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Chapter 1

General introduction
As the carrier of oxygen, erythrocytes (red blood cells) are of major importance to life in 

mammals including humans, fish and reptiles. The clinical importance of erythrocytes is best 
exemplified in patients suffering from a sudden decrease in the amount of erythrocytes present 
in their body, such as during trauma. Under these conditions, transfusion of erythrocytes to the 
patient has to be considered. 

Erythrocytes can be stored for transfusion in so-called red cell concentrates (RCC). 
Standard red cell concentrates are manufactured from whole blood donated by healthy donors. 
After separating the different components present in whole blood, i.e. erythrocytes, platelet rich 
plasma and the buffy coat containing the white blood cells, the red cells are stored in a storage 
solution at 4 °C. Most RCC in Europe, but only about 40 % in the USA, are filtered to reduce 
the amount of contaminating platelets and white blood cells further prior to storage. In the 
Netherlands, the maximum storage time of erythrocytes is 35 days after collection of blood from 
the donor.

In this introduction, I will first focus on the life, death and function of erythrocytes, including 
their production in the bone marrow, life in the circulation and clearance in the spleen. In the 
second part I will focus on the collection and storage of erythrocytes under standard blood bank 
conditions. Basic knowledge of the life cycle, function and storage of the erythrocyte will enable 
the reader to understand the research performed on erythrocytes, for my research focused on 
the improvement of the red cell concentrate during storage and possible clearance mechanisms 
of the human erythrocyte in general.

Life of the erythrocyte

Production and circulation
Erythrocytes are the most abundant circulating cell type and are responsible for carrying 

oxygen through the body2. An average adult has 20-25*1012 circulating erythrocytes. As the 
average lifespan of erythrocytes is 120 days3, ~0.8 % of the total number of erythrocytes is 
cleared and produced each day, which equals about 18*109 erythrocytes. Erythrocytes are 
produced by a small number of hematopoietic stem cells in the bone marrow by a process called 
erythropoiesis4. Erythrocytes are terminally differentiated cells, which no longer divide. The 
erythrocyte does not have a nucleus, a golgi apparatus and mitochondria2.

Erythrocyte metabolism and function
An important molecule that serves as an energy source for erythrocytes is adenosine-

triphosphate (ATP). ATP is needed for anion transportation by anion transporters, to preserve 
phospholipids bilayer membrane asymmetry and for glutathione regeneration, which will be 
discussed later.

In most cells, ATP can be produced via the glycolytic pathway, also called the Embden 
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Meyerhof pathway, the Krebs-cycle and by mitochondria via oxidative phosphorylation. 
However, as erythrocytes lack mitochondria, they are entirely dependent on the anaerobic 
glycolytic pathway to produce ATP (see figure 1). This means that for each molecule of glucose 
that is used, 2 molecules ATP can be generated and 2 lactate molecule will be formed. 

However, there are 2 more important molecules that also need to be generated via 
glycolytic pathways. The first is 2,3-diphosphoglycerate (2,3-DPG), which regulates the 
affinity of hemoglobin to oxygen as discussed below. Shunting of 1,3-diphosphoglycerate into 
the Rapoport–Luebering pathway leads to the production of 2,3-DPG instead of ATP (see 
figure 1). The second molecule is NADPH. NADPH is necessary for the reduction of oxidized 
hemoglobin (met-hemoglobin) to normal hemoglobin and for protection of the erythrocyte 
against production of superoxide anions and hydrogen peroxide by regenerating glutathione 
from glutathione disulfide by the NADPH dependent enzyme glutathione reductase5 . NADPH 
is formed by the pentose phosphate pathway (see  figure 1). All three pathways are affected by 
the intracellular pH.

Figure 1: Reaction scheme of the glycolysis, the pentose phosphate pathway and the 2,3-DPG (Rapoport–
Luebering) shunt.
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 Under normal condition, consumption of 1 glucose molecule leads to the production of 2 
ATP molecules. However, both the generation of 2,3-DPG and NADPH take place at steps in 
the glycolytic pathway where ATP is generated. Therefore, whenever 2,3-DPG or NADPH are 
generated this is instead of ATP. Therefore, tight control over these pathways is needed to ensure 
that ATP, 2,3-DPG and NADPH are present in adequate amounts.

Erythrocytes express large quantities of hemoglobin, a unique protein which enables them 
to carry oxygen through the body2. Hemoglobin has a high affinity for oxygen, thereby binding 
oxygen when the erythrocyte passes though the capillaries in the lung. When the erythrocyte 
reaches a part of the body where oxygen is needed, the oxygen is released by the hemoglobin 
and thereby delivered to the tissue. The affinity of hemoglobin to oxygen is dependent on the 
conformational state of hemoglobin6. In the T-state, hemoglobin has a low affinity for oxygen 
and a high one for protons, chloride, organic phosphates (2,3-DPG) and carbon dioxide. In the 
R-state these relative affinities are reversed. The state of hemoglobin is mainly dependent on 
binding of 2,3-DPG (see figure 2)1,7,8. Hence, the unique properties of hemoglobin are such that 
binding of protons, carbon dioxide, 2,3-DPG and chloride ions all promote release of oxygen9,10.

The interaction of hemoglobin with the protein band 3 also allows hemoglobin to influence 
the glycolysis. The N-terminal cytoplasmic domain of band 3 is known to bind hemoglobin, 
cytoskeletal proteins and glycolytic enzymes11, including aldolase, phosphofructokinase and 
glyceraldehyde-3-phosphate dehydrogenase12. Binding of aldolase and glyceraldehyde-3-
phosphate dehydrogenase to band 3 greatly reduces their catalytic activity, while binding of 
phosphofructokinase to the erythrocyte membrane removes the allosteric inhibition by ATP 
and 2,3-DPG on phosphofructokinase activity13. Furthermore, deoxygenated hemoglobin 
has a higher affinity for band 3 than oxygenated hemoglobin14,15. Thus when hemoglobin 
is deoxygenated (deoxyhemoglobin), it will compete for binding to band 3 with glycolytic 
enzymes. When phosphofructokinase is released, its activity will increase leading to increased 
production of 2,3-DPG. The increased levels of 2,3-DPG will induce a conformational change in 
hemoglobin increasing its affinity to oxygen and detachment from band 3.
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Figure 2: Effect of 
2,3-DPG on the oxygen 
dissociation curve of 
hemoglobin. Increasing 
levels of 2,3-DPG shift the 
oxygen dissociation curve 
to the left. Picture modified 
from Benesch et al1.
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The oxygenation state of hemoglobin also affects the NADPH production. Messana et al. 
showed that glucose consumption is not dependent on the oxygenation state of hemoglobin16. 
However, they also showed that the amount of glucose shunted to the pentose phosphate 
pathway is increased in the high oxygenation state and halved in the low oxygenation state. 
These results indicate that when high oxygen content is present, the erythrocyte produces more 
NADPH to protect itself against oxygen radical formation. When there is a low oxygen content, 
deoxyhemoglobin will displace glycolytic enzymes bound to band 3, thereby increasing the 
amount of glucose going through the glycolytic pathway.

Ageing and clearance
Due to their function as oxygen transporters, erythrocytes need ways to remove reactive 

oxygen species and repair themselves17. The most prominent mechanism by which erythrocytes 
reduce reactive oxygen species is by the presence of a high amount of glutathione18,19. Glutathione 
exists in reduced and oxidized states20. In the reduced state, glutathione can reduce reactive 
oxygen species, thereby becoming reactive itself. But due to the high abundance of glutathione 
it can readily react with another reactive glutathione to form glutathione disulfide. Glutathione 
can be regenerated from glutathione disulfide by the NADPH dependent enzyme glutathione 
reductase5.

Because erythrocytes lack a nucleus and a Golgi apparatus, they are unable to produce 
and remove proteins. Therefore, they need another way to remove damaged proteins and 
lipids. To do this, erythrocytes can shed vesicles containing all their damaged proteins and 
membrane parts21,22. These vesicles are cleared very rapidly by surrounding tissue. To prevent 
inflammatory responses, vesicles have a high concentration of PS on their outside which acts 
as an anti-inflammatory signal23. The spleen stimulates shedding of vesicles, thereby helping in 
removing damaged proteins from erythrocytes. This was illustrated by transfusing erythrocytes 
with an iron overload, so-called siderocytes, into patients with and without a spleen24. The 
splenectomized patients did not clear the siderocytes, while the siderocytes disappeared in the 
patients with a spleen. However, the total erythrocyte count remained unchanged, indicating 
that the spleen facilitated in removing the iron overload from the siderocytes. Another study 
showed that erythrocytes in splenectomized patients are bigger and that the erythrocytes 
themselves contain more vesicles when compared to erythrocytes from non-splenectomized 
patients, again indicating that the spleen plays an active role in the vesiculation process25. Due to 
the process of vesiculation, erythrocytes become smaller and more dense during their lifespan26.

With a lifespan of 120 days erythrocytes are long-living cells, but as stated previously this 
also means that 0.8 % of the total erythrocyte population is cleared each day. In healthy persons, 
aged and damaged erythrocytes are cleared by red pulp macrophages in the spleen27. However, 
as erythrocytes lack nuclei and mitochondria they are not able to undergo programmed cell 
death, called apoptosis, in the classical manner like most other cell types28,29. Several hypotheses 
have been proposed regarding possible mechanisms by which old and damaged erythrocytes are 
recognized and cleared, which are discussed below.
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Hypothesized clearance mechanisms

Phosphatydilserine exposure
The exposure of phosphatydilserine (PS) has been recognized as a marker for cell death in 

many cell types30-32. The phospholipids in membranes of cells are asymmetrically distributed 
with, most notably, PS on the inner leaflet of the bilayer of the membrane. This asymmetrical 
distribution of the lipid bilayer of cells is controlled by three different mechanisms33,34. First, 
an inward-directed ATP dependent flippase keeps several phospholipids, including PS, on 
the inside of the cell35. Secondly, an outward-directed ATP dependent floppase keeps other 
phospholipids on the outer layer of the membrane. Lastly, scrambling activity facilitates 
bidirectional movement of all phospholipids, thereby disturbing the normal asymmetrical 
distribution of the lipid bilayer36,37. The most pronounced effect of scrambling activity and the 
loss of bilayer asymmetry is the exposure of PS on the outer leaflet of the membrane. PS has 
been described to be a so-called “death-signal” or “eat-me-signal”, because once externalized 
it will lead to phagocytosis, either directly via PS-recognizing receptors38-40 or via opsonization 
by bridging molecules such as lactadherin41,42, thrombospondin43 or Gas-644. It is therefore 
hypothesized that once an erythrocyte exposes PS, it will be cleared from the circulation. Recent 
publications have indeed shown that artificially damaged PS-exposing erythrocytes were indeed 
cleared via PS-recognizing receptors40,45. However, other studies also showed that PS exposure 
did not always affect the life span of erythrocytes in the circulation46,47. Therefore, it is at the 
moment unclear whether PS exposure directly regulates the erythrocyte life span or whether it 
is concurrent with another mechanism by which erythrocytes are cleared.

Senescent cell antigens
The binding of auto-antibodies to so-called senescent cell antigens has been proposed as a 

second hypothesis regarding clearance of aged and damaged erythrocytes48. The hypothesis is 
that antigens present on the erythrocyte membrane will cluster, which will lead to binding of auto-
antibodies to these clustered antigens. Subsequently, the bound antibody will be recognized by 
Fc receptors present on phagocytes, which will result in clearance of the erythrocyte. Kriebardis 
et al. indeed showed that during storage of non-leukoreduced erythrocytes, crosslinking of 
band 3 occurs and at the same time binding of IgG takes place49. They did not show that the IgG 
was indeed bound to the clustered band 3, which would have proven that band 3 clustering leads 
to IgG binding. Chiarantini et al. also showed that by inducing aggregation of the erythrocyte 
membrane proteins, binding of IgG increases50.  They even showed that upon transfusion, 
the survival of these erythrocytes was greatly diminished, but whether this was due to IgG 
binding or reduced deformability was not investigated. Rossi et al. showed that IgG binding 
was increased upon ageing of erythrocytes, showing that it is indeed likely that erythrocytes are 
cleared via autologous IgG binding51. In various erythrocyte disorders, including thalassemia 
and glyceraldehyde-3-phosphate dehydrogenase deficiency and malaria, IgG and complement 
binding has mainly been shown to bind to membrane aggregates52-54. However, until now no 
group has been able to show in a direct manner that binding of IgG to the erythrocyte membrane 
indeed leads to phagocytosis. A limitation with this theory is that isolation and detection of the 
antibodies directed against band 3 has proven to be difficult, mainly due to their low affinity and 
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abundance of other antibodies present in the plasma48.

Reduced deformability
As a third hypothesis the reduced deformability of aged and damaged erythrocytes has been 

proposed to be the clearance mechanism55-57. When erythrocytes pass through the spleen, they 
need to squeeze in between endothelial cells to get back into the circulation. When a cell is 
poorly deformable it will get stuck and macrophages lining the endothelium will phagocytose 
these erythrocytes27,58. However, there are several erythrocyte diseases in which the erythrocyte 
has a reduced deformability, while the number of erythrocytes present in the circulation is not 
dramatically changed. These diseases include malaria59, thalassemia55 and spherocytosis60. In 
these cases, the endothelial cells must have the capacity to adjust the slit size to allow these 
more rigid erythrocytes to pass in between them. If this would not be the case, all erythrocytes 
would be trapped in the spleen and cleared from circulation58. However, there are also diseases 
where the spleen is non-functional and can trap erythrocytes, thereby causing anemia61,62. This 
indicates that the spleen is not always able to adjust the slit size between endothelial cells.

CD47 expression
A last hypothesis is that the clearance mechanism of erythrocytes is driven by decreased 

expression of CD47 on the erythrocyte membrane. CD47 has been shown to inhibit 
phagocytosis of erythrocytes by macrophages of the reticuloendothelial system63-67. CD47 exerts 
its inhibitory effect through binding to SIRPα on the macrophage, which induces signaling by 
the immunoreceptor tyrosine-based inhibition motifs (ITIMs) residing in the cytoplasmic tail 
of SIRPα68. Upon ligation of SIRPα by CD47, the SIRPα ITIMs recruit and activate tyrosine 
phosphatases SHP-1 and SHP-2 and this regulates, generally in a negative fashion, downstream 
signaling pathways and effector functions. The inhibitory effect of CD47 on erythrocyte 
clearance can be illustrated by transfusion of CD47-deficient erythrocytes into a wild-type 
recipient mouse, which leads to rapid phagocytosis of the CD47-deficient erythrocytes by 
red pulp macrophages in the spleen63,69. Thus, phagocytosis of erythrocytes is supposed to 
be the result of “eat me” signals that are already present and override the inhibitory signal of 
CD47. Although it has been suggested that the expression of CD47 decreases during in vitro 
erythrocyte ageing under blood bank conditions70,71, there are other studies that suggest that 
CD47 levels remain unaltered72,73.

Red cell concentrates

Blood collection
Since the introduction of the plastic bag systems in the 1960s, separation of the different 

components present in whole blood, namely erythrocytes, platelets, plasma and white blood 
cells, is possible and this has enabled blood component therapy74. Whole blood collected from 
healthy volunteers is collected in an acidic citrate solution to prevent coagulation of the platelets, 
after which the different components are separated by centrifugation and collected in different 
plastic bags. To preserve the erythrocytes for a longer time, an additive solution is added 
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containing substrates for 2,3-DPG and ATP production. The additive solution currently used 
in the Netherlands is saline-adenine-glucose-mannitol (SAGM). Residual white blood cells 
and platelets are removed by a leukoreduction filter. Subsequently, the red cell concentrates are 
stored for up to 35 days at 4 °C. When stored for more than 35 days, the red cells concentrates do 
not comply with the international standard any more, which is a 75 % survival of the transfused 
erythrocytes for 24 hours after transfusion75 and a maximum of 0.8 % hemolysis in he red cell 
concentrate itself76.

Storage lesion
Ideally erythrocytes should not change while being stored. However, this is not the case. 

During storage of erythrocytes, the 24 hour post-transfusion survival decreases with increasing 
storage time, indicating that erythrocytes do change while stored, the so-called “storage lesion”77. 
First of all, there are several metabolic changes. During storage, glucose is consumed to produce 
ATP and 2,3-DPG. Since erythrocytes can only use the anaerobic glycolytic pathway, lactate 
is produced as well, leading to a decrease in pH78. Moreover, 2,3-DPG is depleted within 1-2 
weeks of storage leading to a higher affinity of hemoglobin for oxygen79,80. Lastly, the ATP levels 
drop as well, while ATP is important for maintaining phospholipid asymmetry and glutathione 
regeneration80. 

The reason that 2,3-DPG depletion is accepted is that in vitro experiments show that it 
recovers within 24 hours after transfusion81,82. However, several studies have already shown that 
the in vivo recovery is much slower83,84. Furthermore, 2,3-DPG depletion only leads to a higher 
oxygen affinity, but when the oxygen tension is low enough hemoglobin will still release its 
oxygen79. In practice this would only be a problem for tissues which are very oxygen sensitive, 
such as the brains and kidneys. Although the decline in ATP levels is also accepted, Verhoeven 
et al. have shown that flippase activity does decrease during storage, possibly due to an effect on 
intracellular ATP levels35.

Secondly, potassium leaks out of the stored erythrocytes85, while bis(2-ethylhexyl)phthalate 
(DEHP), the plasticizer of the plastic storage bag, is incorporated in the erythrocyte membrane 
thereby preventing hemolysis and increased membrane fragility86. The potassium leakage is 
especially a problem in children and neonates, because an elevated concentration of potassium 
in the blood can stop the heart from pumping. In the Netherlands, children and neonates 
receiving massive transfusions are therefore only transfused with RCC stored for less than 1 
week and the RCC are washed prior to transfusion to remove any extracellular potassium87,88.

DEHP is commonly used as plasticizer, because it is easy to use and cheap. However, DEHP 
has also been associated with non-inherited growth disorders. The maximum allowed exposure 
of DEHP, expressed as tolerable daily intake (TDI) is 48 µg kg−1 day−1 in an adult and 20 µg 
kg−1 day−1 in neonates and children up to 1 year old89. During transfusion the DEHP levels will 
have a peak exposure shortly after transfusion which might exceed those limits, but are well 
within limits when followed over several weeks. Furthermore, patients that receive more than 
one transfusion are also exposed to more DEHP which leads to exceeding the TDI.

There is more and more discussion about the possible negative side effects of the longer 
stored red cell concentrate on the patient that receives the unit, due to changes occuring in the 
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erytrhocytes due to increased storage time. Although several reports link increased mortality 
with long stored RCC90,91, there are also reports showing there are no differences between short 
and long stored erythrocytes. When looking more closely at the reports that do show increased 
mortality with long stored RCC, the real difference lies in the number of units received92,93. A 
major complication in these studies was that they looked retrospectively. So there is a correlation 
with the number of units given, but not with the storage time of the RCC. At the moment, 
several trials are ongoing to investigate this more closely. Even so, European RCC seem to have 
a higher quality than RCC manufactured in the USA, probably due to the high standardization 
in Europe.

Recent publications do shed a new light on this ongoing discussion. Recent reports identified 
possible mechanisms underlying the effect of long stored erythrocytes on clinical outcome. Hod 
et al. showed in a mouse model that part of the damage is mediated by iron deposition and acute 
inflammation in several tissues94. In a review by Jy et al. several reports were discussed that 
indicate that the damage might also be mediated by vesicles, released by erythrocytes during 
storage95. Moreover, several other models showed a clear effect of storage time on the oxygenation 
state of the microcirculation96-98. However, most of the reports have provided only circumstantial 
evidence. In a rat model, Donadee et al. directly showed that microparticles and free hemoglobin 
were responsible for nitric oxide (NO) scavenging, thereby inducing vasoconstriction99. Earlier 
reports already indicated that NO scavenging might be one of the consequences of transfusing 
long stored erythrocytes100,101. Furthermore, Hu et al. reported that long stored erythrocytes 
were unable to reduce infarction size, in contrast to short stored erythrocytes102. However, in 
both studies the erythrocytes were stored non-leukoreduced, while it is known that leukocytes 
present during storage of erythrocytes induce more pronounced hemolysis, vesicle formation 
and immuno-modulation after transfusion103. Indeed, Baumgartner et al. have shown that 
there was no effect of storage time of leukodepleted erythrocytes on immuno-modulation after 
transfusion104.

Additive solutions and storage
The first additive solution was SAG, named after its components saline, adenine and 

glucose105. Saline was used as the basis because it is iso-osmolar, glucose as an energy source 
for the production of ATP, 2,3-DPG and NADPH and adenine was added to counter the loss 
through deanimation of adenosine. A few years later, Hogman et al. added mannitol to the 
additive solution to reduce hemolysis and allow storage for a longer time106. This solution, 
called SAGM, is now the standard additive solution used in Europe, while two variants with 
moderate alterations to salt, sugar and mannitol concentrations, called AS-1 and AS-5, are most 
commonly used in the USA. Another solution, called AS-3, is mostly used in Canada. It is based 
on SAG, but has additional phosphate and citrate. The citrate seems to function in the same way 
as mannitol, but also functions as a cell-impermeable ion that balances the osmotic pressure in 
stored erythrocytes107.

Meryman et al. showed that erythrocytes could be stored for months in solutions that 
preserved the ATP in erythrocytes108. Furthermore, Hogman et al. showed that rejuvenation of 
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erythrocytes to restore ATP concentrations prior to transfusion increased the post-transfusion 
survival of the transfused erythrocytes109. Therefore, the main focus of the development of new 
additive solutions has been on improving the metabolic quality of the stored erythrocytes, 
together with decreased hemolysis, PS exposure and improved morphology. 

In recent years, several modifications to the additive solutions have been investigated. Walker 
et al. have added guanosine to the additive solution in an attempt to increase the activity of the 
Embden-Meyerhof pathway110. They also added phosphate as this was proven to be beneficial to 
the stored erythrocytes as seen in the AS-3 additive solution. This additive solution was called 
PAGGSM, again after its constituents phosphate-adenine-guanosine-glucose-saline-mannitol. 
Hogman et al. increased the pH of the stored erythrocytes, by decreasing the amount of acidic 
citrate solution used during blood collection and by increasing the pH of the additive solution 
to a physiological pH111.  Both of these solutions allowed for storage of the erythrocytes up to 
7 weeks with a post-transfusion recovery of more than 78 %. However, these solutions still did 
not maintain 2,3-DPG concentrations during the entire storage period. De Korte et al. recently 
developed a variant of PAGGSM where saline was replaced with gluconate, called PAGGGM112. 
Gluconate is, like citrate, a cell impermeant ion and has the same function as citrate in AS-3. At 
35 days of storage in PAGGGM, erythrocytes had similar concentrations of ATP and 2,3-DPG 
to the start of storage.

But not only new additive solutions are being developed. Also different storage conditions 
for the erythrocytes have been investigated. Storage under anaerobic conditions to decrease 
product degradation is commonly used in the food and pharmaceutical industries. During 
storage, oxygen is freely available to the erythrocytes as the storage bags are gas-permeable. 
Some of the storage lesions have at least partially been attributed to oxidative damage of 
the erythrocyte membrane113,114. Several groups have stored erythrocytes under anaerobic 
conditions to investigate whether this would improve post-transfusion survival115-117. They 
showed that ATP and 2,3-DPG were better maintained under anaerobic storage conditions, 
although 2,3-DPG was still lower than the normal concentration in erythrocytes after 4 weeks 
of storage. Dumont et al. also showed that the post-transfusion survival of erythrocytes stored 
under anaerobic conditions was improved and that this correlated to the ATP concentration of 
the erythrocytes117.

Last of all, attempts have been made to remove DEHP from the storage bags. DEHP is 
normally incorporated into the erythrocyte membrane during storage, thereby stabilizing the 
membrane. Because of this beneficial effect it has proven difficult to just remove the DEHP from 
the storage bag. In a recent study, Seidl et al. replaced DEHP with butyryl-n-trihexyl-citrate 
(BTHC)118. Both the post-transfusion recovery and the 2,3-DPG and ATP concentrations of 
erythrocytes stored in BTHC-plasticized storage bags were similar to erythrocytes stored in 
DEHP-plasticized storage bags, indicating that BTHP can be used as an alternative to DEHP. 
Dumont et al. also replaced DEHP but they applied hexamoll,di-isononyl cyclohexane-1,2-
dicarboxylic acid (DINCH)119. In that study the results were also similar between DINCH and 
DEHP stored erythrocytes, except that the hemolysis was slightly increased in DINCH stored 
erythrocytes. However, mixing the DINCH stored erythrocytes once a week prevented this 
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increased hemolysis. Both studies indicate that there are possibilities to remove DEHP for the 
storage bags, thereby preventing exposure of patients to high levels of DEHP; this in turn will 
lead to less side effects of blood transfusion.

Scope of the thesis
The scope of this thesis is to improve the quality of erythrocytes stored under standard blood 

bank conditions. This was done via different approaches. First of all, a new additive solution 
for storage of erythrocytes was evaluated. Secondly, more insight was gained into possible 
mechanisms by which erythrocyte transfusion might have a negative impact on clinical patient 
outcome. Lastly, possible clearance mechanisms for erythrocytes were investigated which might 
explain the rapid clearance occurring within 24 hours after transfusion of stored erythrocytes. 

In Chapter 2, erythrocytes collected via erythrocytapheresis and stored either in SAGM as 
additive solution or in the newly developed PAGGGM as additive solution, were metabolically 
characterized. This study revealed that the PAGGGM stored erythrocytes maintained the 
ATP and 2,3-DPG levels better than SAGM units. However, the increased intracellular pH as 
predicted by the model of Meryman et al. was not observed120. The study also revealed that the 
increased levels of ATP and 2,3-DPG observed in PAGGGM stored erythrocytes were likely due 
to an increased activity of phosphofructokinase.

Chapter 3 shows that the binding of glycolytic enzymes to the erythrocyte membrane 
changes during storage. We also show that the chloride shift as proposed by Meryman et al. did 
not lead to an increased intracellular pH, but did lead to higher 2,3-DPG levels. Furthermore, 
we observed a clear increase in binding of phosphofructokinase to the erythrocyte membrane 
when there was no chloride present in the additive solution. As binding of phosphofructokinase 
removes the allosteric inhibition by ATP and 2,3-DPG on phosphofructokinase activity, this is 
likely the cause of the increased 2,3-DPG levels.

In chapter 4 we have attempted to further improve the new additive solution PAGGGM. 
In the first part we show that collection of blood from donors in a citrate solution with a 
physiological pH improves the metabolic quality of the stored erythrocytes. In the second part 
we show that in combination with the citrate solution with a physiological pH we were able to 
decrease the pH of the new additive solution PAGGGM and still maintain the 2,3-DPG and 
ATP levels. This combination will likely prevent electrolyte disturbances in transfused patients.

Chapter 5 reveals that long stored erythrocytes are prone to increased potassium leakage, 
hemolysis, PS exposure and vesicle formation in an in vitro transfusion model. Furthermore, we 
show that PS positive erythrocytes are significantly more prone to shed vesicles than PS negative 
cells. The vesicles generated by the erythrocytes were able to act as a platform for the factor 
VIIIa/factor IXa complex, thereby aiding the coagulation cascade.

In chapter 6 we provide evidence that CD47 present on erythrocytes can act both as an anti-
phagocytic signal and a pro-phagocytic signal. Under normal conditions, CD47 acts as an anti-
phagocytic signal upon interaction with SIRPα. However, experimental ageing of erythrocytes 
induces a conformational change in CD47. This conformational change allows thrombospondin 
to bind to CD47 thereby enabling binding and phagocytosis by red pulp macrophages isolated 
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from human spleen. These findings reveal a more complex role for CD47-SIRPα interactions in 
erythrocyte phagocytosis, with CD47 acting as a molecular switch for controlling erythrocyte 
phagocytosis.

In Chapter 7 all the findings presented in this thesis are discussed and some of the 
perspectives regarding red cell storage, transfusion and clearance are discussed.
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