been correlated with the in vivo survival of RBCs post transfusion and the loss of 2,3-

DPG from RBCs can impaired oxygen transporting capacity58. Notably, ATP concentrations 
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was significantly lower in the WBF (1.79 ± 0.44) in comparison to RCF units (2.42 ± 0.64) on 

day 42 of storage. The level of ATP in the majority of WBF RCCs fell below the minimum 

recommended range of 2.3 to 2.7 μmol/g Hb, which has been shown to correlate with 75% 

survival of transfused RBCs 24 hours post-transfusion59. However, as has been recently shown 

in metabolomics, lipidomic and proteomic studies, the hypothermic storage lesion involves 

many more changes to RBC metabolism that simply depletion of ATP and 2,3 DPG. Further 

studies are required to investigate the clinical impact of metabolic changes to stored RCCs.  

Additionally, WBF RCCs showed stronger correlation between EVs and hemolysis 

throughout HS in comparison to RCF RCCs. Furthermore, FC data also revealed that the RMPs 

and the percent of these RMPs expressing PS, a procoagualent factor, were significantly lower 

in RCF in comparison to WBF RCCs. Increasing the number of RMPs, which contain 

hemoglobin and expressing PS, along with free hemoglobin from hemolysis, are more likely to 

influence recipient immune response post transfusion 22. For example, it has been shown that 

RMPs containing hemoglobin have the ability to scavenge nitric oxide with the potential of 

reducing its bioavailability in post transfusion resulting in impaired vascular function 60. 

Moreover, Camus and his group revealed that the RMPs carrying heme are cytotoxic as they 

can induce oxidative stress and apoptosis by activating the production of the endothelial reactive 

oxygen species 61. Noteworthy, recent study by Danesh et al.62 showed that the EVs 

concertation in stored leukoreduced RCCs was largely due to the increase in both RBC 

(CD235+) derived EVs and platelet (CD41a+) derived EVs. They also demonstrated that 

leukoreduced RCCs contain small EVs/exosomes that are positive for CD63 marker and these 

exosomes have the capability to induce cytokine TNF-a secretion in monocytes. However, the 

accurate size, concentration and as well as the phenotype of these exosomes were not revealed.  
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The results of this study highlight the differences between the differently manufactured RCC 

products in term of the size and concentration of EVs, especially small EVs. However, the 

differences in the final manufactured products may not only influence the quality of the blood 

products but also may influence patients clinical outcomes 6. Therefore, more studies are 

required to examine the potential adverse clinical outcomes of the EVs found within RCCs 

produced by different manufacturing methods in order to provide better blood products in 

clinical care. However, it is important to mention that it is not yet clear whether these findings 

and differences observed are due to the differences in manufacturing methods or a contribution 

of the manufacturing with other variables such as donor characteristics. Although donor factors 

such as sex and age may influence RCC products during storage 48, the main focus of this project 

was to understand the role of manufacturing process and storage duration on the quality of RCC 

products. Further comprehensive studies are needed to understand the role of donor factors, 

storage duration, and blood manufacturing processes on the patient outcomes. 

 

3.5. CONCLUSION 

      Here we show that heterogeneous submicron-sized vesicles are present in RCC products 

and the diverse populations of EVs is dependent on the blood manufacturing method. RCCs 

produced by WBF contained greater numbers of EVs in comparison to RCF, particularly due to 

the higher concentration of small EVs/exosomes in WBF. This study also showed that the size-

profile and concentration of EVs is in a dynamic state of change throughout the RCC 

hypothermic storage. Differences in the final manufactured products may not only influence the 

quality of the blood products but also may affect patients’ clinical outcomes. Therefore, further 

investigations to improve our understanding of the factors or processes that might be causing 
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the variation amongst blood products is warranted in order to develop better strategies to 

minimise the risk associated with the transfusion of RCCs produced by different blood 

manufacturing methods, and to ensure better quality products are provided in to patients. 
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TABLES: 

 

Table 3.1: Modal size of EVs from qNano measurements (Mean ± SD). (*) Significant results 
(p <0.05) in comparison to day 8 values. (†) Significant results (p <0.05) in comparison to 
WBF method.  

 

Methods EVs Size (nm) Day 8 Day 22 Day 43 
RCF method     
 EVs < 200 180 ± 7.2 186 ± 6.0† 187 ± 6.7†* 
 EVs ≥200 211 ± 15.8 205 ± 1.4† 208 ± 3.4† 
WBF method     
 EVs < 200 177 ± 7.9 168 ± 12.5 168 ± 6.6 
  EVs ≥ 200 214 ± 11.5 219 ± 5.7 218 ± 6.2 
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Table 3.2: Hemorheology and metabolism parameters for RCCs stored for up to 42 days 
(mean ± SD). (*) Significant results (p <0.05) in comparison to day 7 values. (†) Significant 
results (p <0.05) in comparison to WBF method. 
 

  
 RCF (Top/Bottom)   WBF (Top/Top) 

Methods Fresh  Expired  Fresh  Expired 
Metabolism      
ATP (μmol/g Hgb) 4.25 ± 0.63 2.42 ± 0.64*†  3.90 ± 0.62 1.79 ± 0.44* 
2,3 DPG (μmol/g Hgb) 5.10 ± 2.98 0.00 * (BDL)   5.49 ± 2.10 0.00 *(BDL) 
      
Hematologic Indices      
MCV (fL) 93.16 ± 4.15 96.93 ± 4.04  91.89 ± 3.95 94.78 ± 4.18 
MCH (pg) 29.73 ± 1.57 29.55 ± 1.15  29.98 ± 1.43 29.34 ± 1.33 

MCHC (g/L) 319.08 ± 6.20 † 304.83 ± 5.34*†  
326.42 ± 
7.54  309.67 ± 6.04* 

      
Hemolysis (%)  0.09 ± 0.02 0.22 ± 0.05*†   0.13 ± 0.06  0.35 ± 0.15* 

      

Deformability      
Elmax 0.53 ± 0.01 0.50 ± 0.01*  0.53 ±0.01 0.52 ± 0.02* 
KEl 1.43 ± 0.13 1.41 ± 0.18  1.52 ± 0.26 1.56 ± 0.31 
      

Data are reported as mean ± SD                  BDL= Below Detection Limit  
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FIGURES: 

Figure 3.1: Flow cytometer results shown the absolute number of CD235+ microparticles/µL 
(A),  the percent RMP-PS, and MFI of PS on RMPs  in stored RCC products (RCF and WBF). 
Data are reported as mean ± 1SD. *Significant results (p < 0.05) in comparison to Day 7 values. 
(δ) Significant results (p < 0.05) in comparison to WBF method.  
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Figure 3.2: Representative concentration (#/mL) versus size (nm) histograms of extracellular 
vesicles in hypothermically stored RCCs (WBF; A and RCF; B) up to 43 days as measured by 
the TRPS.  
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Figure 3.3: Concentration of EVs/mL in RCC products stored for up to 43 d analyzed by the 
TRPS system; (A) EVs < 200 nm using NP200 , (B) EVs ≥ 200 nm using NP400, and (C) 
total EVs using NP200 and NP400. Data are reported as mean ± SD. Significant results 
(p <0.05) in comparison to day 8 values (*) or in comparison to B2 method (δ). 
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Figure 3.4: Relationship between the total concentrations of EVs (EVs/mL) using TRPS and; 
(A), ATP, (B) Elmax, (C) % hemolysis of stored RCCs (RCF and WBF method).  
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Product Characteristics and Immunomodulatory Activity 
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manufacturing methods affect red blood cell product characteristics and immunomodulatory 
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J.P. and Juffermans, N.P. Red blood cell manufacturing methods impact lung injury in a model 
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4.1. INTRODUCTION  
 
Red blood cell transfusion remains common, particularly in critically ill patients1-3. 

However, transfusion of red cell concentrates (RCC) is independently associated with increased 

risks of nosocomial infection, organ dysfunction, and death4-6. Transfusion-related 

immunomodulation (TRIM) includes both immunosuppressive and inflammatory effects that 

may in part explain increased risks in patients who receive blood transfusions7-11. Mechanisms 

of adverse effects related to red cell transfusion remain uncertain, though RCCs contain a host 

of biologically active mediators, in both soluble and cell-associated forms, which may 

contribute to organ dysfunction via alterations in recipient inflammation and immune cell 

function7,12-14. While many previous studies have focused on accumulation of potentially 

harmful immunomodulatory mediators during RCC storage8,15,16, recent randomized clinical 

trials have failed to demonstrate benefit with fresh RCC transfusion in critically ill or 

hospitalized patients17, thus calling into question the clinical relevance of storage-related TRIM 

effects. Noteworthy, it has been suggested that RCC manufacturing methods, which are rarely 

accounted for in interventional trials, may have confounded these results18,19.  Differences in 

blood component manufacturing methods and RCC characteristics across clinical trial sites may 

mask the effect of RCC storage duration on patient outcomes18,19.  Indeed, in a large Canadian 

registry study comparing the whole blood filtration method to the red cell filtration method for 

RCC product preparation, transfusion with fresh whole blood filtered red cells was 

independently associated with in-hospital mortality20.  Differences in blood component 

manufacturing methods may result in significant differences in potential immunomodulatory 

mediators, such as intracellular factors released by hemolysis, residual platelets and leukocytes, 
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and extracellular vesicles (EVs), and may play a significant role in post-transfusion 

immunomodulatory effects21-24.  

In addition, the presence of EVs in RCC product is an important factor that has emerged as 

a potential mediator of the immunomodulatory activity post transfusion 25-27. EVs, 

heterogeneous submicron-sized vesicles, are produced and released by many types of cells26,28. 

However, most studies do not take into account the heterogeneity of EVs in RCCs in terms of 

the size, phenotype /cell of origin, composition and surface biomarkers. As these EVs, which 

accumulate in RCC during storage, can differ in terms of their biogenesis and biophysical 

properties29 and can be influenced by different blood manufacturing methods, their 

immunomodulatory activity may vary as well. Thus, the aim of this study was to investigate the 

impact of different manufacturing methods on RCC characteristics, including hemolysis, 

residual cell counts, and extracellular vesicles; and on immunomodulatory activity of RCC 

supernatants on monocyte function. 

 
4.2. MATERIALS AND METHODS 

 
4.2.1. Blood Collection and Manufacturing 

All blood donors provided signed, informed consent at the time of donation. Whole blood 

was collected from healthy donors and RCCs (n = 32) were produced using four different blood 

manufacturing methods30 (8 units per method). Whole blood filtered (WBF) and red cell filtered 

(RCF) were collected by Canadian Blood Services while apheresis derived (AD) and whole 

blood derived (WBD) were collected by Blood Systems Inc. in the United States.   
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Whole Blood Filtration Method:  whole blood was collected into blood collection sets (DQE 

7292LX, Leucoflex MTL1 quadruple Top/Top system, MacoPharma) processed using the 

whole blood filtration method as described in Chapter 3 (Section 3.2.1).  

Red Cell Filtration Method: Whole blood was collected into blood collection sets (LQT 

7292LX Leucoflex LCR-Diamond quadruple Top/Bottom system, MacoPharma) and processed 

using the Red Cell Filtered method as described in Chapter 2 (Section 2.2.1).   

Apheresis Derived Methods; RCCs collected using apheresis cell separators (Trima Aceel® 

Apheresis System, Terumo BCT; Software 6.0.6; Trima Accel 80500 kit) with 70  mL of 

anticoagulant Citrate Dextrose Solution, Solution A (ACD-A) and 200 mL Additive Solution 

(AS-3). After collection, RCC units were filtered at room temperature.   

Whole Blood Derived Method: Whole blood was collected into blood collection sets 

(Fenwal 4R1587P Flex Triple, WB 500 ml) with 70 mL of citrate-phosphate-dextrose (CPD)-

anticoagulant. WB units were centrifuged at 5895 xg for 8 min at 1–6 °C. Plasma was extracted, 

the RCC was retained in the original bag, and 110 mL of Additive Solution (AS-1) was added.  

4.2.2. Shipping, Storage and Sampling*  

Using packing configurations designed to maintain RCC at an appropriate temperature (1-

10 ⁰C), RCC units were shipped to the Canadian Blood Services laboratory in Edmonton, AB, 

Canada.  All shipments arrived within 24 h of being packed and RCCs were stored between 1-

6 °C in a monitored refrigerator for up to 42 days. RCC sampling (25% of the unit volume) was 

                                                           
* The author acknowledge Anita Howell, Tracey Turner, Angela Hill, April Xu (Centre for Innovation, Canadian 
Blood Services) and Dr. Luciana da Silveira Cavalcante (Department of Laboratory Medicine and Pathology, 
University of Alberta) for their technical support.   
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performed once on day 5 (fresh) and once on day 42 (expiry) post-collection using a validated 

sampling technique as previously described in Chapter 2. An aliquot (5 mL of RCC) of each 

day 5 sample was used for residual cell counting and in vitro quality parameter testing. The 

remaining RCC samples were centrifuged at 1000 x g for 10 min at 4 °C (Eppendorf 5810R) to 

separate cells from supernatant.  Supernatant was collected and transferred to cryovials and 

frozen at ≤ 65 °C. One frozen supernatant aliquot from each unit (fresh and expiry) was used at 

Canadian Blood Services for in vitro quality assessments and to measure EV concentration and 

size profile by qNano.  Additional frozen supernatant aliquots from each unit (fresh and expiry) 

were shipped on dry ice to two centers for additional analyses: 1) Blood Systems Research 

Institute (San Francisco, CA) to determine the cell of origin of EVs by flow cytometry; and 2) 

The Research Institute at Nationwide Children's Hospital (Columbus, OH) for monocyte co-

culture testing. All testing was performed on the day 5 and day 42 aliquots, except residual cell 

counts, which were only measured on day 5 (Figure 4.2.). 

4.2.3. In Vitro Quality Assessment of RCC Units     

Hemolysis  

Hemolysis was determined using a Drabkin's-based spectrophotometric method as 

previously described in Chapter 3 (section 3.2.2). 

Supernatant Potassium* 

Supernatant samples were sent to an accredited laboratory (Alberta Health Services, 

Edmonton, Alberta, Canada) for analysis on an automated chemistry analyzer (DXC800 

System, Beckman Coulter, Inc., Fullerton, CA) to measure supernatant potassium 

                                                           
* Potassium supernatants were analyzed by Laboratory Services at the University of Alberta Hospital. 
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concentrations as described previously31. To measure potassium concentrations, RCC 

supernatant was mixed with a buffered solution, which is used to establish a constant activity 

coefficient for potassium ions and calibrating the electrode to concentration values. Potassium 

ion concentration is then determined by indirect potentiometry utilizing a potassium ion 

selective electrode in conjunction with a sodium reference electrode in the analyzer.  

4.2.4. Residual Cell Counts* 

 Red cell concentrate samples were sent to the Canadian Blood Services National Testing 

Laboratory (Ottawa, ON, Canada) to determine residual white blood cell (WBC) levels using 

flow cytometry as previously described22. White cell fixative (50 μL) was added to the RCC 

sample (450 μL) in a labelled microcontainer dry K2 EDTA tube and sent to the laboratory for 

testing. As per the manufacturer's instructions, a WBC enumeration kit (LeukoSure, Beckman 

Coulter, Mississauga, Ontario, Canada) was used to determine the absolute WBC counts by 

flow cytometry. Briefly, lyse reagent from the LeukoSure kit were added to the RCC sample to 

lyse the RBCs and permeabilize WBCs. the samples then stained using the LeukoSure stain 

reagent and incubated for 15 minutes at room temperature in the dark. Thus, the nucleated cells 

(WBCs) in the sample emit fluorescence in proportion to their DNA content while the mature 

RBCs and platelet, which do not contain DNA, are not detected22. Standardized LeukoSure 

fluorospheres were added just before analysing the sample on the flow cytometer22.  

      Residual platelet counts were also measured by the flow cytometer using lineage-specific 

monoclonal antibodies as described previously23,24 with some modifications. Briefly, RCCs 

(100 μL) were diluted with buffer (1X PBS) and 5 μL of the fluorescently labeled monoclonal 

                                                           
* Residual white blood cells were analyzed by the Canadian Blood Services National Testing Laboratory 
(Ottawa, ON, Canada) 
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antibodies (PerCP/Cy5.5 anti-human CD41a antibody; BD Biosciences) were added to identify 

platelets. Commercial isotype control (PerCP/Cy5.5 mouse IgG1, Isotype control; BD 

Biosciences) was used as a negative control. As previously described in Chapter 2 (section 

2.2.3), after 15 min of incubation in the dark at room temperature, prepared samples were run 

on a bench-top digital flow cytometer (LSR-Fortessa X-20, BD Biosciences). TruCOUNT 

beads (BD Bioscience, Mississauga, ON) used to determine the absolute number of platelets/μL. 

Results were analyzed using BD FACSDiva 8.0.1 software (BD Biosciences)  

4.2.5. Extracellular Vesicle Characterization 

4.2.5.1. QNano Assay for Extracellular Vesicle Concentration and Size-profiling  

Quantification and size characterization of EVs in RCCs were measured using a tunable 

resistive pulse sensing instrument (TRPS/qNano system; IZON Science Ltd) as previously 

described in Chapter 2 (Section 2.2.5) with some modification due to the updated IZON Control 

Suite software to version 3.3 and the change in the reagent kit by the manufacturer. Therefore, 

supernatant samples and calibration particles were diluted with electrolyte solution 

(Measurement Electrolyte, IZON Reagent kit, RK1) before being analyzed with the new IZON 

Control Suite software to obtain the data. 

4.2.5.2.Flow Cytometry Assay for Extracellular Vesicle Phenotyping and Quantification* 

EV phenotyping was performed using a modified flow cytometer assay as previously 

described in detail32,33. While in Chapter 2 and Chapter 3 we measured only RBC-EVs/RMPs, 

for the purpose of this study, the flow cytometer assay was further modified to measure other 

                                                           
* The author would like to acknowledge Heather Inglis (Blood Systems Research Institute, San Francisco, USA) 
for training and her help with the modified flow cytometry method to measure extracellular vesicle subtypes. 
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phenotypes of EVs. In this study, 20 μL of the supernatant of each RCC product was stained 

with the following linage-specific monoclonal antibodies to identify the cell of origin of EVs: 

CD41a-PerCP-Cy5.5, CD142-APC, CD66b-PE, CD144-BV421, CD235a-FITC, CD3-FITC, 

and CD14-PE-Cy7 (Biolegend), and CD16-ECD, CD19-PerCP-Cy5.5, and CD62P-APC (BD 

Biosciences). Stained samples were incubated in the dark for 30 min at room temperature (20-

25 °C), diluted in 1 x PBS and acquired on LSR II (BD Biosciences) benchtop flow cytometer 

equipped with 3-laser (20 mW Coherent Sapphire 488 nm blue, 25 mW Coherent Vioflame 405 

nm violet, and 17 mW JDS Uniphase HeNe 633 nm red) was used. BD FACS Diva 6 software 

(BD Biosciences). Sufficient events were collected to provide approximately ≥ 5,000 gated EV 

events. An APC Anti-Mouse Bead Kit (Life Technologies) was used to set the compensation 

with the single-stained compensation control. Small size beads range from 0.2 μm to 1 μm 

(Megmix-Plus SSC beads, Biocytex) were used to generate the EV gate and to further classify 

them based on their size (only EVs ≤ 1.0 µm in diameter were analyzed). BD TruCOUNT tubes 

(BD Biosciences) were used to obtain the absolute number of EVs/μL. Data were analyzed 

using FlowJo version10.  

4.2.6. Monocyte Co-Culture Experiment*  

4.2.6.1.Blood Collection and Monocyte Isolation 

      Monocytes were isolated from whole blood of eight healthy adult donors as previously 

described34,35. For this study, up to 120 mL of blood was drawn in ethylenediaminetetraacetate 

(EDTA) coated blood collection tubes (Becton Dickinson, Franklin Lakes, NJ) for monocyte 

isolation. Monocytes were isolated within 30 minutes after blood draw and were used 

                                                           
* Monocyte co-culture experiment was performed by Somaang Menocha from the Research Institute at Nationwide 
Children's Hospital in Columbus, Ohio.  
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immediately in co-culture models. Cell isolation and stimulation studies were all performed 

using aseptic techniques to ensure sterility in a tissue-culture hood.  Monocytes were isolated 

as previously described 34,35. Briefly, whole blood was diluted 1:1 in PBS, and peripheral blood 

mononuclear cells were then collected by density gradient centrifugation using Lymphocyte 

Separation Medium (Mediatech, Manassas, VA). Monocytes were further purified by positive 

selection using CD14 magnetic beads (Miltenyi Biotec, Auburn, CA) and were re-suspended in 

complete tissue culture media (RPMI 1640 + 10% fetal bovine serum + 1% 

penicillin/streptomycin).  Percent purity using this method is at least 98% as previously 

reported36. 

4.2.6.2.Monocyte in vitro Transfusion Model and Cytokine Measurements 

Monocytes isolated from whole blood of eight healthy adult donors were used immediately 

in co-culture models. The monocyte co-culture model was adapted from our previously 

published in vitro transfusion model34,35. For each experimental replicate, 1×106 healthy adult 

monocytes were plated on 12-well tissue culture plates in complete tissue culture media with 

20% by volume RCC supernatants or complete tissue culture media only as control for 4 hours 

at 37 °C in 5% CO2 incubator. The 20% by volume of RCC supernatant was chosen to 

approximate the volume ratio of a 20 mL/kg RBC transfusion.  After this incubation, cells were 

either unstimulated or stimulated with 1 ng/mL of lipopolysaccharides (LPS) from Salmonella 

enterica serotype abortus equii (Sigma, St Louis, MO) for 4 h. Stimulated (to evaluate LPS-

induced cytokines) and unstimulated monocyte wells (incubated with RCC supernatant or 

control medium but without the addition of LPS to evaluate cytokine production without LPS) 

were incubated under the same conditions for the same durations. Cell supernatants from LPS‐

stimulated and unstimulated monocytes from each well were collected and stored at -80 °C for 
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batch analysis. Pro-inflammatory cytokines TNF-α, IL-1β, and IL-8 and the anti-inflammatory 

cytokine IL-10 were quantified by chemiluminescence using the IMMULITE 1000 automated 

chemiluminometer (Siemens Healthcare Diagnostics, Los Angeles, CA). All experimental 

replicates were performed using different healthy adult monocyte donors and different RCC 

units. Endotoxin and pyrogen-free reagents and labware were used for all experiments. 

Cytokines data were normalized to % of control to reduce the degree of inter-individual 

variability in baseline monocyte response. 

4.2.7. Statistical Analysis* 

For the monocyte co-culture experiment, comparisons between RCC product groups were 

analyzed using analysis of variance (ANOVA) with Dunnett’s post-test for multiple 

comparisons. All statistical analyses were performed using Prism 7.00 (GraphPad Inc.). For EV 

characterization, statistical analysis was completed using SPSS (IBM SPSS Statistics 23.0). 

ANOVAs followed by a Tukey post hoc test was used to identify significant differences within 

the storage period for EVs assays and to evaluate any significance among pairwise comparisons 

of testing time points during the storage time. Paired t tests were used to identify significant 

differences between the testing time points (days 7 and 42). Pearson correlation coefficient and 

associated p-value were calculated between EVs and cytokines for all of the RCC units and for 

each blood manufacturing method. Linear model analysis was performed to test the significant 

of the correlations between the manufacturing methods. Probability (p) values less than 0.05 

were considered significant throughout the study.  

 

                                                           
* The author acknowledge Dr. Qi-long Yi, Canadian Blood Services statistician, for assistance with data analysis 
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4.3. RESULTS: 

4.3.1.  In Vitro Quality Parameters: 

Residual Cells Count 

While all of the blood manufacturing methods had similar level of residual WBCs, 

quantities of residual platelets differed among the products based on the processing methods 

used (Figure 4.3A and 4.3B).  

Supernatant Potassium and Percent Hemolysis 

As expected, there was a significant increase in hemolysis during storage in all of the RCC 

products (Figure 4.4A), with no significant differences among manufacturing methods of the 

expired units.  However among day 5 units, AD RCCs demonstrated greater hemolysis 

compared to RCF (p=0.006) and WBF (p=0.025) units. Supernatant potassium also increased 

over storage time in all of the RCC products, with no significant differences among 

manufacturing methods at day 42 (Figure 4.4B). On day 5 of storage, supernatant potassium 

was significantly higher in WBF units compared to RCF (p= 0.024) and WBD (p= 0.008) RCCs 

(Figure 4.4B).  

4.3.2. Characterization of EVs Populations by Tunable Resistive Pulse Sensing: 

There was an increase in the total number of EVs (EVs/mL) on day 42 in comparison to day 

5 of storage in all blood manufacturing methods. In addition, the number of small 

EVs/exosomes (< 200 nm) was greater than large EVs (≥ 200 nm) in all of the products on day 

5 and 42 (Figure 4.5A and 4.5B). Notably, the highest level of EVs < 200 nm were in AD units 

which were significantly different from WBD on day 5 (p = 0.0115) as well as WBD and RCF 

on day 42 (p=0.0050 and p=0.0083 respectively), Figure 4.5A. No statistical significant 

differences among the blood products was observed with larger EVs (EVs ≥ 200 nm) except on 

day 42 between AD and WBF RCCs (p=0.0106, Figure 4.5B). Furthermore, the size profile of 
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EVs showed significant differences in the EVs size-profile among all RBC products (p<0.05). 

On day 5 of storage, WBF-RCCs had a different EVs size-profile (smaller EVs, 91.1 ± 6.8 nm) 

in comparison to apheresis-RCCs (125.4 ± 37.0 nm), (p=0.009).  On day 42 of storage, the mean 

of small EVs (< 200 nm) apheresis and WBF RCCs was lower compared to RCF and WBD 

products (p<0.05) (data not shown).  

4.3.3. EVs Quantification and Cells of Origin by Flow Cytometry:    

Across all groups, EV counts measured by flow cytometry were orders of magnitude lower 

than those measured by TRPS, suggesting that flow cytometric analyses may have missed some 

of the smaller EV.  Consistent with the TRPS data, flow cytometry results showed significant 

increase in the number of total EVs (EVs/µL) on day 42 of hypothermic storage in all of blood 

manufacturing methods (p<0.05) compared to day 5 (Figure 4.5C).  Among day 5 supernatants, 

RCF units had the lowest total EV and platelet-derived EV concentrations (Figure 4.5C and 

Figure 4.5C E), while AD units had the highest RBC-derived EV concentrations (Figure 4.5D). 

Among day 42 supernatants, RBC-derived EV concentrations were highest in WBD 

supernatants (Figure 4.5D), while RCF supernatants again demonstrated the lowest 

concentration of platelet-derived EV (Figure 4.5E). In addition, RCF units contained the 

smallest concentration of WBC-EVs (CD3+, CD14+, CD16+, CD19+, CD66b+) compared to 

the other RCC products (Figure 4.5F and Figure 4.6). 

4.3.4. Monocyte Co-culture  

 The immunomodulatory effects of RCC supernatants on monocytes were mixed and differed 

by manufacturing method. Regardless of storage duration, AD and WBD RCC supernatants 

were immunosuppressive with respect to TNFα production in response to LPS (Figure 4.7A). 

Meanwhile, day 42 WBD supernatants produced more IL-8 in the absence of LPS (Figure 4.8), 
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suggesting a mixed immunosuppressive and inflammatory response to WBD RCC at day 42. 

Exposure to day 5 WBF RCC supernatant resulted in increased LPS-induced IL-1β production 

(Figure 4.7B) and higher IL-8 in the absence of LPS (Figure 4.8) suggesting an augmented 

inflammatory response to fresh WBF RCC.  Monocyte LPS-induced IL-10 and IL-8 production 

did not differ from controls for any of the RCC supernatants evaluated (Figure 4.7B and Figure 

4.7D).   

4.3.5.  Correlations between Residual Cells, EVs and cytokine production 

Exploratory correlational analyses were performed to assess the relationships between 

monocyte function and the amount of residual cells with all of the RCC products (Figure 4.9). 

Significant and clear negative correlations were identified between residual platelet count and 

LPS - induced pro-inflammatory cytokine production: TNF-α (r =0.543, p=0.002), LPS IL-8 

(r=0.507, p=0.005), suggesting that higher residual platelet counts are associated with 

immunosuppressive activity (Figure 4.9: A and C). Similarly, residual platelet count was 

negatively correlated with IL-8 production in the absence of LPS, again suggesting a potentially 

anti-inflammatory phenotype (r=0.550, p=0.003)] (Figure 4.9D). Conversely, there were no 

strong correlations identified between residual WBCs and monocyte cytokine production, 

although the correlation between residual WBCs and LPS-induced IL-10 was statistically 

significant (p= 0.043, r= 0.378) (Figure 4.9E-H).  

Additional correlation analyses were executed to evaluate the relationships between the 

monocyte function and cell-derived EVs. For fresh RCC products, no significant correlation 

was found between cytokine production and platelet-EVs, RBC-EVs or total WBC-EVs (Table 

4.3a). However, as presented in Table 4.3a, significant moderate negative correlations were 

identified between LPS-induced TNF-α and B cell-derived and monocyte derived-EVs 
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[CD19+EVs (0.437, p=0.017), CD16+EVs (0.467, p=0.010)] in fresh products. Likewise, LPS-

induced IL-10 significantly and negatively correlated with B cell-derived, monocyte-derived, 

and T cell-derived EVs [CD19+EVs (r=0.513, p=0.004), CD16+EVs (r=0.499, p=0.005) and 

CD3+EVs (r=0.379, p=0.042)]. 

At day 42 of storage, there was a significant negative correlation between platelet-EVs and 

LPS-induced TNF-α (r=0.352, p=0.048; Table 4.3b). In the absence of LPS stimulation, a clear 

positive correlation was identified between IL-8 and total WBC-EVs as well as CD14+ 

monocyte-EVs (r=0.570, p=0.001; r=0.610, p=0.0004, respectively; (Table 4.3b). 

 

4.4. DISCUSSION 

In this study, different manufacturing methods influenced the quality control parameters and 

EVs characteristics of RCC products and were associated with differential immunomodulatory 

activity in vitro. Our findings are in agreement with previously published studies documenting 

differences in RCC quality measures, including levels of hemolysis, potassium, deformability, 

and residual plasma, platelet and leukocyte concentrations, and EV quantities across 

manufacturing method30,37-39. It is no longer appropriate to consider all RCCs used in transfusion 

as being equivalent. The current study is among the first to document a potential functional 

consequence related to these differences.   

While factors associated with TRIM are yet to be fully elucidated, studies have suggested 

that the infusion of damaged or active cells, and/or foreign antigens/mediators in both soluble 

and cell-associated forms, are potential immunomodulatory mediators that are strongly 

associated with TRIM7,12-14. Several studies have shown that RCC products contain residual 
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cells and accumulate cell-derived factors in the supernatant during storage, such as EVs, which 

have been shown to have proinflammatory and immunosuppressive potential30,39-42. For 

instance, in previous publication by Danesh et al. in 201443, the authors demonstrated 

proinflammatory effects, including increased release of proinflammatory cytokines from 

monocytes after incubation with exosomes (small EVs) isolated from RCCs, suggesting that 

RCC may contribute to TRIM.  Conversely, in other previous work of our group, supernatants 

from leukoreduced stored RCCs that had been depleted of EVs suppress monocyte function in 

vitro and extracellular protein-bound RNAs, such as microRNA, were implicated as a potential 

soluble mediator of immunosuppression35.   

In this study, an immunosuppressive effect was identified with AD and WBD RCC 

supernatants as shown by the significant reduction in the release of the inflammatory cytokine 

(TNF-α) by monocytes in response to LPS-stimulation.  TNF-α is an important cytokine in 

immune activation and anti-microbial immunity44-46. In clinical studies, low whole blood TNF-

α production in response to LPS is a reproducible marker of immune suppression in critically 

ill patients, associated with risks of nosocomial infection, prolonged organ dysfunction, and 

death47-49. Our findings are in agreement with previous studies reporting similar 

immunosuppressive activity of WBD RCC products34,50.  

In our exploratory analyses relating immunomodulatory activity to cell-derived EVs, a 

statistically significant correlation was identified in this study between platelet-derived EVs and 

the suppressed LPS-induced TNF-α production in RCCs at expiry. Similar to what was observed 

for residual platelets, there was a negative correlation between platelet-EVs and LPS-induced 

TNF-α production, suggesting that platelet-derived EVs correlated with immunosuppressive 

activity.  Since neither residual cells nor EV population correlations perfectly explain the mixed 
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immunomodulatory effects observed with different blood manufacturing methods, it is likely 

that other mediator(s) in the supernatant of the blood products might play an important role in 

these effects. Although the focus of this study was not to analyze the soluble immunomodulator 

factors in the blood product supernatant, the immunomodulatory roles of several soluble 

mediators, including platelet-derived mediators, has been examined. For instance, Perros et al. 

201551 showed that supernatant from platelet concentrate co-cultured with dendritic cells 

resulted in significant immunosuppression as evidenced by downregulated IL-12, IL-6, IL-1α 

and  TNF-α. It has been indicated that this could be due to soluble mediators present in the 

supernatant such as histamine, platelet factor 4(PF4), and sCD40L that can regulate the 

expression and the production of cytokines and chemokines51. Furthermore, Ando et al.52 

revealed that platelets upon stimulation secret suppressive soluble factors, more likely to be 

protein(s), which may downregulate the macrophage responses without direct cell-cell contact. 

Recent work from our group showed that platelet-EVs induced TGF-β secretion without 

inducing proinflammatory cytokines in EV-exposed monocytes53. 

Interestingly, our study failed to identify significant correlations between RBC-EVs and 

monocyte cytokine production across manufacture methods for either fresh RCC or RCC at 

expiry, consistent with our recent publication measuring effects of RBC-EVs on monocyte 

activation53.  Previous studies suggest an immunosuppressive role of RBC-EVs. Sadallah et 

al.54 observed a significant reduction in the release of LPS-induced inflammatory cytokines 

(TNF-α, and IL-8) in the presence of exosomes derived from isolated erythrocytes. They 

postulated that the immunosuppressive effects could be due to phosphatidylserine (PS) 

expressed on the surface of the RBC-EVs which has been shown to down regulate the immune 

response. It has been also suggested that the RBC-EVs react with Toll-like receptors (TLR) and 
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down regulate their ability to activate the macrophage in the presence of LPS stimulation54. 

Whether transfusion of these EVs within the RCC product may account for some of reported 

immunosuppressive activity associated with transfusion remains uncertain and requires further 

investigations.  

While an immunosuppressive effect was observed with the supernatant from AD and WBD 

RCCs, supernatants from fresh WBF units resulted in significantly higher inflammatory 

cytokine (IL-8) production from the unstimulated monocyte model in comparison to controls. 

IL-8 is a very important mediator and regulator of the innate immune response55. It is also 

believed to be a valuable diagnostic tool as it has been used along with other cytokines, such as 

IL-6, to determine the severity of inflammation in the body before death55,56. Interestingly, fresh 

WBF units, which were associated with higher IL-8 production in the absence of LPS, were 

shown to have lower residual platelets.  At the same time, RCC that resulted in monocyte IL-8 

expression similar to control values had higher residual platelet counts, suggesting that perhaps 

residual platelets may blunt inflammatory effects of other mediators in this model. Therefore, 

the effect of residual platelets on immunomodulatory activity and patient clinical outcomes is 

worth additional examination. 

The augmented inflammatory responses associated with “fresh” but not “expired” WBF 

products is a novel finding that could provide a biological mechanism for the data recently 

published by Heddle et al. 2016.20  In that registry study, transfusion of fresh (≤7 days of 

storage) WBF was associated with higher in-hospital mortality compared to the mid-age (8-35 

days) of the reference group (RCF RCCs). Collective our work suggests that storage duration 

and blood manufacturing method used to produce the blood components could both affect 
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patient clinical outcomes. However, additional investigation is warranted to validate and explain 

these findings, and to identify the causative factors associated with these outcomes.  

      Important to mention, our study has limitations. This study focused on the cytokine 

production of monocytes due to its clinical relevance especially in critical ill patients. However, 

the immunomodulatory effects RCC supernatant on other immune cell types or on other 

measures of the monocyte function may be different.  Similarly, in vitro models may not reflect 

the complexity of the biological system in vivo and the interactions between immune and non-

immune cells, endothelial cells, and microenvironment, which all may influence host response 

to transfusion. Furthermore, in this study we examined only fresh (day 5) and expired (day 42) 

RCC supernatant because it covers the storage time range for RCC transfusion, but earlier points 

such as day 0 or day 1 may better reflecting the influence of manufacturing methods without a 

storage effect. In addition, we did not measure the effect of the EV-free supernatant or the 

potential soluble immunomediators in the supernatant; it is likely that these factors might play 

an important role in the mixed immunomodulatory effects observed with different blood 

manufacturing methods. We view these as important future studies.  Furthermore, we 

centrifuged the blood product to collect the supernatant for testing and it is possible that the 

centrifugation may generate more EVs in the supernatant and may release the cargo of some 

cells or particles, which may affect the final results of this study. Moreover, not all EVs in this 

study were categorized based on their cell of origin given the small EVs/exosomes that were 

detected by the TRPS technique but were not identified by the flow cytometer. Thus, the 

exploratory correlation analysis relating immunomodulatory activity to cell-derived EVs did 

not include all EVs, but rather those large enough to be detected on the flow cytometer (>100-

150 nm). Furthermore, our correlation analysis preformed here was an exploratory correlation 



 

129 
 

only, and we did not correct for multiple comparisons in the correlations due to hypothesis 

generating exploratory data. Additionally, it is important to mention that it is not yet clear 

whether these findings and differences observed are due to the differences in manufacturing 

methods or due to other variables such as donor characteristics. Although donor factors such as 

sex and age may influence RCC products during storage57, the main focus of this project was to 

investigate the effect of different manufacturing methods on RCC characteristics and 

immunomodulatory effects on monocyte activity.  

 

4.5. CONCLUSION  

In conclusion, this study shows that blood manufacturing methods significantly influence 

the immunomodulatory effects of RCC supernatant on monocytes in vitro and significantly 

affect RBC and non-RBC EVs characteristics throughout storage, which have the potential to 

impact quality and safety of RBC products. Effects were largely independent of storage 

duration, suggesting that the differences observed between RCC manufacturing methods may 

account for differences in studies examining clinical effects of RCCs storage duration, 

particularly within international multi-center studies. Results warrant further examination of 

their potential immunomodulatory effects and clinical consequences.   
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FIGURES: 

Figure 4.1: Visual Abstract  
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Figure 4.2: Overview of experimental methods. 
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Figure 4.3: Residual white blood cell (WBC) and platelet counts in RCCs produced by different 
manufacturing methods as measured on day 5 of storage.  Data reported as scatter dot plots with 
mean and standard deviation.  
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Figure 4.4: Hemolysis and supernatant K+ of differently manufactured RCC products. Dot plots 
display:  (A) percent hemolysis and (B) level of supernatant K+ on day 5 (fresh/unfilled) and 
day 42 (expired/gray filed) of stored and differently manufactured RCC products. Data reported 
as scatter dot plots with mean and standard deviation. *Significant results (p < 0.05) in 
comparison to day 5 values. (δ) Indicates significant difference (p <0.05) compared to the noted 
blood manufacturing methods. 
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Figure 4.5: Concentration of EVs and their subpopulations in RCC products stored for up to 42 
d analyzed by the TRPS system and flow cytometry system. (A) EVs < 200 nm, (B) EVs ≥ 200 
nm, (C) total EVs, (D) RBC-EVs, (E) Platelet-EVs and (F) WBC-EVs (WBC-EVs = CD19+, 
CD14+, CD16+, CD3+, and CD66b+ EVs combined together. Data are reported as mean ± SD. 
(*) Significant results (p <0.05) in comparison to day 5 values. (δ) Indicates significant 
difference (p <0.05) compared to the noted blood manufacturing methods (n=8 per blood 
manufacturing method). 

RBC-EVs

Day 5 Day 42

FC
_R

BC
-E

Vs
 (#

/µ
L)

101

102

103

104

105

106

107

Platelet-EVs

Hypothermic Storage Time 

Day 5 Day 42

FC
_ 

Pl
at

ele
t E

Vs
 (#

/µ
L)

101

102

103

104

105

106

107

WBC-EVs

Hypothermic Storage Time 

Day 5 Day 42

FC
_W

BC
 E

Vs
 (#

/µ
L)

101

102

103

104

105

106

107

Total EVs

Day 5 Day 42

FC
_T

ot
al 

EV
s 

(#
/µ

L)

101

102

103

104

105

106

107

EV < 200 nm (P1)

Day 5 Day 42

TR
PS

_E
Vs

 c
on

ce
nt

ra
tio

n 
(#

/m
L)

107

108

109

1010

1011

1012

EVs > 200 nm (P2)

Day 5 Day 42
TR

PS
_E

Vs
 c

on
ce

nt
ra

tio
n 

(#
/m

L)
107

108

109

1010

1011

1012 WBF
RCF
AD
WBD

*

(A) (B)

(C) (D)

(E) (F)

WBD,RCF

WBD **
*

*
*

*
* WBF

WBF,RCF

AD.
WBF

AD,
WBF

**

WBD
* **

AD,
WBF

* **

*
*

*

*

 



 

135 
 

Figure 4.6: Number of EVs based on their cell of origin for all manufacturing methods during hypothermic storage. Data reported as 
scatter dot plots with mean and standard deviation (day 5/ green and day 42/red) in four differently manufactured RCC products 
(WBF, RCF, AD, and WBD). *Significant results (p < 0.05) in comparison to day 5 values. (δ) Indicates significant differences 
(p <0.05) blood manufacturing methods. 
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Figure 4.7: Monocyte LPS-induced cytokine production [(A) TNF-α, (B) IL-10, (C) IL-1β, and (D) IL-8] following exposure of RCC 
supernatant from different RCC manufacturing methods at fresh (day 5/unfiled) and at expiry (day 42/gray). *Significant level in 
comparison to control (*P<0.05; **P<0.01; ***P<0.001).   
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Figure 4.8: Monocyte IL-8 production in the absence of LPS stimulation and following 
exposure to RCC supernatant from different RCC manufacturing methods at fresh (day 
5/unfiled) and at expiry (day 42/gray). *Significant level in comparison to control (***P<0.001; 
****P<0.0001).  
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Figure 4.9: Overall correlations between the level of residual cells and monocyte cytokines production for all manufacturing methods 
[WBF (grey), RCF (green), AD (red), and WBD (blue)].   
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Table 4.1: Controls (raw data) for monocyte co-culture experiment used to normalized the 
cytokines data to “% of control” to reduce the degree of inter-individual variability in baseline 
monocyte response.

Experiment 

ID number  

LPS TNF 

(pg/ml) 

LPS IL 10 

(pg/ml) 

LPS IL-1β 

(pg/ml) 

LPS IL 8 

(pg/ml) 

no LPS IL8 

(pg/ml) 

1 11205.50 62.95 178.50 123464.00 437.00 

2 28607.30 75.60 105.67 117177.00 573.00 

3 18919.00 33.50 100.00 101763.00 411.50 

4 26191.50 90.70 74.10 147964.50 138.00 

5 23091.50 108.00 108.00 130995.00 234.00 

6 17766.00 51.00 275.50 99134.00 4086.50 

7 18766.50 30.90 204.50 141275.50 25534.00 

8 27678.00 107.00 105.50 183519.00 15929.50 
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Table 4.2: Modal size of EVs (nm) in diameter from TRPS measurements (Mean ± SD). (*) 
Significant results (p <0.05) in comparison to day 5 values. (†) Indicates significant 
differences (p <0.05) blood manufacturing methods. 

 
 

 
Methods EVs Size Day 5 Day 42 

1. WBF EVs < 200 nm 91.1  ± 6.8†3 141.4 ± 14.8* †2,4 
 EVs> 200 nm 247.5 ± 25.8†2,3,4 257.5 ± 14.6 

    
2. RCF EVs < 200 nm 117.5 ± 8.9 175.4 ± 9.1* 

 EVs> 200 nm 237.3 ± 5.9 237.7 ± 4.4 
 

   
3. Apheresis EVs < 200 nm 125.4 ± 37.0 135.1± 41.2†2,4 

 EVs> 200 nm  243.8± 4.3 239.0 ± 5.4* †2,4 

    
4. WBD EVs < 200 nm 104.9 ± 3.3 181.8 ± 5.0* 

 EVs> 200 nm 216.6 ± 3.1†1,2,3 231.6 ± 4.6* 
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Table 4.3: Overall Pearson correlation coefficient was calculated between EVs based on their 
cell of origin and cytokines expression for all RCC units   

 

Table 4.3a: Pearson correlation between EVs and Cytokines: Fresh Products  

 
EVs Markers/Cell of Origin   

Fresh: correlation (p-value) 

LPS TNF LPS IL-8 LPS IL-10 LPS IL-
1 Beta IL 8 

CD41a+ (Platelet)-EVs+ -0.2432 
(0.2037 ) 

-0.2832 
(0.1365 ) 

-0.2895 
(0.1276 ) 

-0.1116 
(0.5717 ) 

0.1559 
(0.4375 ) 

CD235a+  (Erythrocyte )-EVs -0.0473 
(0.8076 ) 

-0.0969 
(0.6169 ) 

0.0017 
(0.9930 ) 

0.0941 
(0.6339 ) 

-0.1078 
(0.5923 ) 

CD144+  (Endothelial)-EVs -0.1566 
(0.4172 ) 

-0.0213 
(0.9125 ) 

-0.0438 
(0.8216 ) 

-0.3346 
(0.0818 ) 

-0.1421 
(0.4795 ) 

CD66b+ (Granulocyte)-EVs -0.2074 
(0.2804 ) 

-0.0704 
(0.7165 ) 

-0.0842 
(0.6642 ) 

-0.1624 
(0.4090 ) 

0.1677 
(0.4031 ) 

CD19+ (B-lymphocyte)-EVs -0.4378 
(0.0175 ) 

-0.3113 
(0.1002 ) 

-0.5133 
(0.0044 ) 

-0.3035 
(0.1164 ) 

0.1571 
(0.4339 ) 

CD14+ (Monocyte)-EVs -0.1968 
(0.3063 ) 

-0.0087 
(0.9644 ) 

-0.0666 
(0.7316 ) 

-0.2717 
(0.1620 ) 

-0.0101 
(0.9603 ) 

CD16+(NK/Active Monocyte)-
EVs 

-0.4678 
(0.0105 ) 

-0.2412 
(0.2075 ) 

-0.4990 
(0.0059 ) 

-0.3585 
(0.0610 ) 

0.0958 
(0.6345 ) 

CD3+ (T lymphocyte)-EVs -0.3498 
(0.0629 ) 

-0.2573 
(0.1779 ) 

-0.3792 
(0.0425 ) 

-0.1809 
(0.3569 ) 

0.0751 
(0.7096 ) 

CD142+(Tissue Factor)-EVs -0.4359 
(0.0181 ) 

-0.3474 
(0.0648 ) 

-0.1520 
(0.4313 ) 

0.0632 
(0.7494 ) 

0.1538 
(0.4439 ) 

 
Total WBCs-EVs*   

 

-0.322  
(0.088) 

-0.088  
(0.659) 

-0.211  
(0.271) 

-0.354 
(0.064) 

0.024   
(0.906) 

*WBC = CD19+, CD14+, CD16+, CD3+, and CD66b+ EVs combined together.    
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Table 4.3b: Pearson correlation between EVs and Cytokines: Expiry Products 

  

Expiry: correlation (p-value) 

LPS TNF LPS IL-8 LPS IL-10 LPS IL-1 
Beta IL 8 

CD41a+ (Platelet)-EVs -0.3522 
(0.0481 ) 

-0.1707 
(0.3585 ) 

-0.1214 
(0.5081 ) 

-0.2096 
(0.2662 ) 

0.2064 
(0.2827 ) 

CD235a+  (Erythrocyte )-EVs 0.0175 
(0.9245 ) 

-0.0135 
(0.9425 ) 

-0.0355 
(0.8471 ) 

0.0638 
(0.7378 ) 

0.1089 
(0.5738 ) 

CD144+  (Endothelial)-EVs 0.1328 
(0.4688 ) 

-0.2048 
(0.2692 ) 

0.4465 
(0.0104 ) 

0.2226 
(0.2371 ) 

-0.3168 
(0.0940 ) 

CD66b+ (Granulocyte)-EVs -0.2486 
(0.1701 ) 

-0.3200 
(0.0792 ) 

-0.0926 
(0.6141 ) 

0.0868 
(0.6483 ) 

0.1924 
(0.3174 ) 

CD19+ (B-lymphocyte)-EVs 0.0076 
(0.9670 ) 

0.0175 
(0.9255 ) 

-0.0932 
(0.6117 ) 

0.0004 
(0.9984 ) 

0.2064 
(0.2828 ) 

CD14+ (Monocyte)-EVs -0.1669 
(0.3612 ) 

0.0984 
(0.5983 ) 

0.3690 
(0.0377 ) 

-0.2113 
(0.2622 ) 

0.6102 
(0.0004 ) 

CD16+(NK/Active Monocyte)-EVs -0.2149 
(0.2375 ) 

-0.1500 
(0.4205 ) 

-0.0889 
(0.6284 ) 

-0.1786 
(0.3449 ) 

0.1014 
(0.6006 ) 

CD3+ (T lymphocyte)-EVs -0.0919 
(0.6169 ) 

-0.2547 
(0.1668 ) 

0.0924 
(0.6150 ) 

-0.1344 
(0.4788 ) 

-0.0744 
(0.7014 ) 

CD142+(Tissue Factor)-EVs 0.0029 
(0.9876 ) 

0.0012 
(0.9949 ) 

-0.0353 
(0.8481 ) 

0.0663 
(0.7277 ) 

0.1727 
(0.3703 ) 

Total WBCs-EVs*   
 

-0.228  
(0.210) 

0.000  
(1.000) 

-0.275 
(0.127) 

-0.245  
(0.191) 

0.570   
(0.001) 

*WBC = CD19+, CD14+, CD16+, CD3+, and CD66b+ EVs combined together.    
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Table 4.4: Pearson correlation between EVs and Cytokines for each RCC manufacturing 
method.  

Table 4.4a: Pearson correlation between EVs and Cytokines: Fresh 

 
EVs Markers/Cell of 

Origin   

 
Manufacturing 
Methods  

 
Fresh: correlation (p-value) 

 
LPS 
TNF 

 
LPS IL-8 

 
LPS IL-10 

 
LPS IL-1 

Beta 

 
IL 8 

 
CD41a+ (Platelet)-EVs+ 

      
WBF -0.0693 

(0.8826 ) 
0.2230 

(0.6307 ) 
0.0899 

(0.8480 ) 
-0.4014 

(0.3721 ) 
0.4127 

(0.3575 ) 
RCF 0.4729 

(0.2839 ) 
0.1558 

(0.7388 ) 
0.3279 

(0.4727 ) 
-0.2578 

(0.5767 ) 
0.0325 

(0.9513 ) 
AD 0.7601  

(0.0286 ) 
0.3126 

(0.4509 ) 
0.6544 

(0.0783 ) 
-0.1619 

(0.7018 ) 
-0.0024 

(0.9960 ) 
WBD -0.0089 

(0.9848 ) 
-0.8175 

(0.0247 ) 
-0.2049 

(0.6594 ) 
-0.5966 

(0.2113 ) 
-0.2111 

(0.6495 ) 
P_value * 0.1835 0.5025 0.4682 0.7865 0.7604 

 
CD235a+  (Erythrocyte )-

EVs 

      
WBF 0.3862 

(0.3922 ) 
0.6691 

(0.1002 ) 
-0.0049 

(0.9918 ) 
-0.3445 

(0.4493 ) 
0.3758 

(0.4061 ) 
RCF -0.0827 

(0.8602 ) 
0.2741 

(0.5520 ) 
0.6379 

(0.1232 ) 
0.2784 

(0.5455 ) 
0.3324 

(0.5198 ) 
AD 0.7127 

(0.0472 ) 
0.5312 

(0.1755 ) 
0.6393 

(0.0878 ) 
0.1179 

(0.7810 ) 
0.0624 

(0.8942 ) 
WBD 0.3800 

(0.4005 ) 
-0.4115 

(0.3590 ) 
0.3702 

(0.4137 ) 
0.2716 

(0.6026 ) 
0.0203 

(0.9655 ) 
P_value * 0.0201 0.1938 0.1351 0.9822 0.997 

 
CD144+  (Endothelial)-

EVs 

      
WBF -0.6422 

(0.1199 ) 
0.0109 

(0.9815 ) 
-0.2504 

(0.5882 ) 
0.0410 

(0.9305 ) 
0.4798 

(0.2759 ) 
RCF 0.1570 

(0.7367 ) 
0.2248 

(0.6279 ) 
0.1452 

(0.7560 ) 
-0.7369 

(0.0588 ) 
-0.5103 

(0.3010 ) 
AD -0.1296 

(0.7597 ) 
0.1490 

(0.7247 ) 
-0.0795 

(0.8515 ) 
0.1487 

(0.7254 ) 
0.4327 

(0.3322 ) 
WBD 0.5520 

(0.1989 ) 
0.1394 

(0.7657 ) 
0.6413 

(0.1206 ) 
0.1347 

(0.7992 ) 
0.2038 

(0.6612 ) 
P_value * 0.4152 0.9269 0.3552 0.0575 0.3042 

 
CD66b+ (Granulocyte)-

EVs 

      
WBF 0.1345 

(0.7738 ) 
0.5441 

(0.2068 ) 
0.4870 

(0.2677 ) 
-0.0028 

(0.9953 ) 
0.1274 

(0.7855 ) 
RCF 0.1425 

(0.7605 ) 
-0.1467 

(0.7537 ) 
0.3069 

(0.5032 ) 
0.2254 

(0.6271 ) 
0.5115 

(0.2997 ) 
AD -0.1906 

(0.6512 ) 
-0.2115 

(0.6151 ) 
0.0350 

(0.9345 ) 
-0.6485 

(0.0820 ) 
0.4470 

(0.3146 ) 
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Methods 

 
LPS 
TNF 

 
LPS IL-8 

 
LPS IL-10 

 
LPS IL-1 

Beta 

 
IL 8 

WBD 0.6795 
(0.0931 ) 

0.5975 
(0.1566 ) 

0.4157 
(0.3536 ) 

0.8330 
(0.0395 ) 

0.4627 
(0.2958 ) 

P_value * 0.43 0.3461 0.7468 0.0491 0.7010  

 
CD19+ (B-lymphocyte)-

EVs 

      
WBF -0.2164 

(0.6412 ) 
-0.1872 

(0.6877 ) 
-0.1511 

(0.7463 ) 
-0.3535 

(0.4366 ) 
0.3228 

(0.4801 ) 
RCF 0.5252 

(0.2261 ) 
0.7841 

(0.0369 ) 
-0.5476 

(0.2033 ) 
-0.3006 

(0.5124 ) 
-0.4301 

(0.3946 ) 
AD -0.5797 

(0.1320 ) 
-0.5081 

(0.1986 ) 
-0.3472 

(0.3995 ) 
-0.5689 

(0.1411 ) 
0.2285 

(0.6222 ) 
WBD 0.3567 

(0.4322 ) 
0.1894 

(0.6842 ) 
0.3053 

(0.5055 ) 
-0.0145 

(0.9783 ) 
0.0845 

(0.8571 ) 
P_value * 0.2665 0.3393 0.7161 0.9323 0.8801  

 
CD14+ (Monocyte)-EVs 

      
WBF 0.0318 

(0.9460 ) 
0.5810 

(0.1713 ) 
-0.0572 

(0.9030 ) 
0.1813 

(0.6972 ) 
0.2673 

(0.5623 ) 
RCF 0.3748 

(0.4074 ) 
0.3849 

(0.3939 ) 
0.4523 

(0.3082 ) 
0.0212 

(0.9640 ) 
0.2544 

(0.6266 ) 
AD -0.1692 

(0.6887 ) 
-0.1419 

(0.7375 ) 
0.1001 

(0.8136 ) 
-0.4545 

(0.2578 ) 
0.2708 

(0.5569 ) 
WBD 0.2797 

(0.5436 ) 
0.3741 

(0.4083 ) 
0.5094 

(0.2429 ) 
-0.0742 

(0.8888 ) 
0.0838 

(0.8583 ) 
P_value * 0.6918 0.601 0.261 0.9572 0.9642  

 
CD16+(NK/Active 

Monocyte)-EVs 

      
WBF 0.1617 

(0.7291 ) 
0.4878 

(0.2667 ) 
0.0866 

(0.8536 ) 
-0.4852 

(0.2697 ) 
0.4969 

(0.2565 ) 
RCF 0.4498 

(0.3112 ) 
0.0640 

(0.8916 ) 
0.2019 

(0.6642 ) 
-0.1174 

(0.8020 ) 
0.2146 

(0.6830 ) 
AD -0.2150 

(0.6091 ) 
-0.5212 

(0.1853 ) 
0.0763 

(0.8576 ) 
-0.4832 

(0.2252 ) 
-0.4102 

(0.3607 ) 
WBD -0.7178 

(0.0693 ) 
0.1896 

(0.6839 ) 
-0.6791 

(0.0934 ) 
-0.3538 

(0.4915 ) 
-0.0129 

(0.9781 ) 
P_value * 0.117 0.3385 0.1976 0.7407 0.5940  

 
CD3+ (T lymphocyte)-

EVs 

      
WBF 0.2508 

(0.5874 ) 
0.5329 

(0.2181 ) 
0.2299 

(0.6200 ) 
-0.1449 

(0.7565 ) 
0.2614 

(0.5712 ) 
RCF 0.2832 

(0.5383 ) 
0.1411 

(0.7628 ) 
0.3677 

(0.4171 ) 
0.1630 

(0.7270 ) 
0.3531 

(0.4923 ) 
AD -0.2894 

(0.4868 ) 
-0.3269 

(0.4293 ) 
-0.4631 

(0.2479 ) 
-0.3664 

(0.3720 ) 
0.3416 

(0.4534 ) 
WBD 0.2891 

(0.5295 ) 
0.7200 

(0.0681 ) 
0.2972 

(0.5174 ) 
0.2859 

(0.5829 ) 
0.0935 

(0.8420 ) 
P_value*  0.6139 0.3507 0.286 0.7398 0.7284  
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EVs Markers/Cell of 
Origin   

 
Manufacturing 
Methods  

 
Fresh: correlation (p-value) 

 
LPS 
TNF 

 
LPS IL-8 

 
LPS IL-10 

 
LPS IL-1 

Beta 

 
IL 8 

 
 

CD142+(Tissue Factor)-
EVs 

      
WBF -0.3825 

(0.3970 ) 
-0.6268 

(0.1320 ) 
0.3858 

(0.3927 ) 
0.8114 

(0.0267 ) 
-0.7206 

(0.0677 ) 
RCF -0.7770 

(0.0398 ) 
-0.6787 

(0.0937 ) 
0.0395 

(0.9330 ) 
0.0336 

(0.9430 ) 
-0.1539 

(0.7710 ) 
AD -0.3452 

(0.4024 ) 
-0.2398 

(0.5673 ) 
0.2103 

(0.6172 ) 
-0.4057 

(0.3187 ) 
0.2982 

(0.5160 ) 
WBD -0.2271 

(0.6244 ) 
-0.1750 

(0.7075 ) 
0.3828 

(0.3967 ) 
0.2635 

(0.6138 ) 
0.8137 

(0.0260 ) 
P_value * 0.9804 0.5485 0.7827 0.0603 0.0072  
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Table 4.4b: Pearson correlation between EVs and Cytokines: Expiry 

 
EVs Markers/Cell of Origin  

 
Manufacturing 

Methods  

 
Expiry: correlation (p-value) 

 
LPS TNF 

 
LPS IL-8 

 
LPS IL-

10 

 
LPS IL-1 

Beta 

 
IL 8 

 
CD41a+ (Platelet)-EVs 

      

WBF -0.2338 
(0.5773 ) 

-0.3304 
(0.4242 ) 

-0.1695 
(0.6883 ) 

0.0424 
(0.9207 ) 

0.4923 
(0.2152 ) 

RCF 0.0096 
(0.9821 ) 

0.2295 
(0.5846 ) 

-0.1434 
(0.7347 ) 

0.6543 
(0.1108 ) 

0.6530 
(0.1118 ) 

AD 0.3151 
(0.4471 ) 

-0.7000 
(0.0799 ) 

0.0766 
(0.8570 ) 

0.7377 
(0.0367 ) 

-0.0762 
(0.8859 ) 

WBD 0.3179 
(0.4429 ) 

0.4635 
(0.2474 ) 

0.5009 
(0.2061 ) 

0.4392 
(0.3242 ) 

-0.2242 
(0.5935 ) 

P_value * 0.6034 0.1114 0.5274 0.294 0.3899 

 
CD235a+  (Erythrocyte )-

EVs 

      

WBF -0.0713 
(0.8667 ) 

-0.1721 
(0.6835 ) 

-0.1991 
(0.6364 ) 

-0.1390 
(0.7428 ) 

0.6275 
(0.0958 ) 

RCF -0.1381 
(0.7443 ) 

-0.3326 
(0.4208 ) 

0.2640 
(0.5275 ) 

-0.5336 
(0.2173 ) 

-0.6010 
(0.1535 ) 

AD -0.3123 
(0.4514 ) 

0.4722 
(0.2846 ) 

0.1937 
(0.6458 ) 

0.2313 
(0.5816 ) 

0.5073 
(0.3044 ) 

WBD -0.6183 
(0.1023 ) 

-0.5983 
(0.1171 ) 

-0.3592 
(0.3822 ) 

-0.1434 
(0.7591 ) 

0.0367 
(0.9312 ) 

P_value * 0.9956 0.8939 0.8418 0.9629 0.024 

 
CD144+  (Endothelial)-EVs 

      

WBF -0.0376 
(0.9295 ) 

-0.3914 
(0.3376 ) 

0.1399 
(0.7410 ) 

0.2266 
(0.5894 ) 

0.3878 
(0.3425 ) 

RCF 0.0974 
(0.8186 ) 

-0.1883 
(0.6551 ) 

0.5922 
(0.1220 ) 

-0.1237 
(0.7916 ) 

-0.8133 
(0.0261 ) 

AD 0.2995 
(0.4711 ) 

-0.3870 
(0.3910 ) 

0.5916 
(0.1224 ) 

0.4122 
(0.3102 ) 

-0.2377 
(0.6501 ) 

WBD -0.2831 
(0.4968 ) 

0.1155 
(0.7853 ) 

-0.1936 
(0.6460 ) 

-0.1260 
(0.7878 ) 

0.0021 
(0.9961 ) 

P_value * 0.8324 0.6774 0.2274 0.5498 0.0487 

 
CD66b+ (Granulocyte)-EVs 

WBF -0.3527 
(0.3915 ) 

-0.2908 
(0.4847 ) 

-0.1484 
(0.7257 ) 

0.8410 
(0.0089 ) 

-0.1177 
(0.7814 ) 

RCF -0.6580 
(0.0761 ) 

-0.3577 
(0.3843 ) 

-0.3944 
(0.3336 ) 

0.3314 
(0.4678 ) 

0.0028 
(0.9953 ) 
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Manufacturing 

Methods 

 
LPS TNF 

 
LPS IL-8 

 
LPS IL-

10 

 
LPS IL-1 

Beta 

 
IL 8 

AD 0.3292 
(0.4259 ) 

-0.3527 
(0.4378 ) 

0.4993 
(0.2078 ) 

0.3443 
(0.4037 ) 

-0.0639 
(0.9043 ) 

WBD -0.1332 
(0.7533 ) 

-0.5328 
(0.1740 ) 

0.0340 
(0.9364 ) 

0.3694 
(0.4148 ) 

-0.2745 
(0.5105 ) 

P_value * 0.7133 0.7927 0.7824 0.4372 0.993 

P_value *  0.7133  0.7927  0.7824  0.4372  0.993  

 
CD19+ (B-lymphocyte)-EVs 

WBF -0.0505 
(0.9054 ) 

-0.1555 
(0.7131 ) 

-0.1560 
(0.7121 ) 

-0.0968 
(0.8196 ) 

0.6140 
(0.1054 ) 

RCF 0.6227 
(0.0992 ) 

0.6636 
(0.0728 ) 

0.4514 
(0.2616 ) 

-0.1052 
(0.8224 ) 

-0.4852 
(0.2698 ) 

AD 0.3731 
(0.3626 ) 

-0.0545 
(0.9076 ) 

-0.0326 
(0.9389 ) 

0.1567 
(0.7110 ) 

-0.3034 
(0.5589 ) 

WBD -0.1665 
(0.6936 ) 

0.1766 
(0.6757 ) 

-0.4371 
(0.2788 ) 

-0.5999 
(0.1545 ) 

0.4653 
(0.2453 ) 

P_value * 0.9292 0.8826 0.9021 0.9049 0.059 

P_value *  0.9292  0.8826  0.9021  0.9049  0.059  

 
CD14+ (Monocyte)-EVs 

WBF 0.2686 
(0.5201 ) 

0.7864 
(0.0206 ) 

0.1654 
(0.6956 ) 

0.0591 
(0.8895 ) 

0.3372 
(0.4140 ) 

RCF -0.3954 
(0.3323 ) 

-0.6149 
(0.1047 ) 

0.0241 
(0.9549 ) 

-0.0356 
(0.9396 ) 

0.1305 
(0.7803 ) 

AD 0.1994 
(0.6358 ) 

0.0812 
(0.8626 ) 

0.8173 
(0.0132 ) 

-0.1534 
(0.7168 ) 

0.8384 
(0.0371 ) 

WBD -0.2182 
(0.6037 ) 

0.5618 
(0.1473 ) 

-0.0568 
(0.8937 ) 

-0.4006 
(0.3732 ) 

0.6570 
(0.0767 ) 

P_value * 0.7783 0.6067 0.0615 0.6778 0.5547 

P_value *  0.7783  0.6067  0.0615  0.6778  0.5547  

 
CD16+(NK/Active 

Monocyte)-EVs 

WBF 0.0489 
(0.9084 ) 

-0.0783 
(0.8537 ) 

-0.1658 
(0.6948 ) 

-0.2041 
(0.6278 ) 

0.5963 
(0.1187 ) 

RCF -0.2937 
(0.4801 ) 

-0.3281 
(0.4275 ) 

-0.3853 
(0.3459 ) 

0.1563 
(0.7379 ) 

0.5775 
(0.1745 ) 

AD 0.4036 
(0.3214 ) 

-0.0056 
(0.9905 ) 

0.3353 
(0.4168 ) 

0.4735 
(0.2360 ) 

0.1523 
(0.7733 ) 

WBD 0.1822 
(0.6659 ) 

-0.1637 
(0.6986 ) 

0.3611 
(0.3795 ) 

0.6251 
(0.1333 ) 

-0.5581 
(0.1505 ) 

P_value * 0.9673 0.9968 0.7073 0.3676 0.0358 

P_value *  0.9673  0.9968  0.7073  0.3676  0.0358  

 
CD3+ (T lymphocyte)-EVs  

WBF 0.6338 
(0.0915 ) 

0.3643 
(0.3750 ) 

0.1738 
(0.6806 ) 

-0.2602 
(0.5336 ) 

0.3559 
(0.3869 ) 
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CD3+ (T lymphocyte)-EVs 

 
Manufacturing 

Methods 

 
LPS TNF 

 
LPS IL-8 

 
LPS IL-

10 

 
LPS IL-1 

Beta 

 
IL 8 

RCF 0.1411 
(0.7389 ) 

-0.1052 
(0.8042 ) 

0.4584 
(0.2533 ) 

0.1263 
(0.7872 ) 

0.4775 
(0.2785 ) 

AD 0.5198 
(0.1867 ) 

-0.3374 
(0.4592 ) 

0.6793 
(0.0639 ) 

0.2305 
(0.5829 ) 

0.0716 
(0.8928 ) 

WBD 0.0056 
(0.9895 ) 

-0.3128 
(0.4506 ) 

-0.5711 
(0.1393 ) 

-0.3469 
(0.4459 ) 

-0.0503 
(0.9058 ) 

P_value* 0.3832 0.4771 0.1004 0.626 0.7349 

P_value*  0.3832  0.4771  0.1004  0.626  0.7349  

 
CD142+(Tissue Factor)-EVs 

WBF -0.1230 
(0.7716 ) 

-0.2751 
(0.5096 ) 

-0.1047 
(0.8050 ) 

-0.0789 
(0.8526 ) 

0.5602 
(0.1487 ) 

RCF 0.4134 
(0.3087 ) 

0.4749 
(0.2343 ) 

-0.0857 
(0.8401 ) 

0.3364 
(0.4606 ) 

-0.1654 
(0.7230 ) 

AD -0.0420 
(0.9213 ) 

0.5375 
(0.2134 ) 

0.5131 
(0.1934 ) 

-0.1080 
(0.7990 ) 

0.6043 
(0.2039 ) 

WBD -0.6996 
(0.0534 ) 

-0.0985 
(0.8165 ) 

-0.6676 
(0.0704 ) 

-0.6314 
(0.1283 ) 

0.4598 
(0.2516 ) 

P_value * 0.8868 0.5922 0.9301 0.9457 0.0969 
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Washing Red Blood Cell Products Modifies Non-Red 

Blood Cell Vesicles and Immunomodulatory Activity Red 

Cell Concentrate Supernatants  
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5.1. INTRODUCTION 

 
      In medicine, red cell concentrate (RCC) are one of the most commonly used transfusion 

products and a life-saving therapy 1,2. An increased risk associated with transfusion of RCCs, 

which include immune and nonimmune adverse reactions3-9, has been an area of interest and 

controversy for over 20 years. Although RCC products have been reported to modulate or alter 

immunity10-15, the causative fraction(s) associated with the immunomodulation has not been 

determined. While the exact mechanisms of the augmented immunosuppression or 

proinflammatory effects associated with RCC transfusion are not defined, studies have 

suggested that the infusion of active cell-associated forms and/or soluble mediators such as 

cytokines, bioactive lipids, hemoglobin, and extracellular vesicles (EVs), are potential 

immunomodulatory mediators8,16-19. Studies have been focusing on demonstrating the 

associations between the soluble mediators and adverse clinical outcomes5,6,20,21.  

      Recently, EVs have emerged as key indicators and potential potent mediators of 

immunity13,22,23. It has been found that EVs in stored RCC units, which accumulate during 

storage, contribute to neutrophil priming and activation and thus promote an inflammatory 

response in the transfused patient13,24. Moreover, it has been emphasized that the different 

effects of the EVs on the blood recipient’s immune system depends on different factors such as 

the EVs cell of origin, the characteristics of the EVs, as well as the type of EV isolation 

methods23. Notably, it has been suggested that non-RBC EVs and soluble mediators are the 

responsible agents that induce immune response in vitro25,26. In the previous chapters (Chapter 

2, 3 and 4), we showed that EVs from leukoreduced and stored RCCs are heterogonous in 

quantity, size and cell of origin. In addition, we observed that EVs, depending on their 

phenotype, are associated with RCC immunomodulatory activity (as illustrated in chapter 4).  
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      Studies suggest that washing RCCs to remove soluble mediators and/or inflammatory 

components, may reduce the immunomodulatory activity and other adverse reactions associated 

with blood components and may lead to better post-transfusion clinical outcomes19,27-30. 

Although washing of RCC product is well established, the influence of washing on the quality 

of RCC products can differ depending on several factors including but not limited to the type 

of wash (manual, automated)31, washing system (open or closed system)32, the time of storage 

(pre and post wash)30,33 and the additive solution used for post wash storage31,33. While manual 

washing with an open systems can limit the shelf life (post wash storage duration) to 24 hours, 

several centers including our group, have shown that the using a “closed” system and an 

automated cell processor (ACP) such as ACP 215, can extend the expiry time of washed 

RCCs31,32. In addition, the RBC in vitro quality characteristics have been assessed following 

washing with the ACP 215 and using different additive solutions and different pre/post washing 

storage time. It has been showed that a maximum of 14 days prewash storage and 7 days 

postwash is optimal for RCC stored in saline-adenine-glucose-mannitol (SAGM) additive 

solution33.  

          This study tested the hypothesis that the non-RBC generated vesicles in RCC are potent 

mediators of RCC pro-inflammatory activity in vitro, and washing RCCs with the ACP 215 

automated cell processor reduces these vesicles, and subsequently decreases the inflammatory 

activity of RCCs. To investigate that, the effect of washing on RBC quality parameters, residual 

cells, EVs characteristics in two different prewash (2 days and 14 days) and postwash (24 hours 

and 7 days) storage time following an optimal condition of washing were examined. Monocyte-

cytokine production and human umbilical vein endothelial cell (HUVEC) adhesion molecule 

were also used to assess the immunomodulatory activity of RCCs. Once the effects of washing 
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were determined, the result of washed and unwashed RCC were compared to determine the 

potent factor(s) associated with the RCC immunomodulatory activity. We also investigated 

whether spiking platelet-EVs, which were shown to be associated with immunomodulatory 

activity in Chapter 4, in washed RCC supernatant induce pro- or anti-inflammatory response in 

monocytes and HUVECs.    

 

5.2. MATERIAL AND METHODS  

5.2.1. RBC collection and Manufacturing  

      All blood donors provided signed, informed consent at the time of donation. Whole blood 

was collected from healthy donors and RCCs (n = 16) were produced using a Whole Blood 

Filtration Method34 (WBF; top/top). Briefly, whole blood was collected into blood collection 

sets (DQE 7292LX, Leucoflex MTL1 quadruple Top/Top system, MacoPharma) with 70 mL 

citrate-phosphate-dextrose (CPD)-anticoagulant and processed using the whole blood filtration 

method. After collection, whole blood was cooled (1-6 oC) and leukoreduced by filtration in the 

refrigerator within 24 hour of stop-bleeding time before being separated.  Filtered units were 

then centrifuged at 4552 × g for 6 min to separate the blood components.  An automated 

extractor (Compomat G4, Fresenius-Kabi) was used to extract plasma and saline-adenine-

glucose-mannitol (SAGM) was added to RCC units. All units were then stored at 1-6 °C.  

5.2.2. Study Design and Sample Processing 

      A pool-and-split experimental design was used for the 16 units to produce 4 equivalent RBC 

units in each of the following experimental groups based on pre-wash storage time: washed day 

2 post collection, unwashed day 2 post collection, washed day 14 post collection, unwashed day 

14 post collection. After pooling, units were split back into the original stored containers. The 
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unwashed RCC units served as controls. Washed units were sampled immediately post wash to 

calculate the percent recovery. Then, each experimental group was sampled 24 hours post wash 

and 7 days post wash for testing as illustrated in Figure 5.1.   

      Red blood concentrate sampling was performed three times during the storage using a 

validated technique as previously described 33,35. At each testing point (pre-wash baseline 

testing, 24 hours post-wash , and 7 days post-wash), an appropriate amount of RBCs was 

aseptically drawn from each bag into pre-labelled conical tubes. For baseline testing, 3 ml of 

RBCs was drawn and used to measure in vitro quality (spun hematocrit, hemolysis and RBC 

hematologic indices) for all units. For 24 h and 7 days post wash testing points, 18 ml of RBCs 

was drawn and 4 mL was used to measure in vitro quality and residual cells count. The 

remaining (14 mL) was centrifuged at 2200 x g for 10 min at 4 °C (Eppendorf 5810R) and the 

supernatant was collected for EVs phenotyping and quantification by flow cytometry, 

characterization of EVs by a tunable resistive pulse sensing (TRPS) technology, and assessment 

of immunomodulatory activity of RCC supernatants by quantifying monocyte cytokine 

production capacity and expression of HUVEC adhesion molecules in an in vitro model.   

      On day 7 post wash, the rest of the RCC units were centrifuged at 2200 x g for 10 min at 4 

°C and the supernatant was collected to examine the effect of platelet-EVs on the in vitro 

immunomodulatory activity of supernatants.   

5.2.3. Washing of RCCs Using the ACP 215* 

      An automated closed system cell processor (the ACP 215 from Haemonetics Corporation,  

Braintree, MA) was used to wash the RCC units at different storage time for the assessment of 

                                                           
* The author would like to acknowledge Tracey Turner (Centre of Innovation, Canadian Blood Services) for the 
training in ACP 215. 
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RCCs and EVs characteristics and the immunomodulatory activity of the RCC supernatant. 

RCCs were washed on day 2 or day 14 post-collection using the ACP 215 following the 

manufacturing recommended protocol (Haemonetics sample standard operating procedure - cell 

wash protocol TRN‐SOP‐100007‐30) as previously described33,36. Briefly, a Haemonetics cell 

washing disposable set was loaded onto the ACP 215 and the set was connected to room 

temperature wash solution (0.9% saline–0.2% dextrose) and an additive solution (SAGM) using 

a spike and luer lock connector, respectively. The RCC unit then was sterilely connected to the 

cell washing disposable set using a sterile docking/connecting device (CompoDock, Fresenius‐

Kabi AG). The measured weight of the unit were entered into the cell processor modifiable 

settings and the appropriate hematocrit (Hct) value was used based on the weight of the RCC 

units according to the manufacturer's standard operating manual. A Hct of 55% was used for 

units with a weight ≤ 270 g and a Hct of 65% was used for units with a weight > 270 g. The 

RCC unit was then automatically washed with the ACP 215 using saline–dextrose and the final 

product re-suspended in SAGM.  The entire unit was washed by the ACP 215 in one round of 

four wash cycles using a total of 920 mL of saline-dextrose when RCCs weighing ≤ 270 g while 

two rounds of four wash cycles were used with a total of 1840 mL of saline-dextrose for RCCs 

weighing > 270 g. Percent recovery was measured post wash and the washed RCC was 

immediately stored at 1–6 °C until testing. Pre-washing and post-washing weight were 

measured for each unit and RBC recovery was calculated for each washed unit using its weight 

and the Hct results using the following formula: 

 

          RBC recovery (%) = 
 [(𝑝𝑜𝑠𝑡−𝑤𝑎𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) × 𝑝𝑜𝑠𝑡−𝑤𝑎𝑠ℎ 𝐻𝑐𝑡 (𝑙/𝑙)] 

[(𝑝𝑟𝑒− 𝑤𝑎𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) × 𝑝𝑟𝑒− 𝑤𝑎𝑠ℎ 𝐻𝑐𝑡 (𝑙/𝑙))] 
 x100      Eq.5.1  
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5.2.4. In Vitro Quality Assessment of RCC Units   

      Percent hemolysis, total hemoglobin (THb), supernatant hemoglobin (SHb), Hct, RCC 

hematological indices and residual cell counts were measured as previously described in chapter 

3, section 3.2.2.  Residual cell counts were measured as described in chapter 4 section 4.2.4. 

5.2.5. Extracellular Vesicle Characterization 

Tunable Resistive Pulse Sensing Assay for the Characterization EV Populations  

      Quantification and size characterization of the heterogeneous population of EVs in RCCs 

units were assessed by a tunable resistive pulse sensing instrument (TRPS/qNano system; IZON 

Science Ltd) as described in the previous chapter using the new IZON Control Suite software 

Version 3.3 (Chapter 4, section 4.2.5.1).  

Flow Cytometry Assay for Extracellular Vesicle Phenotyping and Quantification* 

      Identification and quantification of EVs phenotype were assessed based on a flow cytometry 

flow rate technique as previously described in Chapter 4 (Chapter 4, section 4.2.5.2).  

5.2.6. Generation of Pure Platelet Extracellular Vesicle and Spiking Process  

      Preparation and isolation of pure platelet-EVs were performed as previously described37 

with some modifications. Briefly, an apheresis platelet unit was washed manually with 0.9% 

saline–0.2% dextrose solution and stored at 22-25 °C on the agitator/shaker for 5 days to 

generate platelet-EVs (PLT-EVs). Pure platelet-EVs were then isolated from the stored platelets 

unit by differential centrifugations as follows. Stored platelets were sampled into collection 

                                                           
* Flow cytometer analysis was performed by Dylan Hampton from Blood Systems Research Institute in San 
Francisco 
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tubes and centrifuged at 1000 g (10 min, 22 °C) to remove cells from the plasma. Separated 

cell-free plasma was then centrifuged at 13,000 g (10 min, 4 °C) to obtain platelet-free plasma. 

Collected platelet-free plasma was then diluted with 1x phosphate buffered saline (PBS) in 1:5 

ratio and centrifuged at 100,000g for 1 h at 4 °C. Supernatant was removed by aspiration and 

EVs pellet was suspended in SAGM then stored at -80 °C for the spiking immunomodulatory 

assays. The isolated EVs in suspension were analyzed with TRPS for total EVs concentration 

and size profiling.  In addition, the EV suspension was analyzed with flow cytometer to measure 

PLT-EVs concentration and to determine purity of isolation. 

      On day 7 post washing of each experimental group (RCC washed on day 2 and RCC washed 

on day 14), 1 mL of washed supernatant was spiked with 17.5 µL of PBS (sham control) or 17.5 

µL of the isolated PLT-EVs (~430,000 platelet microparticle/mL). The amount of PLT-EVs 

used for spiking was chosen based on the detected amount of these EVs in the unwashed WBF-

RCCs as measured by the flow cytometer in our previous study38.  

5.2.7. Monocyte in vitro Transfusion Model and Monocyte Co-Culture Experiment* 

5.2.7.1.Peripheral Blood Mononuclear Cells (PBMCs) Isolation 

      Three buffy coat (BC) components from healthy adult donors were obtained from netCAD 

(Vancouver, Canada) and used to isolated PBMCs as previously described39. Each of the BC 

product was mixed and diluted (1:1) with RBMI 1640 (contains 20 mmol/L HEPES, l‐

glutamine, without NaHCO3) and 10% fetal bovine serum (FBS). Fifteen mL of the diluted BC 

was layered on top of an equal volume of room temperature Histopaque‐1077 density gradient 

(density 1.077 g/mL) and centrifuged (700 × g, 20 oC, 40 min, acceleration= 3, breaks=0, 

                                                           
* The author would like to acknowledge Betty Kipkeu (MSc student, Laboratory Medicine and Pathology, 
University of Alberta) for the training and technical help with the monocyte assay. 
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Eppendorf 5810R) to separate the PBMC layer (lymphocytes and monocytes) by a density 

gradient centrifugation. PBMCs were collected from the three BC units, pooled, and washed 

three times with 30 mL of RPMI plus 10% FBS (400 × g, 20 oC, 7 min) to remove any residual 

cells. PBMCs were then suspended in 37 oC RPMI and cell viability was determined by the 

trypan blue exclusion method to adjust the cell suspension to 20 x 106/mL before being 

cryopreserved [cryopreservation medium; 20% DMSO (dimethyl sulfoxide), 40% RPMI 1640, 

and 40% FBS] and stored in liquid nitrogen (-196 °C) until use in the monocyte monolayer 

assay (MMA).     

5.2.7.2.Treatment of Monocytes with Prepared RCC Supernatants and Isolated Extracellular 

Vesicles 

      The monocyte monolayer assay used in this study was adapted from Branch and 

colleagues40,41 and performed as previously described39,40,42,43. To prepare the monocyte 

monolayers for this study, 22 x 22 mm glass coverslips treated with poly-L-lysine solution 

(Sigma Sigma‐Aldrich, Oakville, ON, Canada) were placed in 35‐mm culture dishes (Stem Cell 

Technologies). One ml (2.0 ×106/mL) of the prepared PBMCs suspension were then placed on 

each of these coverslips and incubated for one hour at 37 oC with 5% CO2 to allow the 

monocytes to adhere to the coverslips.  The non-adherent cells were removed by washing the 

coverslips three times with 1 mL of 37 °C PBS. The positive control for the assay was prepared 

using O positive RBCs which were washed three times with PBS and incubated with equal 

volume of IgG anti-D (The anti-D used in this study was provided by Dr. Branch, CBS Toronto) 

for 1 h at 37 °C. One ml of the anti‐D-sensitized RBCs were added to each coverslip and 

incubated for 2 h (37 °C, 5% CO2) to serve as positive controls to evaluate the phagocytic 

function of monocytes. Monocyte monolayers were incubated (4 h, 37 °C, 5% CO2) with 1 mL 
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of 10 μg/ml lipopolysaccharide (LPS) suspensions from E. coli (serotype 055; B5, Sigma‐

Aldrich) and served as a positive control for the cytokines/chemokines assay. The monocyte 

monolayers were incubated with 1 ml of culture medium for 2 h (for the phagocytosis assay) 

and 4 h (for the cytokines/chemokines assay) at 37 °C, 5% CO2 and served as a negative control. 

For the washing study, monocytes were incubated for 4 h with either 1 ml of supernatants from 

washed or unwashed units (20% v/v in culture media) from each category; 24 hours post d 2 

wash, 24 hours post d 14 wash, 7 days post d 2 wash, and 7 days post d 14 wash). The 20% by 

volume of RCC supernatant was chosen to approximate the volume ratio of a 20 mL/kg RBC 

transfusion. For the spiking study, monocyte monolayers were incubated for 4 hours with 1 mL 

of either d2-washed RCC supernatants spiked with PBS (Sham control), d 14-washed RCC 

supernatants spiked with PBS, d2-washed RCC supernatants spiked with PLT-EVs, d 14-

washed RCC supernatants spiked with PLT-EVs, or pure PLT-EVs (20% v/v in culture media). 

      The supernatants of the monocyte co-culture experiment were then harvested, centrifuged 

at 10,000 x g for 5 min to obtain a cell-free supernatant, and frozen at -80 °C for cytokines 

analysis. To assess the phagocytic function of monocyte, coverslips were washed three time 

with PBS to remove the non-phagocytosed RBCs then stained (Hema 3 stains, Fisher Scientific, 

Kalamazoo, MI, USA). The stained coverslips were then mounted to a microscopic slides and 

examined microscopically to determine the phagocytosis index (the number of fully 

phagocytosed RBCs per 100 monocytes). 

5.2.7.3.Multiplex Cytokine/Chemokine Analysis* 

                                                           
* Multiplex Cytokine analysis was performed by Dr. Trang Duong from The Hospital for Sick Children Research 
Institute in Toronto. 
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      Luminex xMAP (multi-analyte profiling) technology is a new technology that allows 

detection and quantitation of multiple cytokines and chemokines from a single sample using 

proprietary beads sets which can be recognized and measured by a flow cytometry-based 

instrument44,45. Luminex technology with MILLIPLEX MAP Human Cytokine/Chemokine 

Magnetic Bead Panels (EMD Millipore, Toronto, ON, Canada) was used in this study to 

measure 10 cytokines/chemokines secreted in monocyte culture supernatants. The 

cytokines/chemokine panel included tumour necrosis factor‐alpha (TNF‐α), interferon‐gamma 

(IFN‐γ), interleukin (IL)‐1β, IL‐4, IL‐6, IL‐8, IL‐10, IL‐12p70, monocyte chemo‐attractant 

protein ‐1 (MCP‐1), and granulocyte‐monocyte‐colony‐stimulating factor (GM‐CSF). The 

analysis of this assay was performed according to the manufactures instructions as previously 

described44. Briefly, supernatants were thawed and equilibrated at room temperature before 

being added to 96-well plate (all samples were measured in duplicate). A mixture of antibody-

coated beads/microspheres were added to the plate to be incubated with a standard and each 

supernatant sample to allow the beads to capture the analytes in the test sample. Once the beads 

capture the analytes, the wells were washed and incubated with biotin-labelled secondary 

antibody for 1 hour and further incubated with streptavidin-phycoerythrin for 30 min to 

complete the reaction on each microspheres. Samples were then analyzed with the Luminex 

insterument where microspheres were distinguished based on spectral properties of the beads 

and the fluorescent signals. The unknown concentrations of one or more analytes 

(cytokine/chemokine) in the sample were then determined based on standards of known analyte 

concentration (standard/calibration curves) prepared for each plate44.        
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5.2.8. Human Umbilical Vein Endothelial cells (HUVECs) Co-Culture Experiment*  

5.2.8.1. Preparation of HUVEC Culture 

      Cryopreserved HUVECs (C2519A, Lonza Group Ltd., Walkersville, MD, USA) were 

purchased as pooled primary cells (≥ 500,000 cells/cryovial) and cultured as described 

previously43,46. The cells was thawed at 37 oC at the water bath and the cells were then cultured 

as a monolayer in tissue/T75 culture flasks (Corning Incorporated, Corning, NY, USA)  with 

prepared endothelial growth medium-2 (EGM-2; endothelial basal media (EBM-2) 

supplemented with a bullet kit (LONZA®, CC-3162) until confluent (~80% coverage). Cells 

were then harvested and transferred to 12‐well flat‐bottomed culture plates and the EGM-2 was 

replaced with basal media (EBM-2) contaning1% foetal bovine serum (FBS) 24 h prior to the 

incubation with RCC supernatant or EVs. 

5.2.8.2. Treatment of HUVEC with Prepared RCC Supernatants and Isolated Extracellular 

Vesicle 

      HUVECs were incubated with controls, RCC supernatants or isolated EVs (20% v/v in 

EBM‐2 + 1% FBS) at 37 °C, 5% CO2 for 24 hours. HUVECs incubated with a 20 μg/ml LPS 

solution from E. coli (serotype 055; B5, Sigma‐Aldrich, St. Louis, USA) served as positive 

control while HUVECs incubated with EBM‐2 + 1% FBS served as negative controls for the 

expression of CAMs. After the 24 hours incubation, the treated HUVECs cells were harvested 

using StemPro Accutase (A1110501, Gibco by Life Technologies, Grand Island, NY, USA) for 

the adhesion molecules analysis using the flow cytometry.  

5.2.8.3. Flow Cytometry Analysis of the Expression of HUVEC Adhesion Molecules 

                                                           
* The author would like to acknowledge Betty Kipkeu (MSc student, Laboratory Medicine and Pathology, 
University of Alberta) for the training and technical help with HUVEC culture 
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      Analysis of cell adhesion molecules (CAMs) expressed on HUVECs was preformed as 

previously described47. The harvested HUVEC post co-culture were washed with staining buffer 

(0·1% bovine serum albumin in 1X PBS). HUVECs were then stained with 5 µL of commercial 

antibodies (BD Pharmingen, San diago, CA, USA) which targeted three endothelial CAMs: 

fluorescein isothiocyanate (FITC) anti-human CD31 which was used as a marker for endothelial 

cells, phycoerythrin (PE) anti-human CD106 antibody and allophycocyanin (APC) anti-human 

CD-62E were used to measure the exposure of vascular cell adhesion molecule (VCAM)-1 and 

E-selectin respectively. Commercial mouse IgG1 isotype controls for FITC, PE and APC 

labelled antibodies (BD Pharmingen) were used to account for non‐specific binding of the 

antibodies. Stained samples were incubated for 15 min in the dark at room temperature before 

being analyzed using a FACSCanto II flow cytometer and FACSDiva computer software (BD 

Biosciences).       

5.2.9. Statistical Analysis 

Statistical analysis was completed using SPSS (IBM SPSS Statistics 25.0) and Prism 8.00 

(GraphPad Inc.). Paired t-tests were used to identify significant differences between washed vs 

unwashed RCCs values and between the different testing time points (24 h and 7 day). For the 

spiking study, analysis of variance (ANOVA) followed by a Tukey post hoc test was used to 

identify significant differences within the groups and to evaluate any significance amongst 

pairwise comparisons of the differentially treated groups at each storage time. Pearson 

correlation coefficient and associated p-value were calculated between EVs and cytokines or 

between EVs and HUVEC adhesion molecules for all of the washed and the unwashed RCCs. 

Linear model analysis was performed to test the significant of the correlations between the 
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groups. Data were expressed as mean ± standard deviation. Probability (p) values less than 0.05 

were considered significant throughout the study.  

 

5.3.RESULTS 

5.3.1. In Vitro Quality Parameters  

Acceptable Criteria and Baseline Testing  

      All units used in this study met the Canadian Standards Association (CSA) standard 

criteria48, where hemolysis must be ≤ 0.8 % of the RBC mass, Hct ≤ 0.8 L/L, and Hb should be 

≥ 35 g/unit in 90% of units tested. The baseline testing showed that all unit exceeded the CSA 

criteria with 100% of the units having a total average of hemolysis of 0.25 % ± 0.08 %, Hct of 

0.58 ± 0.4 L/L, and the level of Hb was 55 ± 4.95 g/unit. In addition, all washed unit met the 

CSA standard for RBC recovery (≥ 80%) with 100 % of the washed units (n=8) having a mean 

RBC recovery of 98 ± 2 %.  

In Vitro Quality Measurements of Washed and Unwashed Units 

      The Drabkin-based spectrophotometric method used to determine hemolysis showed that 

all stored RCC units of all experimental groups (washed and unwashed RCCs) were within the 

acceptable limits according to the CSA criteria. Figure 5.2A illustrates that RCCs washed on 

day 2 and stored for 24 hours were significantly lower in hemolysis (0.25 % ± 0.01 %) in 

comparison to the control of the correspondent group (unwashed day 2-stored for 24 h; 0.33 % 

± 0.05 %), p=0.038. However, there was no statistical significant difference observed between 

washed and unwashed RCCs for the rest of the testing points. Noteworthy, washing on day 14 

had a lower affect on RCCs hemolysis in comparison to washing on day 2, where the mean 

hemolysis ranged from (0.25 % ± 0.01 %; 24 h-postwash) to (0.35 % ± 0.06 %; 7 d-postwash) 
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for group washed on day 2 in compared to (0.19 % ± 0.10 %; 24 h-post wash) to (0.19 % ± 0.03 

% ; 7 d-post wash) of RCC washed on day 14. The storage effect on the washed RCC was 

clearly observed with the RCC units washed on day 2 where a significant increase in the level 

of hemolysis was detected on day 7 postwash compared to 24 h postwash (p=0.041).  

      As expected, spun Hcts were significantly lower in washed RCCs (total average of 0.54 ± 

0.2 L/L) versus unwashed RCCs (0.62 ± 0.1 L/L) in all experimental groups (p<0.05) as shown 

in Figure 5.2B. In addition, all experimental groups showed that the SHb was lower in washed 

RCCs compared to unwashed units except the group washed on day 2 and stored for 7 days 

(Figure 5.2C), which correlated with the level of hemolysis of the same group (Figure 5.2A). 

On the other hand, no significant difference was observed between or within the experimental 

groups in the level of total Hb (Figure 5.2D).   

      Data obtained from the hematology analyzer showed that there were significant differences 

in the RBC hematological parameters between the experimental groups (Table 5.1). On day 7 

postwash, MCV was significantly higher than 24 h postwash test in all groups except group 

washed on day 14 (p<0.01). Statistically significant differences between washed and unwashed 

RCC were observed in the MCH (p=0.006) and MCHC (p=0.010) with the group washed on 

day 14 and stored for 24 h compared to the unwashed control of correspondent group.  

5.3.2. Washing With ACP 215 Was Not Sufficient to Remove Residual Cells from RCCs 

      Flow cytometry data for residual cells showed that there no significant differences between 

the washed or unwashed RCC products in term of the residual platelet counts (Figure 5.3A). 

Although the residual platelet count was slightly higher after two weeks of storage, no statistical 

difference between the experimental groups was observed. As illustrated in Figure 5.3B, 

storage time resulted in a decrease in the amount of rWBCs in unwashed RCCs. However, there 
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was no significant difference between the washed RCC groups. Residual WBCs were 

considerably lower only with the group washed on day 2 and stored for 24 h in compared to 

unwashed RCC of correspondent group. 

5.3.3. EV Concentration and Size-profiling by Tunable Resistive Pulse Sensing 

      As expected, the unwashed RCCs showed that the number of EVs (EVs/mL) increased 

during the storage time (Figure 5.4). In addition, Figure 5.4 shows that washing RCCs with the 

ACP 215 reduced the concentration of small (EVs < 200 nm; Figure 5.4A) and large (EVs ≥ 

200 nm; Figure 5.4B) EVs in comparison to unwashed RCCs. For small EVs/exosome, a 

significant difference between washed and unwashed RCCs was observed with the group 

washed on day 2 and stored for 24 h (p<0.001) as well as the group washed on day 14 and stored 

for 7 days (p=0.022). Noteworthy, TRPS data show that as the length of the postwash storage 

period increased, there was also an increase in number of EVs in both populations (small and 

large EVs). A significant difference between 7 d storage postwash versus 24 h storage was 

observed with group washed on day 14 (small EVs, p=0.040; large EVs, p=0.025). 

5.3.4. EV Quantification and Cells of Origin by Flow Cytometry 

      Flow cytometer data shows an increase in the total number of EVs (EVs/µL) with longer 

storage duration in both washed and unwashed RCCs (Figure 5.5A). The measured EV count 

was significantly higher in day 7 postwash samples compared to their respective 24 hours 

postwash values for both washed groups (washed d2, p=0.032; washed d14, p=0.003). 

Additionally, irrespective of washing time, the number of total EVs was lower when measured 

24 h postwash compared to unwashed RCCs of the same corresponding group. As illustrated in 

Figure 5.5.B, unwashed RCC showed a significant increase in the number of RBC-EVs 

(CD235a+ EVs) during storage (p<0.05). RCCs washed on day 14 and stored for 24 h had 
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significantly lower concentrations of RBC-EVs compared to their unwashed controls (p=0.048). 

However, the concentration of RBC-EVs in RCCs washed on day 2 and stored for 7 days 

remained unchanged from their respective 24 h values (p=0.11). Groups washed on day 14 had 

significantly higher RBC-EVs concentrations on day 7 compared to 24 h values (p<001). In 

addition, the FC data showed that washing with the ACP 215 led to a significant reduction in 

the number of platelet-EVs (CD41a+ EVs) compared to the unwashed RCCs of the same 

corresponding groups, irrespective of washing and storage time (p<0.05) as demonstrated in 

Figure 5.5C. Furthermore, the concentration of platelet-EVs of the washed RCCs was increased 

again after 7 days of postwash storage, and a significant increase was observed with the group 

washed on day 14 (p=0.027) compared to 24 h values. Irrespective of the postwash storage time, 

the amount of total WBC-EVs was significantly lower in the group washed in day 14 compared 

to their respective unwashed controls (Figure 5.5D). Regarding the subtypes of WBC-EVs, 

only CD16+(NK/Active Monocyte)-EVs and CD19+(B-lymphocyte)-EVs showed a significant 

difference between the unwashed versus washed on day 14 groups (Figure 5.6.d and Figure 

5.6.f). RCC washed on day 14 and stored for 24 h had lower concentrations of CD144+ 

(endothelial)-EVs in comparison to unwashed RCC of the same corresponding group. In 

addition, the number of tissue factor (CD142+)-EVs was significantly lower in washed RCC 

after 24 hours postwash storage compared to their respective unwashed groups (Figure 5.6.h).   

5.3.5. Monocyte Co-culture Experiments and Cytokine Release  

      Release of 10 cytokines and chemokines from the monocyte was assessed for the washing 

and the spiking project.  Four (MCP-1, IL-8, TNF‐α and IL-10) were within the range of 

detection and six (IL-1β, IL‐4, IL‐6, IL‐12p70, IFN‐γ, GM‐CSF) were below/out of the 

detection rage (Table 5.2). Evaluating the phagocytosis ability/phagocytic function of the 
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cultured monocyte resulted in phagocytic indexes (PI) finding of zero for the phagocytosis 

negative controls and above 65 % for the phagocytosis positive controls, suggesting that the 

viability and functionality of monocytes were maintained during the culturing.    

Effect of Washing on Cytokines Release by Monocyte  

      The inflammatory activity of RCC supernatants on monocytes was reduced by the washing 

of RCCs with the ACP 215 as evidenced by significantly reduced production of the 

inflammatory chemokines, MPC-1 and IL-8, compared to unwashed RCCs (Figure 5.7A&B, 

Table 5.2). While IL-8 and MCP-1 production were significantly higher than controls after the 

exposure to unwashed RCC supernatant (p<0.05), IL-8 and MCP-1 production did not differ 

from controls when exposed to any of the washed RCC supernatants regardless of pre and post 

washing storage time. In addition, exposure to unwashed RCC supernatant resulted in an 

increase in the inflammatory cytokine, TNFα, compared to controls. However, production of 

TNFα was found to be absent or lower than the limit detection in the washed RCCs. As indicated 

in Table 5.2, the anti-inflammatory activity of unwashed RCCs was detectable only with 24 h 

testing points as evidenced by increased production of IL-10, which was below the detection 

limit for the rest of the experimental groups.     

Effect of Spiking on Cytokines Release by Monocyte 

      Stimulation of monocytes with platelet-derived EVs led to an increase in the production of 

inflammatory chemokines/cytokines compared to controls. In comparison to negative controls, 

a significant increase in the production of IL-8 (Figure 5.7C) and MCP-1(Figure 5.7D) was 

detected in the group washed on day 14 and spiked with platelet-EVs (p=0.002). Although 

exposure to sham control of d14-washed group resulted in increased IL-8 production (228 ± 59) 

compared to negative control, no statistical differences was observed (p=0.076). Noteworthy, 
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there was no significant difference between platelet-EVs spiked and sham control in the d14-

washed group, suggesting that other soluble mediators may remained in the washed RCCs and 

play a role in elevating IL-8 during postwash storage. On the other hand, there was a significant 

difference in the level of MCP-1 between d14-washed/platelet-EVs spiked supernatant and 

negative controls, as well as their respective sham control (p<0.001). Notably, when monocytes 

were stimulated with platelet-EVs alone, IL-8 and MCP-1 secretion was significantly elevated 

(p<0.0001) and reached similar or higher levels than what was observed with unwashed RCCs. 

In addition, increase in the production of the inflammatory cytokine, TNFα and the anti-

inflammatory cytokine, IL-10 by monocytes following the exposure of the isolated platelet-EVs 

(Table 5.2B) suggest that platelet-EVs or other mediators, such as platelet factors or proteins, 

play a role in inducing dual pro-inflammatory and anti-inflammatory effects. 

5.3.6. Expression of HUVECs Adhesion Molecules 

Effect of Washing on HUVEC Adhesion Molecules  

      The expression of VCAM-1 and E-selectin by HUVECs was significantly altered following 

the incubation with washed RCCs in comparison to unwashed RCCs. In comparison to control, 

the expression of VCAM-1 was significantly higher when HUVECs were exposed to unwashed 

RCC supernatant (P<0.0001) while expression of VCAM-1 did not differ from controls when 

HUVEC were exposed to any of the washed RCC supernatants, irrespective of the experimental 

groups (Figure 5.8A). On the other hand, HUVEC incubated with washed RCCs had 

significantly higher expression of E-selectin compared to controls (p<0.0001) and the 

expression of E-selectin was elevated more with prolonged prewash and postwash storage time 

(Figure 5.8B). A significant increase in the E-selectin expression was observed only when 
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HUVEC were incubated with unwashed RCCs in the first and last testing point (24 h- unwashed 

d 2 and 7 d-unwashed d 14, p<0.0001).    

Effect of Spiking on HUVEC Adhesion Molecules 

      A significant increase in VCAM-1 expression was detected when HUVECs were incubated 

with the d 14-washed/platelet-EVs spiked RCC supernatant in comparison to negative control 

(p=0.024, Figure 5.8C) and sham control of the correspondent group (p=0.006). However, no 

significant increase in the level of VCAM-1 was observed with the spiked RCC supernatant that 

was washed on day 2. Notably, in HUVECs simulated with platelet-EVs alone, the VCAM-1 

expression was significantly elevated (p<0.0001) as observed with unwashed RCCs. Figure 

5.8D illustrates that washed and spiked RCC significantly stimulated HUVECs E-selectin 

expression similar to what was observed with the washed RCC in the absence of platelet-EVs 

spiking (P<0.5). Moreover, the data show that there is no significant differences between 

platelet-EVs spiked-RCC supernatant and their respective sham controls. Furthermore, HUVEC 

E-selectin expression was not statistically different compered to control when exposed to the 

isolated platelet-EVs alone (p=0.059), suggesting that platelet-EVs may not be involved in the 

expression of E-selectin by HUVEC.   

5.3.7. Correlations Analysis  

Correlations between EVs and Cytokine Production 

Exploratory correlational analyses were performed to assess the relationships between the 

monocyte function and cell-derived EVs (Figure 5.9). Significant and clearly positive 

correlations were identified between platelet-EV concentration and the pro-inflammatory 

chemokines production: MCP-1 (r = 0.735, P <0.0001) and IL-8 (r = 0.486, P=0.005), 
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suggesting that higher concentrations of platelet-EVs in WBF RCC supernatant are associated 

with proinflammatory activity. Conversely, there were no strong or significant correlations 

identified between RBC-EVs and monocyte cytokine production. While there were no 

significant correlations identified between WBC-EVs and IL-8 production, the correlation 

between WBC-EVs and MCP-1 was statistically significant (p= 0.007, r = 0.468).  

Correlations between EVs and Adhesion Molecules  

Exploratory correlational analyses were also performed to evaluate the relationships between 

the expression of HUVEC adhesion molecules and cell-derived EVs (Figure 5.10).  Significant 

and strongly positive correlations were identified between the amount of platelet-EV and 

VCAM-1 (r = 0.672, P <0.0001) while a negative correlation was identified with E-selectin 

expression (r = 0.534, P=0.001). In contrast, no strong or significant correlations were identified 

between RBC-EVs and the expression of HUVEC adhesion molecules. There were no strong 

or significant correlations identified between E-selectin expression and WBC-EVs. However, 

WBC-EVs significantly and positively correlated with VCAM-1 expression (r = 0.495, 

P=0.003).  

 

5.4.DISCUSSION 

      The washing of RCC has long been performed to remove or reduce Hb, plasma, plasma 

proteins or lipids-based immunomodulatory substances, and level of potassium in order to 

improve clinical outcomes for specific patients such as those who  are sensitive to potassium, 

IgA-deficient, require multiple transfusions, have antibodies against plasma proteins, or have 

experienced transfusion reactions31,49-51. However, little is known about the effect of washing 
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on other immunomodulatory mediators in RCCs such as EVs and residual cells. In addition, the 

mechanism in which RCC products can trigger or simulate an immune response in transfusion 

patients remains largely unexplored. In contrast with traditional measures of washed RCCs, the 

data in this study reveal that washing RCC with the ACP 215 was not sufficient to remove 

residual cells, but it was effective at reducing the number of EVs, particularly non-RBC EVs, 

and attenuating the pro-inflammatory activity RCCs supernatants.    

          In term of RBC in vitro quality parameters, this work demonstrates that all washed RCC 

units from all experimental groups were within the acceptable regulatory limits for hemolysis, 

hematocrit, and hemoglobin, which were consistent with previously published studies31,33,49. 

Noteworthy, hematologic measures indicate that when RCC are washed late in storage (day 14 

post collection), there is no significant difference in hemolysis or the level of SHb between 24 

h and 7 days postwash storage. However, RCCs washed on day 2 post collection showed an 

increase in hemolysis and SHb in day 7 postwash compared to 24 h postwash values. We 

postulate that blood processing and manufacturing may induce short-term stress to the RBCs, 

and with washing we remove most of the fragile cells and reduce SHb (as observed with 24 

hours post day 2-wash, Figure 5.3A and B). However, the fragile cells that remain postwash, 

which are more susceptible to haemolysis30, result in a higher hemolysis and SHb with longer 

postwash storage. Thus, this data suggest that postwash storage needs to be carefully considered 

when fresh RCCs are washed as the increased hemolysis and SHb may result in worsened 

transfusion outcomes, which is in agreement with previously published washing data30.  

      Even though washed RCCs met all regulatory standards, it is clear that supernatants from 

RCC washed with the ACP 215 cause a significant elevation in the expression of E-selectin on 

HUVECs. E-selectin, an endothelial-specific adhesion molecule, is known to play an important 
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role in endothelial-leukocyte interactions and is induced on the endothelium following 

inflammatory stimulation52. It has been also shown that the platelet-specific chemokine (platelet 

factor 4; PF4) released during platelet activation, is able to increase E-selectin expression on 

endothelial cells via stimulation of nuclear factor-κB53. As mechanical washing can strongly 

stress and activate platelets54, we postulate that the residual platelet detected in RCC products 

of this study, which remain even after washing, are more likely activated by the washing 

process. If this is true, these activated residual platelets may released PF4 that subsequently 

stimulates E-selectin expression on HUVECs incubated with washed RCC supernatants.  

Noteworthy, the data showed that as the pre and postwash storage period increased, there was 

also an increase in the E-selectin expression on HUVCs incubated with supernatants from 

washed RCCs, suggesting that the effect of washing on E-selectin expression is also time 

dependent. However, additional studies are needed to test these assumptions. 

     On the other hand, while the supernatants from unwashed RCCs strongly stimulate the 

expression of VCAM-1 on HUVECs, RCC washing was effective in reducing the expression of 

VCAM-1 on HUVECs to the same level of negative controls. VCAM-1, a vascular cell adhesion 

molecule-1 best known for its binding functions (binds to α4β1-integrin) and ability to mediate 

the adhesion of leukocyte to vascular endothelium55. Expression of VCAM-1 on endothelial 

cells has been shown to be stimulated by cytokines56,57, heme58, or platelet-derived EVs59,60. 

Although heme and cytokines were not measured in our RCC products, our data revealed that 

the number platelet-EVs in RCCs strongly and significantly correlated with the expression of 

VCAM-1 when HUVECs were incubated with washed or unwashed RCC supernatants.  Higher 

concentrations of platelet-EVs were associated with increased expression of VCAM-1. Platelet-

EVs contain considerable amount of the proinflammatory cytokine, RANTES, which can 
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activate endothelial cells and enhance leukocyte recruitment60,61. Reducing platelet-EVs by 

washing RCC showed a significant reduction in the VCAM-1, irrespective of the washed 

experimental groups.  

      In addition, monocytes exposed to washed-RCCs supernatant resulted in reduced 

inflammatory cytokine production, which was significantly high or higher with unwashed RCC 

exposure compared to controls.  Monocytes play a central role in the innate immune response 

and their ability to produce cytokines is a fundamental measure of their immune functions25. 

Imbalanced production of pro-inflammatory or anti-inflammatory cytokines has been shown to 

be associated with adverse outcomes25,62-64. In this study, monocytes exposed to unwashed RCC 

supernatant revealed augmented inflammatory cytokine and chemokines production.  This data 

is in agreement with what we observed in Chapter 4 where RCC supernatants produced from 

fresh WBF units resulted in significantly higher IL-8 production in the non-LPS stimulated 

monocyte model in comparison to controls. While the level of TNFα for fresh WBF supernatant 

was out of the detection range in the previous chapter, using the Luminex technology for this 

study instead of the IMMULITE 1000 automated chemiluminometer allowed us to observe a 

significant increase in the release of this inflammatory cytokine (TNF-α) by monocyte when 

incubated with unwashed RCC supernatant. Additionally, the expanded cytokine/chemokine 

panel in this study further highlighted the proinflammatory activity of WBF RCC supernatant 

as shown by the significant increase in the release of chemoattractant chemokines (CCL2 / 

MCP-1) by monocytes. Given the important roles that these cytokines and chemokines play in 

the immune system, imbalanced production of these immune mediators could significantly 

impact patient clinical outcomes65. Inflammatory activities, including increased inflammatory 

cytokine production and neutrophil activation, associated with RCC transfusion have been 
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reported in several studies13-15. For instance, Dani et al 201715 showed an increase in the 

proinflammatory cytokine, such as  IL‐1β, IL‐6, IL‐8, TNF‐α, IFN‐γ, IL‐17, MCP‐1, and an 

increase in adhesion molecules including  ICAM‐1 and VCAM-1 in infants who receive RCC 

transfusions15, which support the findings observed in this study. In addition, Belizaire et al 

201213 suggest in their study that RCC-derived microparticles are a major contributor to the 

neutrophil priming, activation and the inflammatory response observed in patients who received 

older RCCs. While the exact mechanisms responsible for the undesirable proinflammatory 

effects of RCC products is still unresolved, this study has show0n that washing RCC is an 

effective method to reduce these effects. Moreover, our exploratory correlational analyses 

showed a very clear positive and significant correlation between platelet-derived EV and the 

proinflammatory chemokines; IL-8 and MCP-1. Additionally, we observed a moderate but 

significant correlation between total number of WBC-derived EVs and MCP-1. While no 

significant correlation was seen between RBC-EVs and monocyte functions, these correlation 

analyses suggest that perhaps both platelet-EV and WBC-EVs may play a significant role in the 

augmented inflammatory effects observed in this model. Therefore, the effect of these non-RBC 

EVs on immunomodulatory activity at the bedside is worth further investigations.  

      Nonetheless, it is important to mention that spiking the washed-RCC groups with platelet-

EVs only resulted in a significant increase in the expression of VCAM-1, and production of IL8 

and MCP-1 in the RCC group washed on day 14, but not with the group washed on day 2. In 

addition, the increased expression of VCAM-1 on HUVECs and production of inflammatory 

cytokines by monocytes associated with exposure to washed day 14/platelet-EVs spiked group 

was lower than what were observed with the unwashed RCCs. One may speculate that other 

mediators in RCC, not only the platelet-EVs, play a role in the elevated expression of VCAM-
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1 on HUVECs and production of inflammatory cytokines. However, it should be noted that 

stimulating HUVECs and monocytes only with platelet-EVs significantly induced VCAM-1, 

IL8 and MCP-1, similar to the levels of unwashed RCC products. These data indicate that 

platelet-EVs may indeed play a major role in the inflammatory phenotype observed. While there 

are several possibilities for the lower response of HUVECs or monocytes with respect to the 

expression of VCAM-1 and cytokines production following washing and spiking with platelet-

EVs, we postulate that the quantity of spiked platelet-EVs and the source of platelet-EVs 

isolation are two major limitations effecting these data. The estimated amount of spiked platelet-

EVs was calculated based on the flow cytometer phenotype assay. Due to limitations in the 

resolution of particles < 200 nm by flow cytometer, a significant amount of small platelet-EVs 

(platelet exosomes) may not have been detected and included in the calculation for the spiking 

project. Although TRPS data showed that the number of small EVs/exosomes (< 200 nm) was 

significantly higher than large microparticle (≥ 200 nm), the cell of origin of these exosomes 

was resolvable. Since a precise and accurate method to quantify and identify the cell of origin 

of exosomes is not available, this limitation may resulted in an inaccurate estimation for number 

of platelet-EVs required in the spiking and may account for the differences in the results 

observed.  

      In addition, platelet-EVs used for the spiking study were isolated from platelet concentrate 

units, not WBF RCCs to obtain sufficient amount of pure platelet-EVs. Therefore, the properties 

of isolated platelet-EVs from platelet concentrates may account for some of the differences in 

the inflammatory phenotype observed in this study. Furthermore, on day 7 post washing, 

supernatants from washed RCCs were frozen for the use in the spiking study. This step may 

have impacted what remains in the supernatant postwash such as residual cells and other RCC 
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substances. This may have blunted the proinflammatory effects of the spiked platelet-EVs. 

Noteworthy, washed RCCs were shown to accumulate more EVs with increased postwash 

storage duration, regardless of their phenotype and irrespective of the experimental group, 

which could be due to the generation of these EVs by RBC and the residual cells (platelet and 

WBCs) that remain post washing.  Notably, on day 7 postwash, the total number of these EVs 

was higher in the RCCs washed day 14 compared to the units washed on day 2 (Figure 5.4 and 

5.5).   The different quantities of the residual cells, EVs, or other substances remaining in the 

supernatant depends on the experimental group may explain the difference in the spiking data 

for the group washed on day 2 versus the group washed on day 14. While measuring the other 

soluble mediators in RCC was beyond the scope of this study, their role in immunomodulation 

has been reported25,65,66. Thus, the efficacy of washing RCC products to reduce 

immunomodulatory activity presented in this study may not be solely attributed to reducing 

non-RBC EVs but a combination of multiple factors/mediators that were not measured in this 

study. Therefore, additional investigations are needed to address these limitations and to 

translate these in vitro results to in vivo and clinical outcomes. 

 

5.5.CONCLUSION 

      Together the results from monocyte and HUVECs models used in this study indicate that 

RCCs produced by WBF method are inflammatory, which is consistent with our finding in 

Chapter 4. Washing these RCCs with the ACP 215 decreased the inflammatory phenotype 

observed. The data from this chapter further suggests that the non-RBC EVs, particularly 

platelet-EVs, is associated with the inflammatory phenotype observed with WBF RCCs and 

reducing these vesicles by washing, can attenuate the immunomodulatory activity of the 
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examined RCCs. While additional investigations are required to validate these findings and to 

further address the limitations, implementation of washing processes for the RCC may improve 

transfusion outcomes.  

      Noteworthy, while the data of this chapter suggests that platelet-derived EVs correlate with 

inflammatory activity, the results of the previous chapter suggest that platelet-EVs correlate 

with immunosuppressive activity. Taking in consideration the controversial reports regarding 

CD41a-expressing EVs on immune activity37,67-70, the data from this thesis further suggest that 

the same type of EVs may bias toward inflammatory or immunosuppressive activity depending 

on the co-stimulatory factors, which in our study were blood manufacturing methods and 

storage duration. Therefore, the immune heterogeneity of EVs in RCCs needs to be more 

carefully considered when evaluating the immunomodulatory activity of blood products. 

     Overall, the finding of this chapter when considering the data from the previous chapters of 

this thesis, strongly support our overall hypothesis that non-RBC generated vesicles in RCC are 

potent mediators in RCC immunomodulatory activity in vitro, and the characteristics of these 

vesicles are influenced by method of blood component manufacturing and length of RCC 

hypothermic storage. This work suggests that EVs can be a novel biological indicator for quality 

of RCC products, which may reflect the efficacy and safety of the blood product, and contribute 

to transfusion-related immunomodulation.   
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Figure 5.1: Experimental design for washing and spiking study.  
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Figure 5.2: RBC in vitro quality parameters. Dot plots display hemolysis (A) and spun Hct (B), 
supernatant Hb (C), and total Hb (D) for RCCs for unwashed (filed/Red) and washed 
(unfiled/blue) units. Data reported as scatter with mean and standard deviation  
*a (P <0.05); significant results compared with unwashed sample of the correspondent group  
*b (P <0.05); significant difference in comparison with 24 h values of the correspondent group  
*c (P <0.05); significant difference between washed/unwashed day 2 vs washed/unwashed day 
14 of the correspondent group 
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Figure 5.3: Residual white blood cell (WBC) and platelet counts in RCCs for unwashed 
(filed/Red) and washed (unfiled/blue) units. Data reported as scatter dot plots with mean and 
standard deviation  
*a (P <0.05); significant results compared with unwashed sample of the correspondent group  
*b (P <0.05); significant difference in comparison with 24 h values of the correspondent group  
*c (P <0.05); significant difference between washed/unwashed day 2 vs washed/unwashed day 
14 of the correspondent group 
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Figure 5.4: Concentration of EVs (EVs/mL) in RCC products analyzed by the TRPS system. 
(A) EVs < 200 nm, (B) EVs ≥ 200 nm. Data reported as scatter dot plots with mean and standard 
deviation for unwashed (filed/Red) and washed (unfiled/blue) units.  
*a (P <0.05); significant results compared with unwashed sample of the correspondent group  
*b (P <0.05); significant difference in comparison with 24 h values of the correspondent group  
*c (P <0.05); significant difference between washed/unwashed day 2 vs washed/unwashed day 
14 of the correspondent group 
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Figure 5.5: Concentration of EVs (EVs/µL) subpopulation in RCC products analyzed by flow 
cytometer. (A) Total EVs, (B) RBC-EVs, (C) Platelet-EVs and (D) WBC-EVs [WBC = CD19+, 
CD14+, CD16+, CD3+, and CD66b+ EVs combined together]. Data reported as scatter dot plots 
with mean and standard deviation.  
*a (P <0.05); significant results compared with unwashed sample of the correspondent group  
*b (P <0.05); significant difference in comparison with 24 h values of the correspondent group  
*c (P <0.05); significant difference between washed/unwashed day 2 vs washed/unwashed day 
14 of the correspondent group 
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Figure 5.6: Concentration (EVs/µL) of subtype of WBC-derived (CD19+, CD14+, CD16+ CD3+ and CD66b+) EVs, tissue factor 
(CD142+)-EVs, P-selectin (CD62p+)-EVs and endothelial (CD144+)-EVs using the flow cytometer. Data reported as scatter dot plots 
with mean and standard deviation. *(P < 0.05); significant results compared with unwashed sample of the correspondent group.       

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

14
4+

 E
V/

µL

(a)

*

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

66
b+

 E
V/

µL

(b)

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

62
p+

 E
V/

µL

(c)

*

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

19
+ 

EV
/µ

L

(d)

*

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

14
+ 

EV
/µ

L

(e)

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

16
+ 

EV
/µ

L

(f)

*
*

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

3+
 E

V/
µL

(j)

Un
wa

sh
ed

 D
2-

24
h

W
as

he
d 

D2
-2

4h
Un

wa
sh

ed
 D

2-
7d

W
as

he
d 

D2
-7

d
Un

wa
sh

ed
 D

14
-2

4h
W

as
he

d 
D1

4-
24

h
Un

wa
sh

ed
 D

14
-7

d
W

as
he

d 
D1

4-
7d

100

101

102

103

104

C
D

14
2+

 E
V/

µL

(h)

*

 

  



 

192 
 

Figure 5.7: Monocyte cytokine production for (1) washing study; (A) IL-8, (B) MCP-1 
following exposure of RCC supernatant from unwashed (filed/Red) and washed (unfiled/blue) 
units, and (2) spiking study; (C) IL-8, and (D) MCP-1 following exposure platelet-EVs (filed, 
black) only or the exposure of  RCC supernatant from washed/spiked with platelet-EVs 
(filed/Red), or  washed/spiked with PBS (unfiled/blue). *Significant level in comparison to 
control (*P<0.05; **P<0.01; ***P<0.001, ***P<0.0001).   
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Figure 5.8: Expression of adhesion molecules on HUVEC for (1) washing study; (A) IL-8, (B) 
MCP-1 following exposure of RCC supernatant from unwashed (filed/Red) and washed 
(unfiled/blue) units, and (2) spiking study; (C) IL-8, and (D) MCP-1 following exposure 
platelet-EVs (filed, black) only or the exposure of  RCC supernatant from washed/spiked with 
platelet-EVs (filed/Red), or  washed/spiked with PBS (unfiled/blue). *Significant level in 
comparison to control (*P<0.05; **P<0.01; ***P<0.001, ***P<0.0001).   
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Figure 5.9: Overall correlations between EVs based on their cell of origin and monocyte cytokines production for all RCC units 
[washed RCCs (green), unwashed RCCs (red)] using Pearson correlation.  
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Figure 5.10: Overall correlations between EVs based on their cell of origin and HUVEC adhesion molecules expression for all RCC 
units [washed RCCs (green), unwashed RCCs (red)] using Pearson correlation.  
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Table 5.1:  Table represent the RBC hematological indices values measured by hematological analyzer. Data reported as mean ± 
standard deviation. 
 

  24 h Post Wash (mean ± SD)   7 d Post Wash (mean ± SD)   

Parameters Washed d 2 

 

Unwashed d 2  Washed d 14  

 

Unwashed d 14  Washed d 2  Unwashed d 2  Washed d 14   Unwashed d 14 

Hct (%) 52 ± 0*a  58 ± 1  51 ± 1*a 61 ± 0*c 

 

53 ± 0*a,b 

 

60 ± 0*b 

 

61 ± 1*a,b 

 

61 ± 0*b,c 
THb (g/unit) 54 ± 7 57 ± 7  55 ± 8.14*a 56 ± 9 59 ± 6 51 ± 8 54 ± 11 55 ± 3 
MCV (fL) 89 ± 2 88 ± 2  92 ± 3 91 ± 3 90 ± 2*b 90 ± 2*b 91 ± 3 92 ± 2*b 
MCH(pg) 28 ± 2 28 ± 3  29 ± 2*a 28 ± 3 32 ± 3 27 ± 6 29 ± 6 29 ± 3 
MCHC(g/L) 319 ± 31 347 ± 19  317 ± 38*a 306 ± 38*c 359 ± 32 300 ± 58 324 ± 63 318 ± 28 
Data reported as mean ± standard deviation. 
*a (P < 0.05); significant results compared with unwashed sample of the correspondent group  
*b (P < 0.05); significant difference in comparison with 24 h values of the correspondent group  
*c (P < 0.05); significant difference between washed/unwashed day 2 vs washed/unwashed day 14 of the correspondent group 
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Table 5.2A: Monocyte cytokine production (% control) for (A) washing study following exposure of RCC supernatant from unwashed 
and washed units.  *Significant level in comparison to negative controls (P < 0.05).  OOR; out (below) of detection range. 
 
 
 
Groups /Cytokines GM-CSF   IFN-y   IL-10   IL-1B  IL-8  MCP-1   IL-4  IL-6  TNF-a   IL-12(p70)  
Negative Control  100 100 100 100 100 100 OOR 100 100 OOR 
Positive Control (LPS) 1050 ± 129 261 ±61 486 ± 175 33274 ± 16883 1175 ± 361 99 ± 34 OOR 89941 ± 15139 40987 ± 8092 OOR 
Unwashed - 24h Post wash d2  OOR OOR 239 ± 20* OOR 267 ± 104* 516 ± 188* OOR OOR 283 ± 102* OOR 
Washed - 24h Post wash d2  OOR OOR OOR OOR 103 ± 48 82 ± 10 OOR OOR   ±   OOR 
Unwashed - 7d Post wash d2  OOR OOR OOR OOR 243 ± 100* 461 ± 168* OOR OOR 233 ± 97* OOR 
Washed - 7d Post wash d2  OOR OOR OOR OOR 95 ± 52 70 ± 6 OOR OOR OOR OOR 
Unwashed - 24h Post wash d14  OOR OOR 232 ± 15* OOR 259 ± 58* 814 ± 76* OOR OOR 174 ± 17 OOR 
Washed - 24h Post wash d14 OOR OOR OOR OOR 128 ± 50 88 ± 30 OOR OOR OOR OOR 
Unwashed- 7d Post wash d14 OOR OOR OOR OOR 222 ± 55 609 ± 175* OOR OOR 294 ± 145* OOR 
Washed - 7d Post wash d14  OOR OOR OOR OOR 87 ± 13 91 ± 8 OOR OOR OOR OOR 
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Table 5.2B: Monocyte cytokine production (% control) for spiking study following exposure of platelet-EVs only, supernatant from 
washed RCC and spiked with platelet-EVs, or supernatant from washed RCC and spiked with PBS. *Significant level in comparison 
to controls (P < 0.05). OOR; out (below) of detection range  
 

Groups /Cytokines GM-CSF   IFN-y   IL-10   IL-1β        IL-8  MCP-1   IL-4  IL-6  TNF-a   IL-12(p70)  
Negative Control 100 100 100 100         100 100 OOR 100 100 OOR 
Positive Control (LPS) 1269 ± 375 165 ± 36 284 ±112 21803 ± 6049 1509 ± 368 117 ± 48 OOR 36320 ± 11689 24335 ± 8913 OOR 

Washed-EVs Spike-Post wash d2  OOR OOR OOR OOR 108 ± 25 108 ± 20 OOR OOR OOR OOR 

Washed-PBS Spike-Post wash d2  OOR OOR OOR OOR 103 ± 16 119 ± 24 OOR OOR OOR OOR 

Washed-EVs Spike-Post wash d14  OOR OOR OOR OOR 302 ± 15* 159 ± 13* OOR OOR OOR OOR 

Washed-PBS Spike-Post wash d14  OOR OOR OOR OOR 228 ± 59* 94 ± 10 OOR OOR OOR OOR 
PLT-EVs only OOR OOR 283 ± 22* OOR 591 ± 134* 326 ± 86* OOR OOR 229 ± 62* OOR 
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6.1. REVIEW OF THESIS OBJECTIVES AND SUMMARY OF RESULTS  

Transfusion of red blood cell concentrates (RCCs) is a necessary, lifesaving medical 

intervention1. However, like any medical therapy, transfusion of RCCs comes with risks. A 

number of studies have revealed that transfusion of RCC products is still associated with 

increased risk of serious clinical outcomes that include immune and nonimmune adverse 

reactions2-8. Transfusion-related immunomodulation (TRIM) has emerged as a potential 

explanation for the increased immunosuppression or proinflammatory effects associated with 

infection, multi-organ dysfunction and mortality in some patients who receive blood 

transfusions1,7,9. However, the exact mechanisms responsible for TRIM are still undetermined. 

While efforts to understand the biological mechanisms are under way, the immunomodulatory 

potential of extracellular vesicles (EVs) in blood products have been shown to be important in 

transfusion medicine10-12. In addition, despite the fact that there are several ongoing prospective 

research and studies to understand the adverse clinical outcomes associated with transfusion, 

variations between RCCs produced by different manufacturing methods and issued for 

transfusion are not well appreciated. Our previous studies have revealed that RCC produced by 

different manufacturing methods are not all equal and characteristics of EVs, which may 

contribute in TRIM, are different across the RCC products13-15. Moreover, a linked database has 

shown an association between the production methods and transfusion outcomes16; however, 

the impact of RCC manufacturing process on transfusion-related immune responses has not 

been explored. Understanding the potential immunomodulatory effects of EVs and blood 

manufacturing methods can be used to improve blood production and lead to safer transfusions. 

Therefore, investigations in this research were to identify “what is in the bags” of differently 
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manufactured RCCs, highlight the presence of non-red blood cell (RBC) fractions in the RCC 

products including residual cells and cell-derived EVs. The second step of this work was 

conducted to understand the role that cell-derived EVs and blood manufacturing methods may 

play in the quality and immunomodulatory activity of RCC products with an attempt to relate 

this knowledge to the development of better manufacture processing, preservation and 

transfusion. Thus, the last aim of this research was to identify strategies that may eliminate the 

parameters responsible for poorer clinical outcomes. 

The results of the experimental studies have been presented to test the following 

hypotheses: 1) produced and stored RCCs contain a mixed population of EVs and not all EVs 

in RCC are solely from the constituent RBCs; 2) the size, concentration, and population of EVs 

in RCCs are influenced by method of detection, blood component manufacturing and storage 

duration; 3) blood manufacturing methods affect RCC products characteristics and are 

associated with immunomodulatory activity of RCCs; 4) non-RBC generated vesicles in RCC 

are potent mediators of RCC immunomodulatory activity in vitro; and 5) washing RCC 

products using an automated cell processer can reduced immunomodulatory effects of RCC. 

Microvesiculation is a controlled process by which EVs, small membranous vesicles, 

are formed and released in vivo and in vitro by many cells in response to a variety of conditions 

and stimuli including hypoxia, oxidative and shear stress17-20. An increase in microvesiculation 

during storage has been identified as a significant indicator of the red blood cell storage lesion21-

24.  However, the biological complexity of EVs including the variation in morphology, size, 

composition, cellular source and the biogenesis, create excessive challenges and difficulties in 

detecting, and characterizing these EVs25,26. Although there are a wide variety of methods and 

techniques being used to purify, identify, quantify and characterize these vesicles, there are 
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several limitations associated with these techniques25,27-29. In addition, most studies do not take 

into account the heterogeneity of EVs in the RCC products in terms of concentration, content, 

size, and phenotype (cell of origin). Therefore, the objective of the first experimental study in 

this thesis was to identity, characterize, and quantify EVs in RCC units using different 

techniques [tunable resistive pulse sensing (TRPS/qNano), flow cytometer (FC), and dynamic 

light scattering (DLS; Zetasizer)], and to assess the impact of different approaches to 

characterize EVs in stored RCC products (Chapter 2). Ultimately, the goal was to evaluate the 

advantage and the disadvantages of each approach and select the optimum method(s) to be used 

consistently for the next studies. This study showed that the characterization of EV present in 

stored RCC products is significantly influenced by the method of detection used. The 

quantitative analysis in this study showed that an increase in the concentration of EVs ≥ 200 nm 

(large EVs/microparticles) during hypothermic storage of RCCs when FC and TRPS device 

were used. Notably, the TRPS method revealed a significant increase in the concentration of 

EVs < 200 nm (small EVs/exosomes) throughout storage. This change in exosome 

concentration was not detectable with FC or DLS due to limitations in their ability to resolve 

particles < 200 nm and/or accurately determine EV concentration. This study highlighted the 

important of understanding the advantages and the limitations of each technique before selecting 

specific method to characterize EVs. From this work, it is recommended that the use of different 

method of detection would be better in order to characterize the size, concentration and 

phenotype of EVs in stored RCCs.    

After selecting and establishing the techniques required to identify and characterize the 

subpopulations of EVs in RCC, the next study (Chapter 3) aimed to assess the impact of 

different blood manufacturing methods and duration of hypothermic storage on these 
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subpopulations of EVs in relation to other commonly evaluated in vitro quality parameters of 

RCC products.  Different manufacturing methods are used to produce blood components by 

separating red blood cells (RBCs), platelet concentrates, and plasma from the whole blood (WB) 

of the donor. In Canada, the blood processing methods include red cell-filtered (RCF, top-and-

bottom) and whole blood-filtered (WBF, top-and-top) RCCs16. As the RCCs issued for 

transfusion are not created or treated equally, variability exists within the blood products 

themselves30,31, which may contribute to the storage lesions and adverse clinical outcomes. In 

Chapter 3, we investigated the impact of RCF and WBF blood manufacturing methods and 

hypothermic storage duration on the characteristics of different subpopulations of EVs and in 

vitro quality parameters. This study revealed that the dynamic shift in the size and concentration 

of the EVs subpopulation is dependent on the blood manufacturing method and storage duration. 

The outcome of this study also showed a positive correlation between EVs and hemolysis, and 

a negative correlation between EVs and the level of ATP as well as deformability parameters. 

These correlations with the measured in vitro quality parameters suggest that EVs could be 

implemented as a quality indicator. Results of this study also revealed that heterogeneous 

submicron-sized vesicles are present in RCC products and that the frequency of the diverse 

populations of EVs is dependent on the blood manufacturing method. Furthermore, our novel 

data captured by the TRPS showed that the concentration of small EVs / exosomes (< 200 nm) 

was greater in WBF units in comparison to RCF units. As red blood cells are able to produce 

microvesicles but lack the capacity to release exosomes32,33, data in this study suggested that 

the EVs < 200 nm are non-RBC derived EVs (platelet-derived EVs and WBC-derived EVs). 

Although great attention has been directed to the role of the ‘contaminating' residual cells in 

RCCs, comparatively, very few studies focus on the role of the EVs derived from these residual 
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cells. Therefore, this study recommended further studies to investigate the cell of origin of these 

EVs, particularly of the small EVs, and their potential influence on the quality of the products 

as well as their immunomodulatory effects after transfusion. 

The mechanisms of adverse effects related to red cell transfusion remain uncertain, 

though RCCs contain a host of biologically active mediators, in both soluble and cell-associated 

forms, which may contribute to organ dysfunction via alterations in recipient inflammation and 

immune cell function7,34-36. While many previous studies have focused on accumulation of 

potentially harmful immunomodulatory mediators during RCC storage1,2,4, recent randomized 

clinical trials have failed to demonstrate benefit with fresh RCC transfusion in critically ill or 

hospitalized patients37, thus calling into question the clinical relevance of storage-related TRIM 

effects. Noteworthy, it has been suggested that RCC manufacturing methods, which are rarely 

accounted for in interventional trials, may have confounded these results31,38. In view of this 

and the previous chapters, experiment in Chapter 4 aimed to investigate the effect of different 

manufacturing methods on hemolysis, residual cells, cell-derived EVs, and immunomodulatory 

activity. In this study, thirty-two RCC units produced using whole blood filtration (WBF), red 

cell filtration (RCF), apheresis derived (AD), and whole blood derived (WBD) methods were 

examined (n=8 per method). This study showed that blood manufacturing methods significantly 

influence the immunomodulatory effects of RCC supernatant on monocytes in vitro and 

significantly affected RBC and non-RBC EVs characteristics throughout storage. Noteworthy, 

while an immunosuppressive effect was observed with the supernatants form AD and WBD 

RCCs as shown by the significant reduction in the release of the inflammatory cytokine (TNF-

α) by monocytes in response to LPS-stimulation, supernatants from fresh WBF units resulted 

in significantly higher inflammatory cytokine (IL-8) production from the unstimulated 
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monocyte model in comparison to controls. Our exploratory analyses relating 

immunomodulatory activity to cell-derived EVs in this study suggested that platelet-derived 

EVs correlate with immunosuppressive activity. Interestingly, our study failed to identify 

significant correlations between RBC-EVs and monocyte cytokine production across 

manufacture methods for either fresh RCC or RCC at expiry. This study supports our hypothesis 

that non-RBC vesicles/fractions in RCC, which vary across manufacturing methods, are potent 

mediators of immunomodulatory activity in vitro. However, the effects of residual cells and 

cell-derived EVs on immunomodulatory activity and patient clinical outcomes worth additional 

examination. In addition, it is worth noting that the correlation analysis in this study was 

exploratory correlation only. Therefore, future studies are still warranted better explain the 

mixed immunomodulatory effects observed with different blood manufacturing methods and to 

identify the factor(s) or agent(s) that contribute to these effects.   

      In the previous chapters, we showed that EVs from leukoreduced and stored RCCs are 

heterogonous in quantity, size and cell of origin. In addition, we observed that EVs, depending 

on their phenotype, are associated with RCC immunomodulatory activity. Since studies suggest 

that several soluble contaminants and harmful substances could be removed by washing RCC 

products, which may improve the quality of RCC and may reduce or prevent some adverse 

outcomes post transfusion39-41, the final study (Chapter 5) was aimed at investigating the effect 

of washing, using an automated cell processor (ACP-215), on RCC quality parameters, residual 

cells, extracellular vesicles, and on the immunomodulatory activity of WBF RCCs. Once the 

effects of washing were determined, the result of washed and unwashed RCC were compared 

to determine the potent factor(s) associated with the RCC immunomodulatory activity. We also 

investigated whether platelet-EVs, which were shown to be associated with immunomodulatory 
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activity in Chapter 4, induce pro- or anti-inflammatory response in monocytes and human 

umbilical vein endothelial cell (HUVEC). Investigation in this study showed that washing RCC 

with the ACP 215 was not sufficient to remove residual cells from the stored RCC products; 

however, all tested RCC units of all experimental groups exceeded the quality assurance criteria 

for hemolysis, hematocrit, and hemoglobin. Furthermore, the TRPS showed that washing 

significantly reduced the concentration of small/exosomes (< 200 nm) and large EVs 

/microparticles (≥ 200 nm) compared to unwashed RCCs. Noteworthy, results from monocyte 

and HUVECs models used in Chapter 5 further emphasize that RCCs produced by WBF 

method are inflammatory as evidenced by significantly elevated production of the inflammatory 

cytokines and chemokines; TNF-α, MPC-1 and IL-8, and increased expression of VCAM-1 

compared to controls. Washing these RCCs with the ACP 215 decreased the inflammatory 

phenotype observed. Additionally, the exploratory correlational analyses of Chapter 5 showed 

that the non-RBC EVs, particularly platelet-EVs, were associated with the inflammatory 

phenotype observed with WBF RCCs and reducing these vesicles by washing, can attenuate the 

immunomodulatory activity of the examined RCCs. Taken together the results from Chapter 4 

and Chapter 5 of this thesis, the data further suggest that the same type of EVs may bias toward 

inflammatory or immunosuppressive activity depending on the co-stimulatory factors, which in 

our study were blood manufacturing methods and storage duration. Therefore, the immune 

heterogeneity of EVs in RCCs needs to be more carefully considered when evaluating the 

immunomodulatory activity of blood products.  
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6.2. CONTRIBUTION TO SCIENCE AND FUTURE DIRECTION  

This thesis has made a number of valuable contributions to the fields of the transfusion 

medicine and biopreservation, as demonstrated by five peer-reviewed published manuscripts in 

addition to a submitted paper in top journals in the field of transfusion medicine, blood research 

and biopreservation.  

1) The work presented in this thesis has highlighted the limitation and the challenges related 

to monitoring extracellular vesicles in blood research and have addressed this with the 

development and recommendation of using different techniques and methods to detect, 

quantify and characterize EVs in stored RCC products. This knowledge is important to 

promote our understanding of EVs, report more accurate data on “what is in the RCC 

bags”, and allow better comparison between the studies. Taking in consideration the 

findings of this work and the recommendations, this work will help in the development 

of a reference method (standardization) in how extracellular vesicles should be measured 

to support data sharing across research groups.  

2) This work has also contributed to the investigation and current understanding of the 

impact of blood manufacturing methods and hypothermic storage duration on the 

characteristics of different subpopulations of EVs and in vitro quality parameters of 

RCCs produced by different manufacturing methods. The results highlighted in this study 

give emphasis to the important of understanding the differences and variability in the 

final manufactured products when new products, such as blood bag or storage solution, 

or even new manufacturing process are implemented. This will help providing better 

blood products for clinical care.  Further studies are warranted to understand the 

individual and collective impact of other variables/factors on the quality of RCC 
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products, such as donor factors, pre-storage leukoreduction, and storage solutions, and to 

better understand the clinical impact. 

3) This piece of work provided an explanation for the potential immunomodulatory activity 

associated with stored and differently manufactured RCC products as my work suggests 

that storage duration and blood manufacturing method used to produce the blood 

components could affect patient clinical outcomes. Therefore, throughout my thesis 

work, I strongly recommended additional studies and clinical investigation to further 

understand what could influence “what is in the bag”, particularly for differentially 

manufactured RCC products, and what clinical consequences may result. This will help 

clarify the difference in the reported results of stored RCCs and provide a better 

understanding of the issues that exist with current blood products. Future work in this 

area should focus on elaborating the influence of these differences observed on 

transfusion reactions and patient clinical outcomes posttransfusion.  

4) The work in this thesis is among the first to document a potential functional consequence 

related to the differences in RCC quality measures and EV characteristics that result from 

different manufacturing methods. Although further studies to clarify the mechanisms in 

which EVs and other untested soluble mediators in RCC result in immunomodulatory 

activity still required, the data of this work is a novel finding could provide a biological 

mechanism for the data recently published regarding the increased inflammatory 

responses associated with “fresh” but not “expired” RCC products. The data of this work 

provided solid evidences that RCC products vary in their content of the 

immunomodulatory mediators that are capable of altering the immune cell function.  It 

is worth noting that this work showed that depending on the manufacturing method used, 
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some blood product can be associated with more harmful immunomodulatory activity, 

such as apheresis derived RCCs, compared to other RCC products (red cell filtered 

RCCs). The data of this thesis clearly emphases that not all RCC products are equivalent 

in terms of their contribution to TRIM because they vary in their content and 

concentration of the immunomodulatory agents/ factors, donor characteristics and 

manufacturing process. 

5) This research identify and suggest new strategies that may eliminate the parameters 

responsible for poorer clinical outcomes for better transfusion. The findings of this work 

indicate that washing of RCC can reduce immunomodulatory mediators, such as non 

RBC-EVs, and attenuate bioactivity of the stored RCC, which may be an effective 

additional procedure to reduce the immunomodulatory effect of blood transfusion. 

Although further studies are still required to identify the other potential 

immunomodulatory factors in RCCs and to understand the mechanism associated with 

immunomodulation, the role of the non RBC-EVs/fractions in the augmented 

immunomodulatory effects observe in our study is worth further investigations to 

translate these in vitro findings to the bedside. Overall, the knowledge raised by this 

thesis suggest that the EVs can be a novel biological indicator for quality of RCC 

products, which may reflect the efficacy and safety of the blood product. Additionally, 

this thesis will provide novel and strong scientific foundation about role of EVs in 

immunomodulation. Optimistically, the knowledge of this thesis will help in the 

development of better manufacture processing, preservation and transfusion.   

      In conclusion, this thesis provides a better understanding not only regarding the issues that 

exist with current blood products, but also about the complex relationship between the 
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individual blood products (specific donor, collection, processing and handling) and their 

potential contribution to transfusion-related immunomodulation. The mixed 

immunomodulatory (immunosuppressive/inflammatory) effects we observed in this study, 

which has the potential to affect the quality of RCC product and the safety of our patients, may 

account for conflicting results reported with the studies examining the clinical effects of RCCs 

as a function of storage time. I believe that this thesis is promising study that will strongly 

contribute to explain the confounded results associated with the recent randomized clinical 

trials.  In addition, this work provides solid scientific knowledge about EVs in RCC products. 

Using the tools, methods and knowledge of this research can be the beginning to recognize EVs 

as a novel biological indicator for the quality and the safety of blood products.  Further 

examination of their potential immunomodulatory effects and clinical consequences is required 

to bring the development of safer blood transfusion.     

  



 

222 
 

6.3. REFERENCES   

1. Sparrow RL. Red blood cell storage and transfusion-related immunomodulation. Blood 

Transfus. 2010;8:S26-S30. 

2. Wang D, Sun JF, Solomon SB, Klein HG, Natanson C. Transfusion of older stored blood 

and risk of death: a meta-analysis. Transfusion. 2012;52(6):1184-1195. 

3. Gladwin MT, Kanias T, Kim-Shapiro DB. Hemolysis and cell-free hemoglobin drive an 

intrinsic mechanism for human disease. J Clin Invest. 2012;122(4):1205-1208. 

4. Hod EA, Spitalnik SL. Harmful effects of transfusion of older stored red blood cells: 

iron and inflammation. Transfusion. 2011;51(4):881-885. 

5. Hod EA, Spitalnik SL. Stored red blood cell transfusions: Iron, inflammation, immunity, 

and infection. Transfus Clin Biol. 2012;19(3):84-89. 

6. Lannan KL, Sahler J, Spinelli SL, Phipps RP, Blumberg N. Transfusion 

immunomodulation — the case for leukoreduced and (perhaps) washed transfusions. 

Blood Cells Mol Dis. 2013;50(1):61-68. 

7. Refaai MA, Blumberg N. Transfusion immunomodulation from a clinical perspective: 

an update. Expert Rev Hematol. 2013;6(6):653-663. 

8. Scott KL, Lecak J, Acker JP. Biopreservation of red blood cells: past, present, and 

future. Transfus Med Rev. 2005;19(2):127-142. 



 

223 
 

9. Cata JP, Wang H, Gottumukkala V, Reuben J, Sessler DI. Inflammatory response, 

immunosuppression, and cancer recurrence after perioperative blood transfusions. Br J 

Anaesth. 2013;110(5):690-701. 

10. Krailadsiri P, Seghatchian J, Bode AP. Microvesicles in blood components: Laboratory 

and clinical aspects. Clin Appl Thromb-Hem. 1997;3(2):86-95. 

11. Zhang B, Yin Y, Lai RC, Lim SK. Immunotherapeutic potential of extracellular vesicles. 

Front Immunol. 2014;5:518.  

12. Belizaire RM, Prakash PS, Richter JR, Robinson BR, Edwards MJ, Caldwell CC, 

Lentsch AB, Pritts TA. Microparticles from Stored Red Blood Cells Activate 

Neutrophils and Cause Lung Injury after Hemorrhage and Resuscitation. J Am Coll 

Surg. 2012;214(4):648-655. 

13. Hansen AL, Kurach JD, Turner TR, Jenkins C, Busch MP, Norris PJ, Dugger J, 

Tomasulo PA, Devine DV, Acker JP. The effect of processing method on the in vitro 

characteristics of red blood cell products. Vox Sang. 2015;108(4):350-358. 

14. Acker JP, Hansen AL, Kurach JDR, Turner TR, Croteau I, Jenkins C. A quality 

monitoring program for red blood cell components: in vitro quality indicators before and 

after implementation of semiautomated processing. Transfusion. 2014;54(10):2534-

2543. 

15. Bicalho B, Pereira AS, Acker JP. Buffy coat (top/bottom)- and whole-blood filtration 

(top/top)-produced red cell concentrates differ in size of extracellular vesicles. Vox 

Sang. 2015;109(3):214-220. 



 

224 
 

16. Heddle NM, Arnold DM, Acker JP, Liu Y, Barty RL, Eikelboom JW, Webert KE, Hsia 

CC, O'Brien SF, Cook RJ. Red blood cell processing methods and in-hospital mortality: 

a transfusion registry cohort study. Lancet Haematol. 2016;3(5):e246-254. 

17. Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesicle Formation during 

Reticulocyte Maturation - Association of Plasma-Membrane Activities with Released 

Vesicles (Exosomes). J Biol Chem. 1987;262(19):9412-9420. 

18. Denzer K, Kleijmeer MJ, Heijnen HFG, Stoorvogel W, Geuze HJ. Exosome: from 

internal vesicle of the multivesicular body to intercellular signaling device. J Cell Sci. 

2000;113(19):3365-3374. 

19. Koseoglu S, Flaumenhaft R. Advances in platelet granule biology. Curr Opin Hematol. 

2013;20(5):464-471. 

20. Canellini G, Rubin O, Delobel J, Crettaz D, Lion N, Tissot JD. Red blood cell 

microparticles and blood group antigens: an analysis by flow cytometry. Blood 

Transfus. 2012;10 Suppl 2:s39-45. 

21. Dumaswala UJ, Dumaswala RU, Levin DS, Greenwalt TJ. Improved red blood cell 

preservation correlates with decreased loss of bands 3, 4.1, acetylcholinestrase, and 

lipids in microvesicles. Blood. 1996;87(4):1612-1616. 

22. Almizraq R, Tchir JDR, Holovati JL, Acker JP. Storage of red blood cells affects 

membrane composition, microvesiculation, and in vitro quality. Transfusion. 

2013;53(10):2258-2267. 



 

225 
 

23. Lutz HU, Liu SC, Palek J. Release of spectrin-free vesicles from human erythrocytes 

during ATP depletion. I. Characterization of spectrin-free vesicles. J Cell Biol. 

1977;73(3):548-560. 

24. Greenwalt TJ, Bryan DJ, Dumaswala UJ. Erythrocyte membrane vesiculation and 

changes in membrane composition during storage in citrate-phosphate-dextrose-

adenine-1. Vox Sang. 1984;47(4):261-270. 

25. Momen-Heravi F, Balaj L, Alian S, Tigges J, Toxavidis V, Ericsson M, Distel RJ, 

Ivanov AR, Skog J, Kuo WP. Alternative methods for characterization of extracellular 

vesicles. Front Physiol. 2012;3:354.  

26. van der Pol E, Boing AN, Harrison P, Sturk A, Nieuwland R. Classification, Functions, 

and Clinical Relevance of Extracellular Vesicles. Pharmacol Rev. 2012;64(3):676-705. 

27. Momen-Heravi F, Balaj L, Alian S, Mantel PY, Halleck AE, Trachtenberg AJ, Soria 

CE, Oquin S, Bonebreak CM, Saracoglu E, Skog J, Kuo WP. Current methods for the 

isolation of extracellular vesicles. Biol Chem. 2013;394(10):1253-1262. 

28. Yuana Y, Koning RI, Kuil ME, Rensen PC, Koster AJ, Bertina RM, Osanto S. Cryo-

electron microscopy of extracellular vesicles in fresh plasma. J Extracell Vesicles. 

2013;2:21494.  

29. Van Der Pol E, Coumans F, Varga Z, Krumrey M, Nieuwland R. Innovation in detection 

of microparticles and exosomes. J Thromb Haemost. 2013;11:36-45. 

30. Acker JP, Marks DC, Sheffield WP. Quality Assessment of Established and Emerging 

Blood Components for Transfusion. J Blood Transfus. 2016;2016:4860284. 



 

226 
 

31. van de Watering LMG. Age of blood: does older blood yield poorer outcomes? Curr 

Opin Hematol. 2013;20(6):526-532. 

32. Alaarg A, Schiffelers R, van Solinge WW, Van Wijk R. Red blood cell vesiculation in 

hereditary hemolytic anemia. Front Physiol. 2013;4:365.  

33. Flatt JF, Bawazir WM, Bruce LJ. The involvement of cation leaks in the storage lesion 

of red blood cells. Front Physiol. 2014;5:214.  

34. Almizraq RJ, Seghatchian J, Acker JP. Extracellular vesicles in transfusion-related 

immunomodulation and the role of blood component manufacturing. Transfus Apher 

Sci. 2016;55(3):281-291. 

35. Vamvakas EC, Blajchman MA. Deleterious clinical effects of transfusion-associated 

immunomodulation: fact or fiction? Blood. 2001;97(5):1180-1195. 

36. Remy KE, Hall MW, Cholette J, Juffermans NP, Nicol K, Doctor A, Blumberg N, 

Spinella PC, Norris PJ, Dahmer MK, Muszynski JA. Mechanisms of red blood cell 

transfusion-related immunomodulation. Transfusion. 2018;58(3):804-815. 

37. Chai-Adisaksopha C, Alexander PE, Guyatt G, Crowther MA, Heddle NM, Devereaux 

PJ, Ellis M, Roxby D, Sessler DI, Eikelboom JW. Mortality outcomes in patients 

transfused with fresher versus older red blood cells: a meta-analysis. Vox Sang. 

2017;112(3):268-278. 

38. Ramirez-Arcos S, Marks DC, Acker JP, Sheffield WP. Quality and Safety of Blood 

Products. J Blood Transfus. 2016;2016:2482157. 



 

227 
 

39. Gruber M, Breu A, Frauendorf M, Seyfried T, Hansen E. Washing of banked blood by 

three different blood salvage devices. Transfusion. 2013;53(5):1001-1009. 

40. Westphal-Varghese B, Erren M, Westphal M, Van Aken H, Ertmer C, Lange M, Booke 

M. Processing of stored packed red blood cells using autotransfusion devices decreases 

potassium and microaggregates: a prospective, randomized, single-blinded in vitro 

study. Transfus Med. 2007;17(2):89-95. 

41. Warner MA, Welsby IJ, Norris PJ, Silliman CC, Armour S, Wittwer ED, Santrach PJ, 

Meade LA, Liedl LM, Nieuwenkamp CM, Douthit B, van Buskirk CM, Schulte PJ, 

Carter RE, Kor DJ. Point-of-care washing of allogeneic red blood cells for the 

prevention of transfusion-related respiratory complications (WAR-PRC): a protocol for 

a multicenter randomised clinical trial in patients undergoing cardiac surgery. BMJ 

open. 2017;7(8). 

 



 

228 
 

Bibliography  

Aatonen M, Gronholm M, Siljander PRM. Platelet-Derived Microvesicles: Multitalented 

Participants in Intercellular Communication. Semin Thromb Hemost. 2012;38(1):102-113. 

Acker JP, Hansen AL, Kurach JDR, Turner TR, Croteau I, Jenkins C. A quality monitoring 

program for red blood cell components: in vitro quality indicators before and after 

implementation of semiautomated processing. Transfusion. 2014;54(10):2534-2543. 

Acker JP, Hansen AL, Yi QL, Sondi N, Cserti-Gazdewich C, Pendergrast J, Hannach B. 

Introduction of a closed-system cell processor for red blood cell washing: postimplementation 

monitoring of safety and efficacy. Transfusion. 2016;56(1):49-57. 

Acker JP, Marks DC, Sheffield WP. Quality Assessment of Established and Emerging Blood 

Components for Transfusion. J Blood Transfus. 2016;2016:4860284. 

Akers JC, Gonda D, Kim R, Carter BS, Chen CC. Biogenesis of extracellular vesicles (EV): 

exosomes, microvesicles, retrovirus-like vesicles, and apoptotic bodies. J Neurooncol. 

2013;113(1):1-11. 

Alaarg A, Schiffelers R, van Solinge WW, Van Wijk R. Red blood cell vesiculation in 

hereditary hemolytic anemia. Front Physiol. 2013;4:365.  

Allen JG, Lee MT, Weiss ES, Arnaoutakis GJ, Shah AS, Detrick B. Preoperative recipient 

cytokine levels are associated with early lung allograft dysfunction. The Annals of Thoracic 

Surgery. 2012;93(6):1843-1849. 



 

229 
 

Almizraq R, Tchir JDR, Holovati JL, Acker JP. Storage of red blood cells affects membrane 

composition, microvesiculation, and in vitro quality. Transfusion. 2013;53(10):2258-2267. 

Almizraq RJ, Norris PJ, Inglis H, Menocha S, Wirtz MR, Juffermans N, Pandey S, Spinella PC, 

Acker JP, Muszynski JA. Blood manufacturing methods affect red blood cell product 

characteristics and immunomodulatory activity. Blood Adv. 2018;2(18):2296-2306. 

Almizraq RJ, Seghatchian J, Acker JP. Extracellular vesicles in transfusion-related 

immunomodulation and the role of blood component manufacturing. Transfus Apher Sci. 

2016;55(3):281-291. 

Almizraq RJ, Seghatchian J, Holovati JL, Acker JP. Extracellular vesicle characteristics in 

stored red blood cell concentrates are influenced by the method of detection. Transfus Apher 

Sci. 2017;56(2):254-260. 

Ando Y, Oku T, Tsuji T. Platelets attenuate production of cytokines and nitric oxide by 

macrophages in response to bacterial endotoxin. Platelets. 2016;27(4):344-350. 

Antonelou MH, Kriebardis AG, Papassideri IS. Aging and death signalling in mature red cells: 

from basic science to transfusion practice. Blood Transfus. 2010;8 Suppl 3:s39-47. 

Ardoin SP, Shanahan JC, Pisetsky DS. The role of microparticles in inflammation and 

thrombosis. Scand J Immunol. 2007;66(2-3):159-165. 

Arraud N, Linares R, Tan S, Gounou C, Pasquet JM, Mornet S, Brisson AR. Extracellular 

vesicles from blood plasma: determination of their morphology, size, phenotype and 

concentration. J Thromb Haemost. 2014;12(5):614-627. 



 

230 
 

Aubron C, Syres G, Nichol A, Bailey M, Board J, Magrin G, Murray L, Presneill J, Sutton J, 

Vallance S, Morrison S, Bellomo R, Cooper DJ. A pilot feasibility trial of allocation of freshest 

available red blood cells versus standard care in critically ill patients. Transfusion. 

2012;52(6):1196-1202. 

Baek JH, D'Agnillo F, Vallelian F, Pereira CP, Williams MC, Jia YP, Schaer DJ, Buehler PW. 

Hemoglobin-driven pathophysiology is an in vivo consequence of the red blood cell storage 

lesion that can be attenuated in guinea pigs by haptoglobin therapy. J Clin Invest. 

2012;122(4):1444-1458. 

Baj-Krzyworzeka M, Szatanek R, Weglarczyk K, Baran J, Urbanowicz B, Branski P, Ratajczak 

MZ, Zembala M. Tumour-derived microvesicles carry several surface determinants and mRNA 

of tumour cells and transfer some of these determinants to monocytes. Cancer Immunol Immun. 

2006;55(7):808-818. 

Bakkour S, Acker JP, Chafets DM, Inglis HC, Norris PJ, Lee TH, Busch MP. Manufacturing 

method affects mitochondrial DNA release and extracellular vesicle composition in stored red 

blood cells. Vox Sang. 2016;111(1):22-32. 

Balaj L, Lessard R, Dai LX, Cho YJ, Pomeroy SL, Breakefield XO, Skog J. Tumour 

microvesicles contain retrotransposon elements and amplified oncogene sequences. Nat 

Commun. 2011;2:180. 

Barry OP, Pratico D, Savani RC, FitzGerald GA. Modulation of monocyte-endothelial cell 

interactions by platelet microparticles. J Clin Invest. 1998;102(1):136-144. 



 

231 
 

Bateman ST, Lacroix J, Boven K, Forbes P, Barton R, Thomas NJ, Jacobs B, Markovitz B, 

Goldstein B, Hanson JH, Li HA, Randolph AG, Pediatric Acute Lung I, Sepsis Investigators N. 

Anemia, blood loss, and blood transfusions in North American children in the intensive care 

unit. Am J Respir Crit Care Med. 2008;178(1):26-33. 

Baumgartner JM, Nydam TL, Clarke JH, Banerjee A, Silliman CC, McCarter MD. Red blood 

cell supernatant potentiates LPS-induced proinflammatory cytokine response from peripheral 

blood mononuclear cells. J Interferon Cytokine Res. 2009;29(6):333-338. 

Belizaire RM, Prakash PS, Richter JR, Robinson BR, Edwards MJ, Caldwell CC, Lentsch AB, 

Pritts TA. Microparticles from Stored Red Blood Cells Activate Neutrophils and Cause Lung 

Injury after Hemorrhage and Resuscitation. J Am Coll Surg. 2012;214(4):648-655. 

Bennardello F, Fidone C, Spadola V, Cabibbo S, Travali S, Garozzo G, Antolino A, Tavolino 

G, Falla C, Bonomo P. The prevention of adverse reactions to transfusions in patients with 

haemoglobinopathies: a proposed algorithm. Blood Transfus. 2013;11(3):377-384. 

Bennett-Guerrero E, Zhao Y, O'Brien SM, Ferguson TB, Peterson ED, Gammie JS, Song HK. 

Variation in the use of blood transfuion in coronary artery bypass graft surgery. J Am Med 

Assoc. 2010;304(14):1568-1575. 

Bermudez LE, Young LS. Tumor necrosis factor, alone or in combination with IL-2, but not 

IFN-gamma, is associated with macrophage killing of Mycobacterium avium complex. J 

Immunol. 1988;140(9):3006-3013. 



 

232 
 

Bicalho B, Holovati JL, Acker JP. Phospholipidomics reveals differences in 

glycerophosphoserine profiles of hypothermically stored red blood cells and microvesicles. 

Biochim Biophys Acta. 2013;1828(2):317-326. 

Bicalho B, Pereira AS, Acker JP. Buffy coat (top/bottom)- and whole-blood filtration (top/top)-

produced red cell concentrates differ in size of extracellular vesicles. Vox Sang. 

2015;109(3):214-220. 

Blair P, Flaumenhaft R. Platelet alpha-granules: basic biology and clinical correlates. Blood 

Rev. 2009;23(4):177-189. 

Blajchman MA. Allogeneic blood transfusions, immunomodulation, and postoperative bacterial 

infection; Do we have the answers yet? Transfusion. 1997;37:121-125. 

Blajchman MA. Immunomodulation and blood transfusion. Am J Ther. 2002;9(5):389-395. 

Booth AM, Fang Y, Fallon JK, Yang JM, Hildreth JEK, Gould SJ. Exosomes and HIV Gag bud 

from endosome-like domains of the T cell plasma membrane. J Cell Biol. 2006;172(6):923-935. 

Branch DR, Gallagher MT, Mison AP, Sy Siok Hian AL, Petz LD. In vitro determination of red 

cell alloantibody significance using an assay of monocyte-macrophage interaction with 

sensitized erythrocytes. Br J Haematol. 1984;56(1):19-29. 

Bratosin D, Leszczynski S, Sartiaux C, Fontaine O, Descamps J, Huart JJ, Poplineau J, 

Goudaliez F, Aminoff D, Montreuil J. Improved storage of erythrocytes by prior 

leukodepletion: flow cytometric evaluation of stored erythrocytes. Cytometry. 2001;46(6):351-

356. 



 

233 
 

Burger D, Schock S, Thompson CS, Montezano AC, Hakim AM, Touyz RM. Microparticles: 

biomarkers and beyond. Clin Sci. 2013;124(7):423-441. 

Burnouf T, Chou ML, Goubran H, Cognasse F, Garraud O, Seghatchian J. An overview of the 

role of microparticles/microvesicles in blood components: Are they clinically beneficial or 

harmful? Transfus Apher Sci. 2015;53(2):137-145. 

Camus SM, De Moraes JA, Bonnin P, Abbyad P, Le Jeune S, Lionnet F, Loufrani L, Grimaud 

L, Lambry JC, Charue D, Kiger L, Renard JM, Larroque C, Le Clesiau H, Tedgui A, Bruneval 

P, Barja-Fidalgo C, Alexandrou A, Tharaux PL, Boulanger CM, Blanc-Brude OP. Circulating 

cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in 

sickle cell disease. Blood. 2015;125(24):3805-3814. 

Canadian Standards A. CAN/CSA_Z902-10 Blood and blood components. Ottawa, ON.: 

Canadian Standards Association; 2010. 

Canellini G, Rubin O, Delobel J, Crettaz D, Lion N, Tissot JD. Red blood cell microparticles 

and blood group antigens: an analysis by flow cytometry. Blood Transfus. 2012;10 Suppl 2:s39-

45. 

Cardo LJ, Wilder D, Salata J. Neutrophil priming, caused by cell membranes and microvesicles 

in packed red blood cell units, is abrogated by leukocyte depletion at collection. Transfus Apher 

Sci. 2008;38(2):117-125. 

Carson JL, Altman DG, Duff A, Noveck H, Weinstein MP, Sonnenberg FA, Hudson J, 

Provenzano G. Risk of bacterial infection associated with allogeneic blood transfusion among 

patients undergoing hip fracture repair. Transfusion. 1999;39(7):694-700. 



 

234 
 

Cata JP, Wang H, Gottumukkala V, Reuben J, Sessler DI. Inflammatory response, 

immunosuppression, and cancer recurrence after perioperative blood transfusions. Br J Anaesth. 

2013;110(5):690-701. 

Chabanel A, Masse M, Begue S. National French observatory of the quality of blood 

components for transfusion. Transfus Clin Biol. 2008;15:85-90. 

Chai-Adisaksopha C, Alexander PE, Guyatt G, Crowther MA, Heddle NM, Devereaux PJ, Ellis 

M, Roxby D, Sessler DI, Eikelboom JW. Mortality outcomes in patients transfused with fresher 

versus older red blood cells: a meta-analysis. Vox Sang. 2017;112(3):268-278. 

Chandler WL, Yeung W, Tait JF. A new microparticle size calibration standard for use in 

measuring smaller microparticles using a new flow cytometer. J Thromb Haemost. 

2011;9(6):1216-1224. 

Chang H, Hall GA, Geerts WH, Greenwood C, McLeod RS, Sher GD. Allogeneic red blood 

cell transfusion is an independent risk factor for the development of postoperative bacterial 

infection. Vox Sang. 2000;78(1):13-18. 

Chargaff E, West R. The Biological Significance of the Thromboplastic Protein of Blood. J Biol 

Chem. 1946;166(1):189-197. 

Choi DS, Kim DK, Kim YK, Gho YS. Proteomics, transcriptomics and lipidomics of exosomes 

and ectosomes. Proteomics. 2013;13(10-11):1554-1571. 



 

235 
 

Chu LY, Hsueh YC, Cheng HL, Wu KK. Cytokine-induced autophagy promotes long-term 

VCAM-1 but not ICAM-1 expression by degrading late-phase I kappa B alpha. Sci Rep. 

2017;7(1):12472.  

Clayton A, Harris CL, Court J, Mason MD, Morgan BP. Antigen-presenting cell exosomes are 

protected from complement-mediated lysis by expression of CD55 and CD59. Eur J Immunol. 

2003;33(2):522-531. 

Cocucci E, Racchetti G, Meldolesi J. Shedding microvesicles: artefacts no more. Trends Cell 

Biol. 2009;19(2):43-51. 

Cognasse F, Nguyen KA, Damien P, McNicol A, Pozzetto B, Hamzeh-Cognasse H, Garraud O. 

The Inflammatory Role of Platelets via Their TLRs and Siglec Receptors. Front Immunol. 

2015;6:83.  

Connor DE, Exner T, Ma DDF, Joseph JE. The majority of circulating platelet-derived 

microparticles fail to bind annexin V, lack phospholipid-dependent procoagulant activity and 

demonstrate greater expression of glycoprotein Ib. Thromb Haemost. 2010;103(5):1044-1052. 

Cook-Mills JM. VCAM-1 signals during lymphocyte migration: role of reactive oxygen 

species. Mol Immunol. 2002;39(9):499-508. 

Cortes-Puch I, Wang D, Sun J, Solomon SB, Remy KE, Fernandez M, Feng J, Kanias T, 

Bellavia L, Sinchar D, Perlegas A, Solomon MA, Kelley WE, Popovsky MA, Gladwin MT, 

Kim-Shapiro DB, Klein HG, Natanson C. Washing older blood units before transfusion reduces 

plasma iron and improves outcomes in experimental canine pneumonia. Blood. 

2014;123(9):1403-1411. 



 

236 
 

da Silveira Cavalcante L, Branch DR, Duong TT, Yeung RSM, Acker JP, Holovati JL. The 

immune-stimulation capacity of liposome-treated red blood cells. J Liposome Res. 

2017;28(3):1-9. 

Dallman MD, Liu X, Harris AD, Hess JR, Edelman BB, Murphy DJ, Netzer G. Changes in 

transfusion practice over time in the PICU. Pediatr Crit Care Med. 2013;14(9):843-850. 

D'Amici GM, Mirasole C, D'Alessandro A, Yoshida T, Dumont LJ, Zolla L. Red blood cell 

storage in SAGM and AS3: a comparison through the membrane two-dimensional 

electrophoresis proteome. Blood Transfus. 2012;10:S46-S54. 

Danesh A, Inglis H, Jackman RP, Wu S, Deng X, Muench MO, Heitman JW, Norris PJ. 

Exosomes from red blood cell units bind to monocytes and induce proinflammatory cytokines, 

boosting T-cell responses in vitro. Blood. 2014;123(5):687-696. 

Danesh A, Inglis HC, Abdel-Mohsen M, Deng X, Adelman A, Schechtman KB, Heitman JW, 

Vilardi R, Shah A, Keating SM, Cohen MJ, Jacobs ES, Pillai SK, Lacroix J, Spinella PC, Norris 

PJ. Granulocyte-Derived Extracellular Vesicles Activate Monocytes and Are Associated With 

Mortality in Intensive Care Unit Patients. Front Immunol. 2018;9:956.  

Danesh A, Inglis HC, Jackman RP, Wu SQ, Deng XT, Muench MO, Heitman JW, Norris PJ. 

Exosomes from red blood cell units bind to monocytes and induce proinflammatory cytokines, 

boosting T-cell responses in vitro. Blood. 2014;123(5):687-696. 

Dani C, Poggi C, Gozzini E, Leonardi V, Sereni A, Abbate R, Gori AM. Red blood cell 

transfusions can induce proinflammatory cytokines in preterm infants. Transfusion. 

2017;57(5):1304-1310. 



 

237 
 

Dasararaju R, Marques MB. Adverse Effects of Transfusion. Cancer Control. 2015;22(1):16-

25. 

De Jong OG, Van Balkom BW, Schiffelers RM, Bouten CV, Verhaar MC. Extracellular 

vesicles: potential roles in regenerative medicine. Front Immunol. 2014;5:608.  

de Korte S, Verhoeven AJ. Quality determinants of erythrocyte destined for transfusion. Cell 

Mol Biol (Noisy-le-grand). 2004;50:187-196. 

de Vooght KM, Lau C, de Laat PP, van Wijk R, van Solinge WW, Schiffelers RM. Extracellular 

vesicles in the circulation: are erythrocyte microvesicles a confounder in the plasma 

haemoglobin assay? Biochem Soc Trans. 2013;41(1):288-292. 

Denzer K, Kleijmeer MJ, Heijnen HFG, Stoorvogel W, Geuze HJ. Exosome: from internal 

vesicle of the multivesicular body to intercellular signaling device. J Cell Sci. 

2000;113(19):3365-3374. 

Doctor A, Spinella P. Effect of processing and storage on red blood cell function in vivo. Semin 

Perinatol. 2012;36(4):248-259. 

Donadee C, Raat NJH, Kanias T, Tejero J, Lee JS, Kelley EE, Zhao XJ, Liu C, Reynolds H, 

Azarov I, Frizzell S, Meyer EM, Donnenberg AD, Qu LR, Triulzi D, Kim-Shapiro DB, Gladwin 

MT. Nitric Oxide Scavenging by Red Blood Cell Microparticles and Cell-Free Hemoglobin as 

a Mechanism for the Red Cell Storage Lesion. Circulation. 2011;124(4):465-476. 

Drabkin DL. The standardization of hemoglobin measurement. Am J Med Sci. 

1949;217(6):710. 



 

238 
 

Dragovic RA, Gardiner C, Brooks AS, Tannetta DS, Ferguson DJP, Hole P, Carr B, Redman 

CWG, Harris AL, Dobson PJ, Harrison P, Sargent IL. Sizing and phenotyping of cellular 

vesicles using Nanoparticle Tracking Analysis. Nanomed-Nanotechnol. 2011;7(6):780-788. 

Dumaswala UJ, Dumaswala RU, Levin DS, Greenwalt TJ. Improved red blood cell preservation 

correlates with decreased loss of bands 3, 4.1, acetylcholinestrase, and lipids in microvesicles. 

Blood. 1996;87(4):1612-1616. 

EL Andaloussi S, Maeger I, Breakefield XO, Wood MJA. Extracellular vesicles: biology and 

emerging therapeutic opportunities. Nat Rev Drug Discov. 2013;12(5):348-358. 

Fernandez-Messina L, Gutierrez-Vazquez C, Rivas-Garcia E, Sanchez-Madrid F, de la Fuente 

H. Immunomodulatory role of microRNAs transferred by extracellular vesicles. Biol Cell. 

2015;107(3):61-77. 

Flatt JF, Bawazir WM, Bruce LJ. The involvement of cation leaks in the storage lesion of red 

blood cells. Front Physiol. 2014;5:214.  

Franquesa M, Hoogduijn MJ, Ripoll E, Luk F, Salih M, Betjes MG, Torras J, Baan CC, Grinyo 

JM, Merino AM. Update on controls for isolation and quantification methodology of 

extracellular vesicles derived from adipose tissue mesenchymal stem cells. Front Immunol. 

2014;5:525.  

Gangoda L, Boukouris S, Liem M, Kalra H, Mathivanan S. Extracellular vesicles including 

exosomes are mediators of signal transduction: Are they protective or pathogenic? Proteomics. 

2015;15(2-3):260-271. 



 

239 
 

Garcia-Roa M, Vicente-Ayuso MD, Bobes AM, Pedraza AC, Gonzalez-Fernandez A, Martin 

MP, Saez I, Seghatchian J, Gutierrez L. Red blood cell storage time and transfusion: current 

practice, concerns and future perspectives. Blood Transfus. 2017;15(3):222-231. 

Gavrilin MA, Bouakl IJ, Knatz NL, Duncan MD, Hall MW, Gunn JS, Wewers MD. 

Internalization and phagosome escape required for Francisella to induce human monocyte IL-

1beta processing and release. Proc Natl Acad Sci U S A. 2006;103(1):141-146. 

Ge QY, Zhou YX, Lu JF, Bai YF, Xie XY, Lu ZH. miRNA in Plasma Exosome is Stable under 

Different Storage Conditions. Molecules. 2014;19(2):1568-1575. 

Gilliss BM, Looney MR, Grooper MA. Reducing noninfectious risks of blood transfusion. 

Anaesthesiology. 2011;115(3):635-649. 

Gladwin MT, Kanias T, Kim-Shapiro DB. Hemolysis and cell-free hemoglobin drive an 

intrinsic mechanism for human disease. J Clin Invest. 2012;122(4):1205-1208. 

Goldfinger D, Lowe C. Prevention of Adverse Reactions to Blood-Transfusion by the 

Administration of Saline-Washed Red-Blood-Cells. Transfusion. 1981;21(3):277-280. 

Grabmer C, Holmberg J, Popovsky M, Amann E, Schonitzer D, Falaize S, Hanske H, Pages E, 

Nussbaumer W. Up to 21-day banked red blood cells collected by apheresis and stored for 14 

days after automated wash at different times of storage. Vox Sang. 2006;90(1):40-44. 

Greenwalt TJ, Bryan DJ, Dumaswala UJ. Erythrocyte membrane vesiculation and changes in 

membrane composition during storage in citrate-phosphate-dextrose-adenine-1. Vox Sang. 

1984;47(4):261-270. 



 

240 
 

Greenwalt TJ, McGuinness CG, Dumaswala UJ. Studies in red blood cell preservation: 4. 

Plasma vesicle hemoglobin exceeds free hemoglobin. Vox Sang. 1991;61(1):14-17. 

Greenwalt TJ. The how and why of exocytic vesicles. Transfusion. 2006;46(1):143-152. 

Gruber M, Breu A, Frauendorf M, Seyfried T, Hansen E. Washing of banked blood by three 

different blood salvage devices. Transfusion. 2013;53(5):1001-1009. 

Hall MW, Geyer SM, Guo CY, Panoskaltsis-Mortari A, Jouvet P, Ferdinands J, Shay DK, 

Nateri J, Greathouse K, Sullivan R, Tran T, Keisling S, Randolph AG. Innate immune function 

and mortality in critically ill children with influenza: a multicenter study. Crit Care Med. 

2013;41(1):224-236. 

Hall TL, Barnes A, Miller JR, Bethencourt DM, Nestor L. Neonatal-Mortality Following 

Transfusion of Red-Cells with High Plasma Potassium Levels. Transfusion. 1993;33(7):606-

609. 

Hang H, Yuan S, Yang Q, Yuan D, Liu Q. Multiplex bead array assay of plasma cytokines in 

type 2 diabetes mellitus with diabetic retinopathy. Mol Vis. 2014;20:1137-1145. 

Hansen A, Yi Q-L, Acker JP. Quality of red blood cells washed using the ACP 215 cell 

processor: assessment of optimal pre- and postwash storage times and conditions. Transfusion. 

2013;53(8):1772-1779. 

Hansen AL, Kurach JD, Turner TR, Jenkins C, Busch MP, Norris PJ, Dugger J, Tomasulo PA, 

Devine DV, Acker JP. The effect of processing method on the in vitro characteristics of red 

blood cell products. Vox Sang. 2015;108(4):350-358. 



 

241 
 

Hansen AL, Turner TR, Yi Q-L, Acker JP. Quality of red blood cells washed using an automated 

cell processor with and without irradiation. Transfusion. 2014;54(6):1585-1594. 

Haqqani AS, Delaney CE, Tremblay TL, Sodja C, Sandhu JK, Stanimirovic DB. Method for 

isolation and molecular characterization of extracellular microvesicles released from brain 

endothelial cells. Fluids Barriers CNS. 2013;10(1):4.  

Headland SE, Jones HR, D'Sa ASV, Perretti M, Norling LV. Cutting-Edge Analysis of 

Extracellular Microparticles using ImageStream(X) Imaging Flow Cytometry. Sci Rep. 

2014;4:5237.  

Heddle NM, Arnold DM, Acker JP, Liu Y, Barty RL, Eikelboom JW, Webert KE, Hsia CC, 

O'Brien SF, Cook RJ. Red blood cell processing methods and in-hospital mortality: a 

transfusion registry cohort study. Lancet Haematol. 2016;3(5):e246-254. 

Heijnen HFG, Debili N, Vainchencker W, Breton-Gorius J, Geuze HJ, Sixma JJ. Multivesicular 

bodies are an intermediate stage in the formation of platelet alpha-granules. Blood. 

1998;91(7):2313-2325. 

Hema-Quebec. Rapport annuel 2012-2013 d'Hema-QUebec. 2012. p. 1-154. 

Hess JR, Greenwalt TG. Storage of red blood cells: new approaches. Transfus Med Rev. 

2002;16(4):283-295. 

Hess JR, Sparrow RL, Van Der Meer PF, Acker JP, Cardigan RA, Devine DV. Red blood cell 

hemolysis during blood bank storage: using national quality management data to answer basic 

scientific questions. Transfusion. 2009;49(12):2599-2603. 



 

242 
 

Hess JR. An update on solutions for red cell storage. Vox Sang. 2006;91(1):13-19. 

Hod EA, Spitalnik SL. Harmful effects of transfusion of older stored red blood cells: iron and 

inflammation. Transfusion. 2011;51(4):881-885. 

Hod EA, Spitalnik SL. Stored red blood cell transfusions: Iron, inflammation, immunity, and 

infection. Transfus Clin Biol. 2012;19(3):84-89. 

Hod EA, Zhang N, Sokol SA, Wojczyk BS, Francis RO, Ansaldi D, Francis KP, Della-Latta P, 

Whittier S, Sheth S, Hendrickson JE, Zimring JC, Brittenham GM, Spitalnik SL. Transfusion 

of red blood cells after prolonged storage produces harmful effects that are mediated by iron 

and inflammation. Blood. 2010;115(21):4284-4292. 

Hogman CF, Eriksson L, Hedlund K, Wallvik J. The bottom and top system: a new technique 

for blood component preparation and storage. Vox Sang. 1988;55(4):211-217. 

Hogman CF. Liquid-stored red blood cells for transfusion. A status report. Vox Sang. 

1999;76(2):67-77. 

Hogman CF. What quality of red blood cells shall we offer the transfused patient? Isbt Sci 

Series. 2006;1(1):120-126. 

Holovati JL, Wong KA, Webster JM, Acker JP. The effects of cryopreservation on red blood 

cell microvesiculation, phosphatidylserine externalization, and CD47 expression. Transfusion. 

2008;48(8):1658-1668. 



 

243 
 

Hunter MP, Ismail N, Zhang XL, Aguda BD, Lee EJ, Yu LB, Xiao T, Schafer J, Lee MLT, 

Schmittgen TD, Nana-Sinkam SP, Jarjoura D, Marsh CB. Detection of microRNA Expression 

in Human Peripheral Blood Microvesicles. PLoS One. 2008;3(11):e3694. 

Inglis HC, Danesh A, Shah A, Lacroix J, Spinella PC, Norris PJ. Techniques to improve 

detection and analysis of extracellular vesicles using flow cytometry. Cytometry Part A. 

2015;87(11):1052-1063. 

Izon. Izon Science Support Centre. 2018; https://izon.freshdesk.com/support/solutions. 

Accessed 2018-06-25. 

Jacoby RC, Owings JT, Holmes J, Battistella FD, Gosselin RC, Paglieroni TG. Platelet 

activation and function after trauma. J Trauma. 2001;51(4):639-647. 

Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL, Ahn YS. Endothelial cells release 

phenotypically and quantitatively distinct microparticles in activation and apoptosis. Thromb 

Res. 2003;109(4):175-180. 

Johnsen KB, Gudbergsson JM, Skov MN, Pilgaard L, Moos T, Duroux M. A comprehensive 

overview of exosomes as drug delivery vehicles - Endogenous nanocarriers for targeted cancer 

therapy. Bba-Rev Cancer. 2014;1846(1):75-87. 

Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesicle Formation during 

Reticulocyte Maturation - Association of Plasma-Membrane Activities with Released Vesicles 

(Exosomes). J Biol Chem. 1987;262(19):9412-9420. 



 

244 
 

Johnstone RM, Mathew A, Mason AB, Teng K. Exosome formation during maturation of 

mammalian and avian reticulocytes: evidence that exosome release is a major route for 

externalization of obsolete membrane proteins. J Cell Physiol. 1991;147(1):27-36. 

Jong-Kuen L, Ji-Young J, Yoon-Kyung J, Chul-Woo K. Extracellular Vesicles as an Emerging 

Paradigm of Cell-to-Cell Communication in Stem Cell Biology. J Stem Cell Res Ther. 

2014;4(5):1-5. 

Jordan A, Chen D, Yi QL, Kanias T, Gladwin MT, Acker JP. Assessing the influence of 

component processing and donor characteristics on quality of red cell concentrates using quality 

control data. Vox Sang. 2016;111(1):8-15. 

Jy W, Ricci M, Shariatmadar S, Gomez-Marin O, Horstman LH, Ahn YS. Microparticles in 

stored red blood cells as potential mediators of transfusion complications. Transfusion. 

2011;51(4):886-893. 

Kalra H, et al. Vesiclepedia: A Compendium for Extracellular Vesicles with Continuous 

Community Annotation. PLoS Biol. 2012;10(12):e1001450. 

Kanias T, Gladwin MT. Nitric oxide, hemolysis, and the red blood cell storage lesion: 

interactions between transfusion, donor, and recipient. Transfusion. 2012;52(7):1388-1392. 

Kastelowitz N, Yin H. Exosomes and Microvesicles: Identification and Targeting By Particle 

Size and Lipid Chemical Probes. Chembiochem. 2014;15(7):923-928. 



 

245 
 

Keating FK, Butenas S, Fung M, Schneider DJ. Platelet-white blood cell (WBC) interaction, 

WBC apoptosis, and procoagulant activity in stored red blood cells. Transfusion. 

2011;51(5):1086-1095. 

Kekre N, Mallick R, Allan D, Tinmouth A, Tay J. The Impact of Prolonged Storage of Red 

Blood Cells on Cancer Survival. PLoS One. 2013;8(7):e68820. 

Khan SY, Kelher MR, Heal JM, Blumberg N, Boshkov LK, Phipps R, Gettings KF, McLaughlin 

NJ, Silliman CC. Soluble CD40 ligand accumulates in stored blood components, primes 

neutrophils through CD40, and is a potential cofactor in the development of transfusion-related 

acute lung injury. Blood. 2006;108(7):2455-2462. 

Kim-Shapiro DB, Lee J, Gladwin MT. Storage lesion: role of red blood cell breakdown. 

Transfusion. 2011;51(4):844-851. 

Kipkeu BJ, Almizraq R, Branch DR, Acker JP, Holovati JL. Red cell supernatant effects on 

endothelial cell function and innate immune activation is influenced by donor age and sex. ISBT 

Sci Ser. 2018;13(4):446-459. 

Kipkeu BJ, Shyian ML, da Silveira Cavalcante L, Duong TT, Yeung RSM, Binnington B, 

Branch DR, Acker JP, Holovati JL. Evaluation of the functional properties of cryopreserved 

buffy coat-derived monocytes for monocyte monolayer assay. Transfusion. 2018;58(8):2027-

2035. 

Knowles DW, Tilley L, Mohandas N, Chasis JA. Erythrocyte membrane vesiculation: Model 

for the molecular mechanism of protein sorting. Proc Natl Acad Sci U S A. 1997;94(24):12969-

12974. 



 

246 
 

Koch C. Red cell storage duration and outcomes in cardiac surgery. 2011; 

www.clinicaltrials.gov/ct2/results?term=nct00458783. Available at. Accessed February 21, 

2014. 

Kooijmans SAA, Vader P, van Dommelen SM, van Solinge WW, Schiffelers RM. Exosome 

mimetics: a novel class of drug delivery systems. Int J Nanomed. 2012;7:1525-1541. 

Koseoglu S, Flaumenhaft R. Advances in platelet granule biology. Curr Opin Hematol. 

2013;20(5):464-471. 

Krailadsiri P, Seghatchian J, Bode AP. Microvesicles in blood components: Laboratory and 

clinical aspects. Clin Appl Thromb-Hem. 1997;3(2):86-95. 

Kriebardis A, Antonelou M, Stamoulis K, Papassideri I. Cell-derived microparticles in stored 

blood products: innocent-bystanders or effective mediators of post-transfusion reactions? Blood 

Transfus. 2012;10:S25-S38. 

Kriebardis AG, Antonelou MH, Stamoulis KE, Economou-Petersen E, Margaritis LH, 

Papassideri IS. RBC-derived vesicles during storage: Ultrastructure, protein composition, 

oxidation, and signaling components. Transfusion. 2008;48(9):1943-1953. 

Kurokawa CS, Araujo JP, Jr., Soares AM, Sugizaki MF, Peracoli MT. Pro- and anti-

inflammatory cytokines produced by human monocytes challenged in vitro with 

Paracoccidioides brasiliensis. Microbiol Immunol. 2007;51(4):421-428. 



 

247 
 

Lacroix J, Hebert P, Fergusson D, Tinmouth A, Blajchman MA, Callum J, Cook D, Marshall 

JC, McIntyre L, Turgeon AF. The age of blood evaluation (ABLE) randomized controlled trial: 

Study design. Transfus Med Rev. 2011;25(3):197-205. 

Lannan KL, Sahler J, Spinelli SL, Phipps RP, Blumberg N. Transfusion immunomodulation — 

the case for leukoreduced and (perhaps) washed transfusions. Blood Cells Mol Dis. 

2013;50(1):61-68. 

Lawrie AS, Albanyan A, Cardigan RA, Mackie IJ, Harrison P. Microparticle sizing by dynamic 

light scattering in fresh-frozen plasma. Vox Sang. 2009;96(3):206-212. 

Lee JS, Gladwin MT. Bad Blood The risks of red cell storage. Nature Med. 2010;16(4):381-

382. 

Lee Y, El Andaloussi S, Wood MJ. Exosomes and microvesicles: extracellular vesicles for 

genetic information transfer and gene therapy. Hum Mol Genet. 2012;21(R1):R125-134. 

Leng SX, McElhaney JE, Walston JD, Xie D, Fedarko NS, Kuchel GA. ELISA and multiplex 

technologies for cytokine measurement in inflammation and aging research. J Gerontol A Biol 

Sci Med Sci. 2008;63(8):879-884. 

Levin E, Culibrk B, Gyöngyössy-Issa MIC, Weiss S, Scammell K, LeFresne W, Jenkins C, 

Devine DV. Implementation of buffy coat platelet component production: comparison to 

platelet-rich plasma platelet production. Transfusion. 2008;48(11):2331-2337. 

Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflammation: the 

leukocyte adhesion cascade updated. Nat Rev Immunol. 2007;7(9):678-689. 



 

248 
 

Lin HC, Chang HW, Hsiao SH, Chou ML, Seghatchian J, Burnouf T. Platelet-derived 

microparticles trigger THP-1 monocytic cell aggregation and release of pro-coagulant tissue 

factor-expressing microparticles in vitro. Transfus Apher Sci. 2015;53(2):246-252. 

Lovren F, Verma S. Evolving Role of Microparticles in the Pathophysiology of Endothelial 

Dysfunction. Clin Chem. 2013;59(8):1166-1174. 

Loyer X, Vion AC, Tedgui A, Boulanger CM. Microvesicles as Cell-Cell Messengers in 

Cardiovascular Diseases. Circ Res. 2014;114(2):345-353. 

Luo JY, Paranya G, Bischoff J. Noninflammatory expression of E-selectin is regulated by cell 

growth. Blood. 1999;93(11):3785-3791. 

Lutz HU, Liu SC, Palek J. Release of spectrin-free vesicles from human erythrocytes during 

ATP depletion. I. Characterization of spectrin-free vesicles. J Cell Biol. 1977;73(3):548-560. 

Maas SL, de Vrij J, van der Vlist EJ, Geragousian B, van Bloois L, Mastrobattista E, Schiffelers 

RM, Wauben MH, Broekman ML, Nolte-'t Hoen EN. Possibilities and limitations of current 

technologies for quantification of biological extracellular vesicles and synthetic mimics. J 

Control Release. 2015;200:87-96. 

Maas SLN, De Vrij J, Broekman MLD. Quantification and Size-profiling of Extracellular 

Vesicles Using Tunable Resistive Pulse Sensing. 2014(92):e51623. 

http://www.jove.com/video/51623. Accessed 2014/10/19. 

Marik PE, Corwin HL. Efficacy of red blood cell transfusions in the critially ill: A systematic 

review of the literature. Crit Care Med. 2008;36(9):2667-2674. 



 

249 
 

Marquez-Curtis LA, Sultani AB, McGann LE, Elliott JA. Beyond membrane integrity: 

Assessing the functionality of human umbilical vein endothelial cells after cryopreservation. 

Cryobiology. 2016;72(3):183-190. 

Mathivanan S, Ji H, Simpson RJ. Exosomes: Extracellular organelles important in intercellular 

communication. J Proteomics. 2010;73(10):1907-1920. 

Matijevic N, Wang YW, Cotton BA, Hartwell E, Barbeau JM, Wade CE, Holcomb JB. Better 

hemostatic profiles of never-frozen liquid plasma compared with thawed fresh frozen plasma. J 

Trauma Acute Care Surg. 2013;74(1):84-90. 

Matijevic N, Wang YWW, Holcomb JB, Kozar R, Cardenas JC, Wade CE. Microvesicle 

phenotypes are associated with transfusion requirements and mortality in subjects with severe 

injuries. J Extracell Vesicles. 2015;4:29338.  

Mause SF, von Hundelshausen P, Zernecke A, Koenen RR, Weber C. Platelet microparticles - 

A transcellular delivery system for RANTES promoting monocyte recruitment on endothelium. 

Arterioscl Throm Vas. 2005;25(7):1512-1518. 

Meckes DG, Raab-Traub N. Microvesicles and Viral Infection. J Virol. 2011;85(24):12844-

12854. 

Mimasaka S, Funayama M, Hashiyada M, Nata M, Tsunenari S. Significance of levels of IL-6 

and IL-8 after trauma: a study of 11 cytokines post-mortem using multiplex immunoassay. 

Injury. 2007;38(9):1047-1051. 



 

250 
 

Mollison PL. The introduction of citrate as an anticoagulant for transfusion and of glucose as a 

red cell preservative. Brit J Haematol. 2000;108(1):13-18. 

Momen-Heravi F, Balaj L, Alian S, Mantel PY, Halleck AE, Trachtenberg AJ, Soria CE, Oquin 

S, Bonebreak CM, Saracoglu E, Skog J, Kuo WP. Current methods for the isolation of 

extracellular vesicles. Biol Chem. 2013;394(10):1253-1262. 

Momen-Heravi F, Balaj L, Alian S, Tigges J, Toxavidis V, Ericsson M, Distel RJ, Ivanov AR, 

Skog J, Kuo WP. Alternative methods for characterization of extracellular vesicles. Front 

Physiol. 2012;3:354.  

Morel O, Jesel L, Freyssinet JM, Toti F. Cellular Mechanisms Underlying the Formation of 

Circulating Microparticles. Arterioscl Throm Vas. 2011;31(1):15-26. 

Muldrew K, Novak K, Yang H, Zernicke R, Schachar NS, McGann LE. Cryobiology of articular 

cartilage: Ice morphology and recovery of chondrocytes. Cryobiology. 2000;40:102-109. 

Muszynski J, Nateri J, Nicol K, Greathouse K, Hanson L, Hall M. Immunosuppressive effects 

of red blood cells on monocytes are related to both storage time and storage solution. 

Transfusion. 2012;52(4):794-802. 

Muszynski J, Spinella P, Colette J, Acker JP, Hall M, Juffermans N, Kelly D, Blumberg N, 

Nicol K, Liedel J, Doctor A, Remy K, Tucci M, Lacroix J, Norris PJ. What is Transfusion-

Related Immunomodulation in the Pediatric Intensive Care Unit? Transfusion. 2016. 

Muszynski JA, Bale J, Nateri J, Nicol K, Wang Y, Wright V, Marsh CB, Gavrilin MA, Sarkar 

A, Wewers MD, Hall MW. Supernatants from stored red blood cell (RBC) units, but not RBC-



 

251 
 

derived microvesicles, suppress monocyte function in vitro. Transfusion. 2015;55(8):1937-

1945. 

Muszynski JA, Nofziger R, Greathouse K, Nateri J, Hanson-Huber L, Steele L, Nicol K, Groner 

JI, Besner GE, Raffel C, Geyer S, El-Assal O, Hall MW. Innate Immune Function Predicts the 

Development of Nosocomial Infection in Critically Injured Children. Shock. 2014;42(4):313-

321. 

Muszynski JA, Nofziger R, Greathouse K, Steele L, Hanson-Huber L, Nateri J, Hall MW. Early 

adaptive immune suppression in children with septic shock: a prospective observational study. 

Crit Care. 2014;18(4):R145.  

Muszynski JA, Nofziger R, Moore-Clingenpeel M, Greathouse K, Anglim L, Steele L, Hensley 

J, Hanson-Huber L, Nateri J, Ramilo O, Hall MW. Early Immune Function and Duration of 

Organ Dysfunction in Critically Ill Septic Children. Am J Respir Crit Care Med. 

2018;198(3):361-369. 

Muszynski JA, Spinella PC, Cholette JM, Acker JP, Hall MW, Juffermans NP, Kelly DP, 

Blumberg N, Nicol K, Liedel J, Doctor A, Remy KE, Tucci M, Lacroix J, Norris PJ, Pediatric 

Critical Care Blood Research N. Transfusion-related immunomodulation: review of the 

literature and implications for pediatric critical illness. Transfusion. 2017;57(1):195-206. 

Mynster T. Effects of red cell storage and lysis on in vitro cytokine release. Transfus Apher Sci. 

2001;25(1):17-23. 

Nascimbene A, Hernandez R, George JK, Parker A, Bergeron AL, Pradhan S, Vijayan KV, 

Civitello A, Simpson L, Nawrot M, Lee VV, Mallidi HR, Delgado RM, Dong JF, Frazier OH. 



 

252 
 

Association between cell-derived microparticles and adverse events in patients with 

nonpulsatile left ventricular assist devices. J Heart Lung Transplant. 2014;33(5):470-477. 

Naveda Romero OE, Naveda Melendez AF. Are red blood cell transfusions associated with 

nosocomial infections in critically ill children? Arch Argent Pediatr. 2016;114(4):347-351. 

Neal MD, Raval JS, Triulzi D, Simmons RL. Innate immune activation after transfusion of 

stored red blood cells. Transfus Med Rev. 2013;27(2):113-118. 

Nomura S, Tandon NN, Nakamura T, Cone J, Fukuhara S, Kambayashi J. High-shear-stress-

induced activation of platelets and microparticles enhances expression of cell adhesion 

molecules in THP-1 and endothelial cells. Atherosclerosis. 2001;158(2):277-287. 

Nunez R. Flow Cytometry: principles and instrumentation. Curr Issu Mol Biol. 2001;3(2):39-

45. 

O'Brien SF, Yi QL, Fan W, Scalia V, Fearon MA, Allain JP. Current incidence and residual risk 

of HIV, HBV and HCV at Canadian Blood Services. Vox Sang. 2012;103(1):83-86. 

Opelz G, Sengar DP, Mickey MR, Terasaki PI. Effect of blood transfusions on subsequent 

kidney transplants. Transplant Proc. 1973;5(1):253-259. 

Orbach A, Zelig O, Yedgar S, Barshtein G. Biophysical and Biochemical Markers of Red Blood 

Cell Fragility. Transfus Med Hemother. 2017;44(3):183-187. 

Organization WH. Global Blood Safety and Availability Fact Sheet No. 279. 2009; 

www.who.int/mediacentre/factsheets/fs279/n/index.html. Available at. Accessed February 21, 

2014. 



 

253 
 

Orozco AF, Lewis DE. Flow cytometric analysis of circulating microparticles in plasma. 

Cytometry A. 2010;77(6):502-514. 

Palmer DS, Birch P, O'Toole J, Henderson D, Scalia V. Flow cytometric determination of 

residual white blood cell levels in preserved samples from leukoreduced blood products. 

Transfusion. 2008;48(1):118-128. 

Pan BT, Johnstone RM. Fate of the transferrin receptor during maturation of sheep reticulocytes 

in vitro: selective externalization of the receptor. Cell. 1983;33(3):967-978. 

Pandey P, Chaudhary R, Aggarwal A, Kumar R, Khetan D, Verma A. Transfusion-associated 

immunomodulation: Quantitative changes in cytokines as a measure of immune responsiveness 

after one time blood transfusion in neurosurgery patients. Asian J Transfus Sci. 2010;4(2):78-

85. 

Perros AJ, Christensen AM, Flower RL, Dean MM. Soluble Mediators in Platelet Concentrates 

Modulate Dendritic Cell Inflammatory Responses in an Experimental Model of Transfusion. J 

Interferon Cytokine Res. 2015;35(10):821-830. 

Pigott R, Dillon LP, Hemingway IH, Gearing AJH. Soluble Forms of E-Selectin, Icam-1 and 

Vcam-1 Are Present in the Supernatants of Cytokine Activated Cultured Endothelial-Cells. 

Biochem Biophys Res Commun. 1992;187(2):584-589. 

Proffitt S, Curnow E, Brown C, Bashir S, Cardigan R. Comparison of automated and manual 

methods for washing red blood cells. Transfusion. 2018;58(9):2208-2216. 



 

254 
 

Puddu P, Puddu GM, Cravero E, Muscari S, Muscari A. The involvement of circulating 

microparticles in inflammation, coagulation and cardiovascular diseases. Can J Cardiol. 

2010;26(4):e140-e145. 

Radwanski K, Cognasse F, Garraud O, Payrat JM, Min K. Comparison of apheresis and 24 h 

RT held red cell concentrates by measurement of storage lesion parameters and neutrophil 

activating factors during 42-day storage. Transfus Apher Sci. 2013;48(2):169-169. 

Radwanski K, Garraud O, Cognasse F, Hamzeh-Cognasse H, Payrat J-M, Min K. The effects 

of red blood cell preparation method on in vitro markers of red blood cell aging and 

inflammatory response. Transfusion. 2013;53(12):3128-3138. 

Raghavan M, Marik PE. Anemia, allogenic blood transfusion, and immunomodulation in the 

critically ill. Chest. 2005;127(1):295-307. 

Ramirez-Arcos S, Marks DC, Acker JP, Sheffield WP. Quality and Safety of Blood Products. J 

Blood Transfus. 2016;2016:2482157. 

Rampersad GC, Suck G, Sakac D, Fahim S, Foo A, Denomme GA, Langler RF, Branch DR. 

Chemical compounds that target thiol-disulfide groups on mononuclear phagocytes inhibit 

immune mediated phagocytosis of red blood cells. Transfusion. 2005;45(3):384-393. 

Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ, Geuze HJ. B 

lymphocytes secrete antigen-presenting vesicles. J Exp Med. 1996;183(3):1161-1172. 

Raposo G, Stoorvogel W. Extracellular vesicles: Exosomes, microvesicles, and friends. J Cell 

Biol. 2013;200(4):373-383. 



 

255 
 

Raposo G, Tenza D, Mecheri S, Peronet R, Bonnerot C, Desaymard C. Accumulation of major 

histocompatibility complex class II molecules in mast cell secretory granules and their release 

upon degranulation. Mol Biol Cell. 1997;8(12):2631-2645. 

Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, Dvorak P, Ratajczak MZ. Embryonic stem 

cell-derived microvesicles reprogram hematopoietic progenitors: evidence for horizontal 

transfer of mRNA and protein delivery. Leukemia. 2006;20(5):847-856. 

Ratajczak J, Wysoczynski M, Hayek F, Janowska-Wieczorek A, Ratajczak MZ. Membrane-

derived microvesicles: important and underappreciated mediators of cell-to-cell 

communication. Leukemia. 2006;20(9):1487-1495. 

Record M, Subra C, Silvente-Poirot S, Poirot M. Exosomes as intercellular signalosomes and 

pharmacological effectors. Biochem Pharmacol. 2011;81(10):1171-1182. 

Refaai MA, Blumberg N. Transfusion immunomodulation from a clinical perspective: an 

update. Expert Rev Hematol. 2013;6(6):653-663. 

Remy KE, Hall MW, Cholette J, Juffermans NP, Nicol K, Doctor A, Blumberg N, Spinella PC, 

Norris PJ, Dahmer MK, Muszynski JA. Mechanisms of red blood cell transfusion-related 

immunomodulation. Transfusion. 2018;58(3):804-815. 

Roberts GS, Yu S, Zeng QL, Chan LCL, Anderson W, Colby AH, Grinstaff MW, Reid S, Vogel 

R. Tunable pores for measuring concentrations of synthetic and biological nanoparticle 

dispersions. Biosens Bioelectron. 2012;31(1):17-25. 



 

256 
 

Rubin O, Crettaz D, Canellini G, Tissot JD, Lion N. Microparticles in stored red blood cells: an 

approach using flow cytometry and proteomic tools. Vox Sang. 2008;95(4):288-297. 

Rubin O, Delobel J, Prudent M, Lion N, Kohl K, Tucker EI, Tissot JD, Angelillo-Scherrer A. 

Red blood cell-derived microparticles isolated from blood units initiate and propagate thrombin 

generation. Transfusion. 2013;53(8):1744-1754. 

Almizraq R., Inglis H., Norris P., Pandey S., Muszynski J., Juffermans N., Holovati J., Acker. 

J. Characteristics of Extracellular Vesicles in Stored Red Blood Cell Products Influenced by 

Component Manufacturing Methods (Abstract). Transfusion. 2017;57(Suppl 3):p32A/C23-

A02B. 

Ryder AB, Zimring JC, Hendrickson JE. Factors Influencing RBC Alloimmunization: Lessons 

Learned from Murine Models. Transfus Med Hemother. 2014;41(6):406-419. 

Sadallah S, Eken C, Martin PJ, Schifferli JA. Microparticles (Ectosomes) Shed by Stored 

Human Platelets Downregulate Macrophages and Modify the Development of Dendritic Cells. 

J Immunol. 2011;186(11):6543-6552. 

Sadallah S, Eken C, Schifferli JA. Erythrocyte-derived ectosomes have immunosuppressive 

properties. J Leukoc Biol. 2008;84(5):1316-1325. 

Sadallah S, Schmied L, Eken C, Charoudeh HN, Amicarella F, Schifferli JA. Platelet-Derived 

Ectosomes Reduce NK Cell Function. J Immunol. 2016;197(5):1663-1671. 

Sahu S, Hemlata, Verma A. Adverse events related to blood transfusion. Indian J Anaesth. 

2014;58(5):543-551. 



 

257 
 

Savina A, Furlan M, Vidal M, Colombo MI. Exosome release is regulated by a calcium-

dependent mechanism in K562 cells. J Biol Chem. 2003;278(22):20083-20090. 

Schoenfeld H, Muhm M, Doepfmer U, Exadaktylos A, Radtke H. Platelet activity in washed 

platelet concentrates. Anesth Analg. 2004;99(1):17-20. 

Scott KL, Lecak J, Acker JP. Biopreservation of red blood cells: past, present, and future. 

Transfus Med Rev. 2005;19(2):127-142. 

Sedger LM, McDermott MF. TNF and TNF-receptors: From mediators of cell death and 

inflammation to therapeutic giants - past, present and future. Cytokine Growth Factor Rev. 

2014;25(4):453-472. 

Seghatchian J, Amiral J. Unresolved clinical aspects and safety hazards of blood derived- 

EV/MV in stored blood components: From personal memory lanes to newer perspectives on the 

roles of EV/MV in various biological phenomena. Transfus Apher Sci. 2016;55(1):10-22. 

Seitz KP, Sevransky JE, Martin GS, Roback JD, Murphy DJ. Evaluation of RBC Transfusion 

Practice in Adult ICUs and the Effect of Restrictive Transfusion Protocols on Routine Care. 

Crit Care Med. 2017;45(2):271-281. 

Setty BNY, Betal SG. Microvascular endothelial cells express a phosphatidylserine receptor: A 

functionally active receptor of phosphatidylserine-positive erythrocytes. Blood. 

2008;111(2):905-914. 

Shah S, Spinella PC, Muszynski JA. Immunologic effects of trauma and transfusion. J Trauma 

Acute Care. 2017;82(6):S50-S56. 



 

258 
 

Silliman CC, Moore EE, Johnson JL, Gonzalez RJ, Biffl WL. Transfusion of the injured patient: 

proceed with caution. Shock. 2004;21(4):291-299. 

Silliman CC, Moore EE, Kelher MR, Khan SY, Gellar L, Elzi DJ. Identification of lipids that 

accumulate during the routine storage of prestorage leukoreduced red blood cells and cause 

acute lung injury. Transfusion. 2011;51(12):2549-2554. 

Simak J, Gelderman MP. Cell membrane microparticles in blood and blood products: 

potentially pathogenic agents and diagnostic markers. Transfus Med Rev. 2006;20(1):1-26. 

Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Curry WT, Carter BS, Krichevsky 

AM, Breakefield XO. Glioblastoma microvesicles transport RNA and proteins that promote 

tumour growth and provide diagnostic biomarkers. Nat Cell Biol. 2008;10(12):1470-1476. 

Sluijter JP, Verhage V, Deddens JC, van den Akker F, Doevendans PA. Microvesicles and 

exosomes for intracardiac communication. Cardiovasc Res. 2014;102(2):302-311. 

Small EM, Olson EN. Pervasive roles of microRNAs in cardiovascular biology. Nature. 

2011;469(7330):336-342. 

Sonker A, Dubey A, Chaudhary R. Evaluation of a Red Cell Leukofilter Performance and Effect 

of Buffy Coat Removal on Filtration Efficiency and Post Filtration Storage. Indian J Hematol 

Blo. 2014;30(4):321-327. 

Sowemimo-Coker SO. Red blood cell hemolysis during processing. Transfus Med Rev. 

2002;16(1):46-60. 



 

259 
 

Sparrow RL. Red blood cell storage and transfusion-related immunomodulation. Blood 

Transfus. 2010;8:S26-S30. 

Spinella PC, Frazier E, Pidcoke HF, Dietzen DJ, Pati S, Gorkun O, Aden JK, Norris PJ, Cap 

AP. All plasma products are not created equal: Characterizing differences between plasma 

products. J Trauma Acute Care Surg. 2015;78(6 Suppl 1):S18-25. 

Sprague DL, Elzey BD, Crist SA, Waldschmidt TJ, Jensen RJ, Ratliff TL. Platelet-mediated 

modulation of adaptive immunity: unique delivery of CD154 signal by platelet-derived 

membrane vesicles. Blood. 2008;111(10):5028-5036. 

Stadnick H, Onell R, Acker JP, Holovati JL. Eadie-Hofstee analysis of red blood cell 

deformability. Clin Hemorheol Microcirc. 2011;47(3):229-239. 

Steiner M. Red cell storage duration (RECESS). 2011; 

www.clinicaltrials.gov/ct2/results?term=NCT00991341. Available at. Accessed February 21, 

2014. 

Stoorvogel W, Kleijmeer MJ, Geuze HJ, Raposo G. The Biogenesis and Functions of 

Exosomes. Traffic. 2002;3(5):321-330. 

Straat M, Boing AN, Tuip-De Boer A, Nieuwland R, Juffermans NP. Extracellular Vesicles 

from Red Blood Cell Products Induce a Strong Pro-Inflammatory Host Response, Dependent 

on Both Numbers and Storage Duration. Transfus Med Hemother. 2016;43(4):302-305. 



 

260 
 

Sugawara A, Nollet KE, Yajima K, Saito S, Ohto H. Preventing platelet-derived microparticle 

formation - and possible side effects - with prestorage leukofiltration of whole blood. Archives 

of Pathology and Laboratory Medicine. 2010;134(5):771-775. 

Sugawara A, Nollet KE, Yajima K, Saito S, Ohto H. Preventing Platelet-Derived Microparticle 

Formation-and Possible Side Effects-With Prestorage Leukofiltration of Whole Blood. Arch 

Pathol Lab Med. 2010;134(5):771-775. 

Sweeney JD. Quality assurance and standards for red cells and platelets. Vox Sang. 

1998;74:201-205. 

Taylor RW, Manganaro L, O'Brien J, Trottier SJ, Parkar N, Veremakis C. Impact of allogenic 

packed red blood cell transfusion on nosocomial infection rates in the critically ill patient. Crit 

Care Med. 2002;30(10):2249-2254. 

Tchir JDR, Acker JP, Holovati JL. Rejuvenation of ATP during storage does not reverse effects 

of the hypothermic storage lesion. Transfusion. 2013;53(12):3184-3191. 

Techniques for the Analysis of Extracellular Vesicles Using Flow Cytometry. JoVE; 2015; 

(97):e52484. https://www.jove.com/video/52484. Accessed 2015/03/17. 

Tetta C, Ghigo E, Silengo L, Deregibus MC, Camussi G. Extracellular vesicles as an emerging 

mechanism of cell-to-cell communication. Endocrine. 2013;44(1):11-19. 

Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of exosomes from 

cell culture supernatants and biological fluids. Curr Protoc Cell Biol. 2006;Chapter 3:Unit 3 22. 



 

261 
 

Tissot J-D, Canellini G, Rubin O, Angelillo-Scherrer A, Delobel J, Prudent M, Lion N. Blood 

microvesicles: From proteomics to physiology. Translational Proteomics. 2013;1(1):38-52. 

Tong TN, Burke-Murphy E, Sakac D, Pendergrast J, Cserti-Gazdewich C, Laroche V, Branch 

DR. Optimal conditions for the performance of a monocyte monolayer assay. Transfusion. 

2016;56(11):2680-2690. 

Toth CB, Kramer J, Pinter J, Thek M, Szabo JE. IgA content of washed red blood cell 

concentrates. Vox Sang. 1998;74(1):13-14. 

Turturici G, Tinnirello R, Sconzo G, Geraci F. Extracellular membrane vesicles as a mechanism 

of cell-to-cell communication: advantages and disadvantages. Am J Physiol-Cell Ph. 

2014;306(7):C621-C633. 

Tzounakas VL, Georgatzakou HT, Kriebardis AG, Voulgaridou AI, Stamoulis KE, Foudoulaki-

Paparizos LE, Antonelou MH, Papassideri IS. Donor variation effect on red blood cell storage 

lesion: a multivariable, yet consistent, story. Transfusion. 2016;56(6):1274-1286. 

Urbanelli L, Magini A, Buratta S, Brozzi A, Sagini K, Polchi A, Tancini B, Emiliani C. 

Signaling pathways in exosomes biogenesis, secretion and fate. Genes. 2013;4(2):152-170. 

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer 

of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell 

Biol. 2007;9(6):654-659. 

Vamvakas EC, Blajchman MA. Deleterious clinical effects of transfusion-associated 

immunomodulation: fact or fiction? Blood. 2001;97(5):1180-1195. 



 

262 
 

Vamvakas EC, Blajchman MA. Transfusion-related immunomodulation (TRIM): An update. 

Blood Rev. 2007;21(6):327-348. 

Vamvakas EC. Possible mechanisms of allogeneic blood transfusion-associated postoperative 

infection. Transfus Med Rev. 2002;16(2):144-160. 

van de Watering L. Effects of red blood cell storage in heavily transfused patients. Curr Opin 

Anaesthesiol. 2013;26(2):204-207. 

van de Watering LMG. Age of blood: does older blood yield poorer outcomes? Curr Opin 

Hematol. 2013;20(6):526-532. 

van der Meel R, Fens MHAM, Vader P, van Solinge WW, Eniola-Adefeso O, Schiffelers RM. 

Extracellular vesicles as drug delivery systems: Lessons from the liposome field. J Control 

Release. 2014;195:72-85. 

van der Meer PF, Pietersz RN. Overnight storage of whole blood: a comparison of two designs 

of butane-1,4-diol cooling plates. Transfusion. 2007;47(11):2038-2043. 

van der Pol E, Boing AN, Harrison P, Sturk A, Nieuwland R. Classification, Functions, and 

Clinical Relevance of Extracellular Vesicles. Pharmacol Rev. 2012;64(3):676-705. 

Van Der Pol E, Coumans F, Varga Z, Krumrey M, Nieuwland R. Innovation in detection of 

microparticles and exosomes. J Thromb Haemost. 2013;11:36-45. 

van Dommelen SM, Vader P, Lakhal S, Kooijmans SAA, van Solinge WW, Wood MJA, 

Schiffelers RM. Microvesicles and exosomes: Opportunities for cell-derived membrane 

vesicles in drug delivery. J Control Release. 2012;161(2):635-644. 



 

263 
 

Varga Z, Yuana Y, Grootemaat AE, van der Pol E, Gollwitzer C, Krumrey M, Nieuwland R. 

Towards traceable size determination of extracellular vesicles. J Extracell Vesicles. 

2014;3:23298. 

Vlaar APJ, Hofstra JJ, Levi M, Kulik W, Nieuwland R, Tool ATJ, Schultz MJ, de Korte D, 

Juffermans NP. Supernatant of Aged Erythrocytes Causes Lung Inflammation and 

Coagulopathy in a "Two-Hit" In Vivo Syngeneic Transfusion Model. Anesthesiology. 

2010;113(1):92-103. 

Vogel R, Willmott G, Kozak D, Roberts GS, Anderson W, Groenewegen L, Glossop B, Barnett 

A, Turner A, Trau M. Quantitative Sizing of Nano/Microparticles with a Tunable Elastomeric 

Pore Sensor. Anal Chem. 2011;83(9):3499-3506. 

Wadhwa M, Seghatchian MJ, Dilger P, Contreras M, Thorpe R. Cytokine accumulation in 

stored red cell concentrates: Effect of buffy-coat removal and leucoreduction. Transfus Sci. 

2000;23(1):7-16. 

Wagener FADTG, Feldman E, deWitte T, Abraham NG. Heme induces the expression of 

adhesion molecules ICAM-1, VCAM-1, and E selectin in vascular endothelial cells. Proc Soc 

Exp Biol Med. 1997;216(3):456-463. 

Wang D, Sun JF, Solomon SB, Klein HG, Natanson C. Transfusion of older stored blood and 

risk of death: a meta-analysis. Transfusion. 2012;52(6):1184-1195. 

Warner MA, Welsby IJ, Norris PJ, Silliman CC, Armour S, Wittwer ED, Santrach PJ, Meade 

LA, Liedl LM, Nieuwenkamp CM, Douthit B, van Buskirk CM, Schulte PJ, Carter RE, Kor DJ. 

Point-of-care washing of allogeneic red blood cells for the prevention of transfusion-related 



 

264 
 

respiratory complications (WAR-PRC): a protocol for a multicenter randomised clinical trial in 

patients undergoing cardiac surgery. BMJ open. 2017;7(8). 

Waugh R, Narla M, Jackson C, Mueller T, Suzuki T, Dale GL. Rheological properties of 

senescent erythrocytes: Loss of surface area and volume with red blood cell age. Blood. 

1992;79:1351-1358. 

Westphal-Varghese B, Erren M, Westphal M, Van Aken H, Ertmer C, Lange M, Booke M. 

Processing of stored packed red blood cells using autotransfusion devices decreases potassium 

and microaggregates: a prospective, randomized, single-blinded in vitro study. Transfus Med. 

2007;17(2):89-95. 

Wolf P. The Nature and Significance of Platelet Products in Human Plasma. Br J Haematol. 

1967;13(3):269-288. 

Xiong ZY, Cavaretta J, Qu LR, Stolz DB, Triulzi D, Lee JS. Red blood cell microparticles show 

altered inflammatory chemokine binding and release ligand upon interaction with platelets. 

Transfusion. 2011;51(3):610-621. 

Yamamoto S, Niida S, Azuma E, Yanagibashi T, Muramatsu M, Huang TT, Sagara H, Higaki 

S, Ikutani M, Nagai Y, Takatsu K, Miyazaki K, Hamashima T, Mori H, Matsuda N, Ishii Y, 

Sasahara M. Inflammation-induced endothelial cell-derived extracellular vesicles modulate the 

cellular status of pericytes. Sci Rep. 2015;5. 

Yu BL, Lei C, Baron DM, Steinbicker AU, Bloch KD, Zapol WM. Diabetes augments and 

inhaled nitric oxide prevents the adverse hemodynamic effects of transfusing syngeneic stored 

blood in mice. Transfusion. 2012;52(7):1410-1422. 



 

265 
 

Yu GY, Rux AH, Ma PH, Bdeir K, Sachais BS. Endothelial expression of E-selectin is induced 

by the platelet-specific chemokine platelet factor 4 through LRP in an NF-kappa B-dependent 

manner. Blood. 2005;105(9):3545-3551. 

Yuana Y, Koning RI, Kuil ME, Rensen PC, Koster AJ, Bertina RM, Osanto S. Cryo-electron 

microscopy of extracellular vesicles in fresh plasma. J Extracell Vesicles. 2013;2:21494. 

Yuana Y, Sturk A, Nieuwland R. Extracellular vesicles in physiological and pathological 

conditions. Blood Rev. 2013;27(1):31-39. 

Zhang B, Yin Y, Lai RC, Lim SK. Immunotherapeutic potential of extracellular vesicles. Front 

Immunol. 2014;5:518 

Zhou M, Cheng S, Yu J, Lu Q. Interleukin-8 for diagnosis of neonatal sepsis: a meta-analysis. 

PLoS One. 2015;10(5):e0127170. 

Zocco D, Ferruzzi P, Cappello F, Kuo WP, Fais S. Extracellular vesicles as shuttles of tumor 

biomarkers and anti-tumor drugs. Front Oncol. 2014;4:267.  

 

 

 

 

 



 

266 
 

Appendices 

Appendix A:  Flow Cytometer Gating Settings and Verification of Crosshairs for Red Blood 

Cell and Microparticles.   

 

Below you will find a reference guide to verify crosshairs and gating settings. Scatterplots are 

presented for the untreated RBC sample, isotype RBC sample, stained RBC sample, size 

beads and TruCOUNT beads 

 
 
Untreated/Unstained RBC Sample 
 
 

Reference Guide for Untreated RBC Sample Scatterplots 

 

Gating Key: 

R1 =  Gate containing microparticles 
R2 =  Gate containing RBCs 
R3 =  Gate Containing TruCOUNT beads (no TruCOUNT 
beads should be present) 
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RBC Unstained 
Crosshair Verification % Gated Verification 

 

 
Ensure that the % gated population in the LL Quadrant is > 98%.  If the % gated population is not 
> 98%, the crosshair denoted by the arrow needs to be adjusted.  
NOTE:  If you adjust the Annexin V APC crosshair on this histogram, ensure that all other 
occurances of the Annexin V APC crosshair in G2 are placed in the same location on the 
histograms for this specific sample. 
NOTE:  All fluorochromes should appear negative in the unstained sample. 

 
Isotype (APC and FITC) 

Crosshair Verification % Gated Verification 

 

Ensure that the % gated population in the LL Quadrant is > 98%.  If the % gated population is 
not > 98%, the crosshair denoted by the arrow needs to be adjusted. 
NOTE:  If you adjust the Glycophorin A FITC crosshair on this dot plot, ensure that all other 
occurances of the Glycophorin A FITC crosshair in G2 are placed in the same location on the 
dot plots for this specific sample. 
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RBC APC 

 
Crosshair Verification 

 
% Gated Verification 

 

Ensure that the % gated population is in the UL and LL quadrants is >98% (FITC negative). 
NOTE:  Fresh RBCs will not exhibit high levels of PS exposure and therefore you may not 
have a large population of APC positive events.  See NEM PE for positive expression of PS 
on RBCs. 

 
RBC FITC 

 
Crosshair Verification 

 
% Gated Verification 

 

Ensure that the % gated population in the LL and LR quadrants is >98% (ACP negative).  
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RBC Cocktail (APC and FITC) 

 
Crosshair Verification 

 
% Gated Verification 

Confirm that the population is visible on the dot plot.  Do not adjust crosshairs. 

 

 
Confirm that the population is visible on the dot plot.  Do not adjust crosshairs. 
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1.01 µm Size Beads 

 
 

Reference Guide for Size Bead Scatterplots 

 

Gating Key: 

 
R1 =  Gate containing size beads 
R2 =  Gate containing RBCs (no RBCs should be present) 
R3 =  Gate Containing TruCOUNT beads (no TruCOUNT 
beads should be present) 
 

 
NOTE:   The 1.01 µm Size Beads are noted by the red arrow.  The gate R1 contains events 
that are less than 1.01 µm and less in size.  The bottom and left sides of the gate were 
determined to eliminate background noise and events that are below the limit of detection. 
 
NOTE:  The blue arrows denote the populations of aggregated beads that should not be 
included in the microparticle gate. 
 
NOTE:  During analysis, ensure that the entire smallest population of beads is surrounded 
by gate R1.  It is only critical to line up the right side of the gate (FSC-Height) with this 
population because this discriminates microparticles that are less than 1.0 µm.  The 
position of the top of the gate (SSC) is not as critical, but should be as close to the top of the 
bead population as possible. 
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TruCOUNT Beads 
 

 
Reference Guide for TruCOUNT Bead Scatterplots 

 

Gating Key: 

R1 =  Gate containing microparticles (no microparticles 
should be present) 
R2 =  Gate containing RBCs (no RBCs should be present) 
R3 =  Gate Containing TruCOUNT beads 

 
 

TruCOUNT Beads 

      Crosshair Verification 
 
% Gated Verification 
 

 
 
Confirm that 100% of events are in the UR quadrant.  Adjust the crosshairs if required to 
ensure only FITC and PE positive events are captured in the UR quadrant. 
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