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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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Abstract
Current additive solutions for red cell concentrates do not maintain constant 

2,3-diphosphoglycerate and adenosine-triphosphate levels during cold storage. We have 
previously shown that with a new additive solution called PAGGGM, both 2,3-diphosphoglycerate 
and adenosine-triphosphate could be maintained throughout storage for 35 days.

In the present study, the mechanism underlying the effect of PAGGGM on erythrocyte storage 
was studied in more detail. By using double-erythrocytapheresis units (leukoreduced), a direct 
comparison could be made between the current additive solution SAGM and the experimental 
solution PAGGGM. During cold storage, several in vitro characteristics were analyzed. 

In agreement with our previous findings with single red cell concentrates, PAGGGM 
maintained 2,3-diphosphoglycerate and adenosine-triphosphate levels for 35 days of cold 
storage. Furthermore, glucose consumption and lactate production were higher in PAGGGM 
units during the first 21 days of cold storage. Fructose-1,6-diphophate, dihydroxyacetone 
phosphate levels were also increased during the first 21 days of storage in PAGGGM units. 

These results indicate that it is likely that phosphofructokinase activity is enhanced in 
PAGGGM units relative to SAGM units. After 21 days, phosphofructokinase activity also 
decreases in PAGGGM units, but sufficient metabolic reserve in these units prevents depletion 
of 2,3-diphosphoglycerate and adenosine-triphosphate. 



paGGGM enhanCes pFK aCtIvIty durInG Cold storaGe

29

Introduction
The quality of in vitro stored red cell concentrates (RCC) for transfusion has stepwise 

increased over the past decades. However, several characteristics still change during in vitro 
storage. The most dramatic of the changes are the depletion of 2,3-diphosphoglycerate (2,3-
DPG) and the decrease in adenosine-triphosphate (ATP) during the storage period. The 2,3-DPG 
levels are important for the hemoglobin affinity for oxygen and thereby for the oxygen delivery 
function of the erythrocytes. ATP as an energy source is important for the overall functioning 
of erythrocytes, including the maintenance of phospholipid asymmetry1. These changes have, 
amongst others, been linked to decreased oxygenation of the cerebrum in transfused patients 
with severe traumatic brain injury2 and a decreased survival of patients undergoing cardiac 
surgery3, although other studies show that there is no significant effect on clinical outcome due 
to RCC storage time4.

Attempts have been made to maintain both 2,3-DPG and ATP at high levels, but due to 
the fact that they share metabolic pathways it has proven hard to improve both at the same 
time. In the early 1990s, Meryman and Hornblower described the so-called “chloride-shift” as a 
method to keep 2,3-DPG levels high5. By replacing extracellular chloride with an impermeable 
anion (i.e. citrate or gluconate), intracellular chloride is forced to leave the cell due to the Donan 
equilibrium. Because of the effect on charge, hydroxyl ions will move into the cell, causing 
an increase in intracellular pH (pHi). A higher pHi favours the Rapoport-Luebering pathway, 
promoting the formation of 2,3-DPG.

Recently, De Korte et al. reported a new additive solution (AS), phosphate-adenine-glucose-
guanosine-gluconate-mannitol (PAGGGM), which showed improved in vitro characteristics, 
resulting in maintenance of ATP and 2,3-DPG levels6. Compared to saline-adenine-glucose-
mannitol (SAGM), PAGGGM is more alkaline, has a lower osmolarity and contains no chloride, 
thereby inducing the “chloride-shift” (see table 1 for composition). One of the remarkable results 
was that even when the difference in pHi between SAGM and PAGGGM had disappeared, the 
erythrocytes stored in PAGGGM showed an increased level in both 2,3-DPG and ATP.

In the current study we obtained double erythrocyte units via erythrocytapheresis from 
healthy donors. These double units were split into one unit with SAGM and one unit with 

PAGGGM as an additive solution, 
thereby excluding possible donor 
variations. Here we show that 
erythrocytes stored in PAGGGM have 
higher levels of 2,3-DPG and ATP 
when compared to erythrocytes stored 
in SAGM. This is despite a similar pHi 
and a lower extracellular pH (pHe) 
in PAGGGM units. Based on these 
findings we have attempted to uncover 
on which enzyme in the glycolytic 
pathway PAGGGM exerts its effect 
during cold storage of RCC.

Table 1: Composition of SAGM and PAGGGM
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Materials and methods

Isolation and storage of erythrocytes
Blood studies were approved by the Sanquin Research institutional medical ethical 

committee in accordance with the standards laid down in the 1964 Declaration of Helsinki. 
Erythrocytes were collected from 6 healthy donors via double-erythrocytapheresis by a 
Haemonetics MCS+ (Haemonetics, Breda, The Netherlands). During collection, CPD-50 was 
added as an anti-coagulant in a ratio of 1:16 (vol/vol). After collection of 400 millilitres packed 
erythrocytes, the packed erythrocytes were split into 2 units of 200 ml. After addition of 90 to 
110 millilitres additive solution (AS), SAGM to 1 unit and PAGGGM to the other, the units were 
filtrated to remove residual white cells and platelets. The resulting units had an average volume 
of 230 millilitres, a hematocrit (Hct) of 60 percent (vol/vol) and contained fewer than 1x106 
white blood cells (as determined with LeukoCount system, Beston Dickinson, San Jose, CA) 
whereas platelet counts were below detection limit (determined with an Advia 2120, Siemens 
Medical Solutions Diagnostics, Breda, the Netherlands). The erythrocytes were stored at 4 ºC in 
a standard blood bank refrigerator.

Annexin V labelling of erythrocytes
The amount of erythrocytes expressing phosphatidylserine (PS) was determined as described 

elsewhere with the following modifications to allow down-scaling to a 96-well plate system6. 
Labelling with annexin V (AV) (VPS-Diagnostics, Hoeven, The Netherlands) was performed by 
adding 5 µl AV-FITC (final concentration 1 µg/ml) to 50 µl cell suspension with a Hct of 0.3 %. 
After incubation at room temperature in the dark for 30 minutes, cells were 4 times diluted 
with incubation medium, supplemented either with CaCl2 or EGTA, and analyzed on a flow 
cytometer with high throughput system (LSRII, Beston Dickinson, San Jose, CA). Data analysis 
was performed with computer software (FACSDiva 6.1, Beston Dickinson, San Jose, CA).

2,3-DPG, ATP and lactate measurements in erythrocytes
2,3-DPG, ATP and lactate were measured as described elsewhere6. In short, extracts were 

made by diluting 600 µl erythrocytes with 900 µl PBS and then acidified with 60 µl perchloric 
acid (70% weight/vol). After 30 minutes on ice, the extracts were centrifuged for 5 minutes at 4 ºC 
at 6,000g and 56 µl 5 M K2CO3 was added to 1 ml deproteinized supernatant for neutralization.

2,3-DPG was measured with the 2,3-DPG kit from Roche (Mannheim, Germany). Lactate 
was analyzed with the kit from Trinity Biotech (St Louis, MO). ATP was analyzed with the 
glucose/hexokinase reaction as described elsewhere6.

Hemolysis
Hemolysis was determined as described elsewhere6. Briefly, free hemoglobin was determined 

by absorbance measurement of cell supernatant at 415 nm by a spectrophotometer (Rosys 
Anthos ht3, Anthos Labtec Instruments GmbH, Salzburg, Austria), with correction for plasma 
absorption if necessary. Hemolysis was expressed as a percentage of total hemoglobin present in 
RCC after correction for Hct.
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Measurement of intracellular pH
Intracellular pH was measured as described elsewhere5. Briefly, 1 ml erythrocyte samples were 

centrifuged for 5 minutes at 21,000g after which the supernatant was removed. Subsequently, 
the dry pellet was frozen in liquid nitrogen. After thawing, 300 to 350 µl aquadest was added 
and the pH of the resulting lysate was measured in a Rapidlab 860 (Siemens Medical Solution 
Diagnostics, Deerfield, IL).  

Potassium, sodium, glucose and extracellular pH measurements
Potassium, sodium, glucose and extracellular pH were measured with a Rapidlab 860 

(Siemens Medical Solution Diagnostics).

G6P measurement in erythrocytes
Glucose-6-phosphate (G6P) was determined fluorimetrically with glucose-6-phosphate 

dehydrogenase (G6PDH) as follows. From the extracts, 50 µl was added to 190 µl ETRAM buffer 
(0.07 M Tri-ethanol-amine, 10 mM MgCl2, 5 mM EDTA, pH 7.4) containing 63 µM NADP+ 
(Roche, Mannheim, Germany) in a well of a 96-wells plate (96 wells flat-bottom assay plates, 
Costar, Corning, NY). Subsequently, background fluorescence was measured for 5 minutes in a 
fluorimeter (Tecan spectrafluor plus, MTX Lab Systems, Vienna, VA) at excitation 340 nm and 
emission 465 nm. Next, 0.7 U G6PDH (Roche) was added and the fluorescence was measured 
for 5 minutes. Then, 10 µl 0.2 mM G6P (Sigma) was added as an internal standard and the 
fluorescence was measured for 5 minutes.

FDP, DHAP and GAP measurements in erythrocytes
Fructose-1,6-diphophate (FDP), dihydroxyacetone phosphate (DHAP) and glyceraldehyde-

3-phosphate (GAP) were measured by a modified assay from Beutler7. The reaction mixture 
used contained 200 mM Tris-HCl EDTA (pH 8.0), 4 mM NAD (Sigma-Aldrich, St Louis, MO) 
80 mM Na-arsenate and 35 mM ß-mercaptoethanol (Sigma-Aldrich). The reaction was started 
by adding 20 µl deproteinized extract to 100 µl reaction mixture, adding 76 µl deionized water 
and 2750 U glyceraldehyde-3-phosphate dehydrogenase (Sigma-Aldrich). An absorbance 
measurement was performed to determine NADPH formation in a fluorimeter for 28 minutes at 
excitation 340 nm and emission 465 nm. Subsequently, 60 U triosephosphate isomerase (Sigma-
Aldrich) was added, after which the OD was determined for 19 minutes. This was followed by 
adding 0.05 U aldolase (Sigma-Aldrich) to the reaction mixture and determining the OD for 
29 minutes. Subsequently, 0.125 µM FDP (Sigma-Aldrich) was added to the reaction mixture 
and the OD was measured for 30 minutes, as a positive control. A standard curve was made by 
measuring 0 µM, 50 µM and 200 µM GAP in the same reaction mixture.

Statistical analysis
Data was analyzed using Graphpad Prism 4.03 for Windows (GraphPad Software, La Jolla, 

CA). Statistical analysis was performed by 2-way ANOVA tests with the Bonferroni post-tests 
to compare means over time.
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Results
In the previous study6, performed with RCC prepared from whole blood units, it was shown 

that there was an initial increase in pHi in erythrocytes stored in PAGGGM, when compared 
to erythrocytes stored in SAGM. However, we were unable to exclude donor variation because 
different donors were used for the SAGM and PAGGGM units. The study design of the current 
study allowed us to exclude possible effects caused by donor variation, thereby allowing a direct 
comparison between erythrocytes stored in SAGM and PAGGGM. In this study with RCC 
prepared from double-erythrocytapheresis units, there was no statistical significant difference 
in pHi between SAGM and PAGGGM (figure 1a), due to the fact that the pHi for SAGM was 
higher than in the previous study with whole blood units. The extracellular pH (pHe), however, 
was higher in SAGM units than in PAGGGM units (p<0.01) (figure 1b).

The potassium leakage was higher in SAGM units in the first 28 days, after which the 
extracellular potassium levels were similar in SAGM and PAGGGM units. The decline in 
sodium and chloride concentrations was similar in both additive solutions (data not shown). 
The chloride concentrations were 120 mM in SAGM and 50 mM in PAGGGM, which can 
be explained by the absence of saline in PAGGGM. At day 35, the hemolysis of both additive 
solutions was within the limits of international standards. No significant increase in PS exposure 
was observed throughout the storage period (data not shown).

Figure 1: pH, potassium concentrations and hemolysis. The pHi is similar between erythrocyte units with 
SAGM and PAGGGM as AS, while the pHe of PAGGGM units was lower. The decline in sodium and chloride 
concentrations is similar in both additive solutions. The hemolysis is comparable for the two additive solutions. 
() represents SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 units. * p<0.05; 
*** p<0.001
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The consumption of glucose by erythrcoytes in PAGGGM was higher than in erythrocytes 
in SAGM as can be seen from the decreased glucose levels and increased lactate levels measured 
during storage (figure 2). The glucose levels were lower in PAGGGM units than in SAGM units 
throughout the storage period of 56 days (p<0.05; shown in figure 2 till day 35). ATP and 2,3-
DPG levels were significantly higher in PAGGGM units when compared to SAGM units from 
days 7 up to 35 (p<0.05). However, the rates of the glucose consumption and lactate production 

Figure 3: Glucose and lactate production. Both the glucose consumption (a) and lactate production (b) 
are higher in PAGGGM units than in SAGM units during the first 14 days of storage (p<0.05). () represents 
SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 units. *** p<0.001
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Figure 2: Metabolites. The metabolism of erythrocytes stored in PAGGGM is higher than in erythrocytes 
stored in SAGM as can be seen from the decreased glucose levels (a) and increased lactate (b), ATP (c) and 2,3-
DPG (d) levels. () represents SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 
units. * p<0.05; ** p<0.01; *** p<0.001
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were only increased in PAGGGM compared to SAGM during the first 21 days of storage (p<0.05) 
(figure 3). This seems to correlate with the start of the decrease in 2,3-DPG and ATP levels after 
21 days of storage observed in PAGGGM units.

To get a better understanding of the differences in metabolism observed in erythrocytes 
stored in PAGGGM and SAGM, we measured the concentrations of some key intermediates of 
glycolysis (see figure 4 for a scheme of the glycolytic pathway). First, we measured G6P levels 
as indicator of hexokinase activity, because hexokinase has been described as an important rate 
limiting step in glycolysis8. In the first week of storage, G6P levels were lower in PAGGGM units 
than in SAGM units, although not significantly (figure 5a).  Because the glycolysis is enhanced 
in PAGGGM during the first 14 days, these changes in G6P levels are indicative for activation 
of a step in the glycolysis downstream from hexokinase, resulting in lower steady state levels of 
G6P. We therefore determined the levels of fructose-1,6-diphosphate (FDP), dihydroxyacetone 
phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP). Throughout storage, the levels of 
these metabolites were very low in SAGM units. In PAGGGM units, however, both FDP and 
DHAP were present at much higher concentrations than in SAGM units (figure 5b en 5c). The 
elevation of both metabolites, however, was not sustained during storage and had disappeared 
after 28 days of storage. GAP levels were measurable during the first 14 days of storage in 
PAGGGM units, after which it was depleted (figure 5d). Taken together, these results clearly 
indicate a strong activation of phosphofructokinase (PFK), another rate-controlling enzyme in 
glycolysis, but only during the first weeks of storage in PAGGGM.

Figure 4: Reaction scheme of the glycolysis and the 2,3-DPG (Rapoport–Luebering) shunt. 
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Discussion
During storage of whole blood and erythrocytes, intracellular 2,3-DPG decreases rapidly 

and intracellular ATP decreases more slowly. The levels of 2,3-DPG determine the affinity of 
hemoglobin to oxygen. Recently, several studies have been published with the aim on improving 
2,3-DPG levels9-12, mainly at the expense of ATP. With the new PAGGGM medium, we have 
shown previously that both 2,3-DPG and ATP levels could be maintained for at least 35 days6. 
It was also observed that in PAGGGM units, the 2,3-DPG levels were higher despite having a 
similar pHi after day 21.

In the present study, we show that erythrocytes stored in PAGGGM have increased 2,3-DPG 
and ATP levels, despite having a similar pHi throughout the storage time when compared to 
SAGM units. This is not in line with the results from the previous study where an intial difference 
in pHi was observed. We postulate that this is the effect of another ratio of anti-coagulant to 
whole blood used in the present study or the difference in erythrocyte collection, as whole blood 
has been used in the first study and double-erythrocytapheresis has been used in the current 
study. Both our studies, however, do not support the key regulatory role of the pHi in the effect 
of a chloride-free additive solution as proposed by Meryman et al5.

Because we observed an increased rate of glycolysis, as can be deduced from the increased 
glucose consumption and lactate production, we attempted to uncover on which enzyme in the 

Figure 5: Metabolic intermediates. G6P levels are similar during the first 14 days of storage, but are 
significantly higher after 21 days of storage in PAGGGM units (a). Both FDP (b) and DHAP (c) levels are 
significantly higher during the first 21 days of storage in PAGGGM units. GAP is not significantly different 
between AS (d). () represents SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 
units. * p<0.05; ** p<0.01; *** p<0.001
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glycolytic pathway PAGGGM exerts its effect. We refrained from enzyme activity measurements 
in erythrocyte lysates for several reasons. Firstly, enzyme activity assays in lysates use a virtually 
infinite amount of substrate without any inhibiting factors, while in the stored erythrocytes there 
is no infinite amount of substrate and there might be inhibitors present. Furthermore, changes in 
enzyme activity might occur during storage as, among others, substrate levels, metabolite levels 
and pH change during storage. Lastly, most enzyme activity assays are performed at 37 °C, while 
the erythrocyte units are stored at 4 °C. An additional complication is that hexokinase activity is 
very low in erythrocytes when determined at 37 °C, so it proved almost impossible to determine 
hexokinase activity at 4 °C. We therefore chose to determine G6P as a read-out for hexokinase 
activity in situ. As the metabolic rate is higher during the first 21 days of storage in PAGGGM, we 
expected an increase in G6P levels. However, we did not find such an increase in the first 21 days 
of storage. This clearly indicates that another step in the glycolysis is enhanced by PAGGGM. 
As PFK has been described as an important control point in glycolysis13, we determined FDP, 
DHAP and GAP levels. GAP levels were steady from the first day of storage and did not seem to 
be significantly influenced by the AS used. However, both DHAP and FDP levels were markedly 
influenced by the type of AS in the first 21 days of storage (figure 5). Interestingly, after 21 days 
of storage both DHAP and FDP were almost depleted in PAGGGM units, which is also the time 
when 2,3-DPG and ATP levels started to decline. Although not directly measured, it is very 
likely that PFK activity initially is higher in PAGGGM but declines during prolonged storage, 
causing the subsequent decline in 2,3-DPG and ATP. However, the metabolic reserve caused 
by the higher activity of PFK in the first 2 weeks of cold storage prevents complete depletion 
of these two key metabolites. This is in line with the model of erythrocyte glycolysis described 
by Nishimo et al. which predicts that an increase in PFK activity will maintain ATP and 2,3-
DPG levels during prolonged storage14. With these results, it is difficult to draw conclusions on 
hexokinase activity in the two additive solutions, except that hexokinase activity in PAGGGM is 
high enough to allow a higher glycolytic flux in the first 3 weeks of storage.  

In conclusion, our results show that the experimental additive solution PAGGGM is able to 
prevent depletion of the two key metabolites 2,3,-DPG and ATP and that this is likely due to a 
higher activity of PFK in the first weeks of storage as compared to the standard SAGM medium. 
This activation occurs independently of changes in pHi and creates sufficient metabolic reserve 
for subsequent changes in enzyme activities during cold storage. 

Because it has been shown that 2,3-DPG levels are replenished within 48 hours post-
transfusion15, the need for improved storage solutions has often been questioned. Our new 
additive solution can be used to resolve this question. Moreover, because transfusion of blood 
products is considered more and more as a pharmacological intervention, constant quality of 
these products needs to be aimed for. Further testing of the experimental additive solution 
PAGGGM in vivo will show whether this solution can be used to achieve this goal.
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Abstract
Erythrocytes stored for transfusion are collected from healthy volunteers and stored in 

an additive solution to maintain all necessary metabolites. However, adenosine triphosphate 
(ATP) and 2,3-diphosphoglycerate (2,3-DPG) levels still decline during storage. Previously 
we showed that in erythrocytes stored in our newly developed additive solution phosphate-
adenine-glucose-guanosine-gluconate-mannitol (PAGGGM), both ATP and 2,3-DPG levels are 
maintained for at least 35 days of storage. In the current study we investigated the binding of 
several glycolytic enzymes to the erythrocyte membrane of PAGGGM-stored erythrocytes, as 
it is known that binding to the erythrocyte membrane alters the activity of several glycolytic 
enzymes. Here we show that binding of phosphofructokinase to the erythrocyte membrane 
increases during storage, in contrast to aldolase, GAPDH and pyruvate kinase which either 
remain unchanged or decrease in binding to the erythrocyte membrane. Furthermore, we 
provide evidence that the increased binding of phosphofructokinase is due to chloride depletion  
of the stored erythrocytes induced by PAGGGM, as replacement of gluconate with chloride 
reduces the binding of phosphofrucokinase to the erythrocyte membrane and leads to decreased 
levels of 2,3-DPG.
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Introduction
In the past few decades, several attempts have been made to improve the current additive 

solutions (ASs) used to store erythrocytes for transfusion practices. However, despite these 
efforts, none of these experimental ASs have been implemented as standard blood bank products. 
Moreover, because of our lack of understanding how an AS affects the stored erythrocytes, the 
development of new ASs has been slow.

In a recent study, our group showed that a new experimental additive solution, phosphate-
adenine-glucose-guanosine-gluconate-mannitol (PAGGGM), was able to maintain both 2,3-
DPG and ATP during cold storage of red cell concentrates1-3. PAGGGM contains no chloride 
thereby inducing the chloride shift as proposed by Meryman et al4. By removing chloride from 
the extracellular solution, intracellular chloride will move out of the cell because of the Donnan 
equilibrium. To restore the electrolyte balance, hydroxyl ions will move into the cell, thereby 
increasing the intracellular pH. However, although PAGGGM was able to maintain both ATP 
and 2,3-DPG levels, we observed not under all conditions a difference in intracellular pH 
when compared to the standard AS saline-adenine-glucose-mannitol (SAGM)1-3, suggesting 
other mechanisms. Despite the lack of an increased intracellular pH, the data suggested that 
storage in PAGGGM stimulates phosphofructokinase (PFK) activity, which may explain the 
increased levels of ATP and 2,3-DPG in this additive solution. This is in line with several models 
of glycolysis which predict that an increase in PFK activity will result in increased ATP and 2,3-
DPG levels5,6.

In the current study, we wanted to investigate in more detail how PAGGGM exerts its effect 
on erythrocyte glycolysis. It has previously been shown that increasing chloride concentrations 
directly decreases the binding of PFK to the erythrocyte membrane7. Once PFK binds to the 
erythrocyte membrane, the allosteric inhibition by ATP and 2,3-DPG on the activity of PFK 
is removed, thereby stimulating its glycolytic activity7. As PAGGGM will remove intracellular 
chloride from the stored erythrocytes via the Donan equilibrium, this might increase binding 
of PFK to the erythrocyte membrane. Furthermore, it has been shown that hemoglobin shares 
the binding region of PFK on band 3, thereby affecting the activity of PFK8. Recent studies have 
shown that chloride can directly bind to hemoglobin, thereby altering its conformation and 

increasing its affinity for the band  3 
binding site9. This increased affinity 
will compete with PFK for membrane 
binding and is therefore a negative 
regulator of PFK activity. Thus chloride 
can affect the binding of PFK to the 
erythrocyte membrane in multiple 
ways.

We therefore hypothesized that 
chloride concentrations directly affect 
the glycolysis of stored erythrocytes by 
influencing the binding of glycolytic 
enzymes to the erythrocyte membrane. 
To test this hypothesis, gluconate 

Table 1: Composition of PAGGGM and PAGGSM

47.5
1.44
1.44

40
8
8
55
275
8.2

47.5
1.44
1.44
160

8
8
55
275
8.2

Glucose (anhydrous) (mmol/L)
Adenine (mmol/L)
Guanosine (mmol/L)
NaCl (mmol/L)
Na-gluconate (mmol/L)
NaH2PO4•2H2O (mmol/L)
Na2HPO4•2H2O (mmol/L)
Mannitol (mmol/L)
Osmolarity (mOsm/kg)
pH

    Ingredients      PAGGGM      PAGGSM
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present in PAGGGM was replaced with chloride, thereby preventing the chloride shift. The new 
AS was named phosphate-adenine-glucose-guanosine-saline-mannitol (PAGGSM pH 8.2; see 
table 1 for composition). To exclude donor variation, double erythrocyte units were obtained 
via erythrocytapheresis from healthy volunteers. These double units were split into one unit 
with PAGGSM (pH 8.2) and one unit with PAGGGM as AS and analyzed weekly. In the current 
study we show that units stored in PAGGGM consumed more glucose and were able to maintain 
2,3-diphosphoglycerate (2,3-DPG) for a longer storage time. This difference occurred despite 
a similar intracellular and extracellular pH. We also show that PFK was more bound to the 
membrane of erythrocytes stored in PAGGGM. These results show that chloride can directly 
affect PFK localization and thereby the glycolysis. 

 

Material and methods

Reagents
HiMark™ pre-stained protein standard was from Invitrogen (Pailey, United Kingdom). 

IRDye 680LT conjugated goat anti-rabbit IgG, IRDye 680LT conjugated goat anti-mouse IgG, 
IRDye 800CW conjugated donkey anti-goat IgG and the Odyssey were obtained from Licor 
Biosciences (Lincoln, Nebraska, USA). Goat anti-aldolase was from Polysciences (Eppelheim, 
Germany). Mouse anti-glyceraldehyde-3-phosphate dehydrogenase was obtained from 
Millipore (Billerica, MA, USA). Rabbit anti-phosphofructokinase and mouse anti-actin were 
from Sigma-Aldrich (Zwijndrecht, the Netherlands). Rabbit anti-pyruvate kinase was kindly 
provided by dr. R. van Wijk from the University of Utrecht, Utrecht, the Netherlands.

Isolation and storage of erythrocytes
Blood studies were approved by the Sanquin Research institutional medical ethical committee 

in accordance with the standards laid down in the 1964 Declaration of Helsinki. Erythrocytes 
were collected from 4 healthy donors via double-erythrocytapheresis by a Haemonetics MCS+ 
(Haemonetics, Breda, The Netherlands). During collection, CPD-50 was added as an anti-
coagulant in a ratio of 1:16 (vol/vol). After collection of 400 millilitres packed erythrocytes, 
the packed erythrocytes were split into 2 units of 200 ml. After addition of 90 to 110 millilitres 
additive solution, PAGGSM (pH 8.2) to one unit and PAGGGM to the other, the units were 
filtrated to remove residual white cells and platelets. The resulting red cell concentrates (RCC)
had an average volume of 230 millilitres, a hematocrit (hct) of 60 percent (vol/vol) and contained 
fewer than 1x106 white blood cells (as determined with LeukoCount system, Beston Dickinson, 
San Jose, CA) whereas platelet counts were below detection limit (determined with an Advia 
2120, Siemens Medical Solutions Diagnostics, Breda, the Netherlands). The erythrocytes were 
stored at 4 ºC in a standard blood bank refrigerator.

2,3-DPG, ATP and lactate measurements in erythrocytes
2,3-DPG, ATP and lactate were measured as described elsewhere1. In short, extracts were 

made by diluting 600 µl erythrocytes with 900 µl PBS and then deproteinized with 60 µl 
perchloric acid (70% weight/vol). After 30 minutes on ice, the extracts were centrifuged for 
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5 minutes at 4 ºC at 6,000g and 56 µl 5 M K2CO3 was added to 1 ml deproteinized supernatant 
for neutralization.

2,3-DPG was measured with the 2,3-DPG kit of Roche (Mannheim, Germany). Lactate was 
analyzed with the kit from Trinity Biotech (St Louis, MO). ATP was analyzed with the glucose/
hexokinase reaction as described elsewhere1.

Hemolysis
Hemolysis was determined as described elsewhere1. Briefly, free hemoglobin was determined 

by absorbance measurement of cell supernatant at 415 nm or 540 nm by a spectrophotometer 
(Rosys Anthos ht3, Anthos Labtec Instruments GmbH, Salzburg, Austria), with correction for 
plasma absorption if necessary. Hemolysis was expressed as a percentage of total hemoglobin 
present in RCC after correction for Hct.

Measurement of intracellular pH
Intracellular pH (pHi) was measured as described elsewhere2. Briefly, 1 ml RCC samples were 

centrifuged for 5 minutes at 21,000g after which the supernatant was removed. Subsequently, 
the dry pellet was frozen in liquid nitrogen. After thawing, 400 µl deionized water was added 
and the pH of the resulting lysate was measured in a Rapidlab 865 (Siemens Medical Solution 
Diagnostics, Deerfield, IL).  

Potassium, sodium, glucose and extracellular pH measurements
Potassium, sodium, glucose and extracellular pH (pHe) were measured with a Rapidlab 865 

(Siemens Medical Solution Diagnostics).

Isolation of erythrocyte membranes
Membranes were isolated with a hypotonic NaPi buffer as follows. Membranes were isolated 

from 1*108 erythrocytes by first incubating in 300 µl PBS supplemented with EDTA-free protease 
inhibitor mix (PIM, 1 tablet dissolved in 100 ml PBS) (Sigma-Aldrich). After incubation for 
30 minutes at 37 °C, the cells were centrifuged and the supernatant was removed. The cells 
were lysed in 1 ml 5 mM NaPi, supplemented with 1 tablet PIM per 100 ml, and centrifuged 
for 30 minutes at 21,000g at 4 °C. After centrifugation, the supernatant was removed and the 
pellet fraction was washed two times. The final membrane was resuspended in 100 µl NaPi 
supplemented with PIM and stored at -80 °C until use.

Membrane bound glycolytic enzymes
Isolated membranes were analyzed for bound PFK, aldolase, pyruvate kinase (PK), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and actin. Prior to loading of 
the membranes on a gel, the membranes were treated with sample buffer containing 
ß-mercaptoethanol for 10 minutes at 95 °C. Membrane was loaded from a total of 1.25*107 

erythrocytes on a 12.5 % SDS-PAGE gel. Subsequently, the proteins were transferred to a PVDF 
membrane via western blotting (Bio-rad, Veenendaal, the Netherlands). After western blotting, 
the PVDF membrane was cut at 45 kDa and 71 kDa. All parts of the PVDF membrane were 
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individually blocked for 1 hour with 2 % milk powder (Campina, the Netherlands) in TBST 
(weight/vol). The top part of the membrane was subsequently incubated with 2 % milk powder 
in TBST supplemented with 1:300 rabbit anti-PFK, the middle part was incubated with 2 % milk 
powder in TBST supplemented with 1:10,000 rabbit anti-PK. The bottom part of the membrane 
was incubated with 2 % milk powder in TBST supplemented with 1:2,500 goat anti-aldolase 
and 1:10,000 mouse anti-GAPDH. After overnight incubation at 4 °C, the blots were washed 
extensively with TBST. Subsequently, the blots were incubated with 1:10,000 donkey anti-
goat IgG-800 in 2 % milk powder in TBST for 45 minutes at room temperature. After washing 
extensively with TBST, the blots were incubated with 1:10,000 goat anti-rabbit IgG-680 in 2 % 
milk powder in TBST, top and middle part, or 1:10,000 goat anti-mouse IgG-680 in 2 % milk 
powder in TBST for the lower part. After incubation for 45 minutes at room temperature and 
extensive washing with TBST, the blots were analyzed with an Odyssey and analyzed with 
computer software (Odyssey software 3.01, Licor Biosciences). 

Subsequently, the bottom parts of the blots were stripped to analyze the amount of actin 
blotted on the PVDF membrane as a loading control. This was performed by incubating the 
membranes for 10 minutes in stripping buffer (200 mM glycine, 3.5 mM SDS, 1 % tween 20 
[vol/vol], pH 2.2). After 10 minutes the stripping buffer was refreshed for another 10 minute 
incubation. After washing the membranes extensively with PBS and TBST, the PVDF 
membranes were blocked as described above. Subsequently, the membranes were incubated 
with 2 % milk powder in TBST supplemented with 1:5,000 mouse anti-actine. After overnight 
incubation at 4 °C, the blots were washed extensively with TBST. Subsequently, the blots were 
incubated with 1:10,000 goat anti-mouse IgG-680 in 2 % milk powder in TBST. After incubation 
for 45 minutes at room temperature and extensive washing with TBST, the blots were analyzed 
with an Odyssey and analyzed with computer software. PFK, aldolase, PK and GAPDH band 
intensities are expressed as a ratio of actin.

Statistical analysis
Data was analyzed using Graphpad Prism 5.01 for Windows (GraphPad Software, La Jolla, 

CA). Statistical analysis was performed by 2-way ANOVA tests with the Bonferroni post-tests 
to compare means over time.

 Results
We have previously shown that erythrocytes stored in the new additive solution PAGGGM 

were able to maintain both 2,3-DPG and ATP levels during 42 days storage under standard 
blood bank conditions2.  Although we had hypothesized that PAGGGM exerts its effect via the 
chloride shift proposed by Meryman et al4,  resulting in an increased intracellular pH, we did 
not always observe a difference in intracellular pH between units stored in the standard AS 
SAGM or the experimental AS PAGGGM. This suggested that PAGGGM affects the glycolysis 
of stored erythrocytes in another way. We therefore investigated the possibility that the effect 
on 2,3-DPG and ATP levels are a direct effect of chloride itself. Erythrocyte units were stored 
either in PAGGSM (pH 8.2) or PAGGGM with the only difference between the units being the 
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presence or absence of chloride. To exclude donor variation, double-erythrocytapheresis units 
were collected from healthy volunteers. After addition of the ASs, the units were leukoreduced 
and stored under standard blood bank conditions at 4 °C. In line with our previous study, we 
observed no difference in intracellular or extracellular pH between units stored in PAGGSM 
(pH 8.2) or PAGGGM (figures 1a and b). This again showed that the chloride shift was not 
sufficient to increase the intracellular pH. Surprisingly, the potassium leakage was increased 
in units stored in PAGGSM (pH 8.2) (figure 1c). Moreover, hemolysis was slightly higher in 
PAGGSM (pH 8.2) stored units (figure 1d). Despite this, the hemolysis remained well below the 
limit of international standards in both PAGGSM (pH 8.2) and PAGGGM-stored erythrocytes.

The glucose levels were lower in PAGGGM-stored units after 7 days of storage (figure 2a), 
but the lactate levels were similar (figure 2b). This suggested that other intermediates were 
increased in PAGGGM-stored erythrocytes. Although we did not observe a difference in ATP 
levels between PAGGSM (pH 8.2) and PAGGGM (figure 2c), erythrocytes stored in PAGGGM 
showed significantly higher 2,3-DPG levels after 21 days of storage and also maintained 2,3-
DPG levels for a longer storage time (figure 2d). It has to be noticed that in the current study, 
PAGGSM (pH 8.2) stored erythrocytes also had relatively high 2,3-DPG levels for a long storage 
time.

To investigate whether the chloride shift indeed has a direct effect on the activity of glycolytic 
enzymes, the localization of several glycolytic enzymes was determined (see figure  3 for the 

Figure 1: pH, potassium concentrations and hemolysis. Both the intracellular pH (a) and extracellular pH 
(b) are similar between erythrocyte units with PAGGSM (pH 8.2) and PAGGGM as AS. (c) The potassium leakage 
is higher in PAGGSM stored units than PAGGGM-stored units. (d) After 14 days of storage, the hemolysis is 
slightly higher in PAGGSM (pH 8.2) stored units, but still within international limits. () represents PAGGSM 
(pH 8.2). () represents PAGGGM. Results shown represent mean ± 1 SD of 4 units. * p<0.05; ** p< 0.01; *** 
p<0.001
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glycolytic pathway). It is well known that binding of several glycolytic enzymes to the erythrocyte 
membrane directly influences their activity8. During storage, membranes from erythrocytes 
were isolated using a hypotonic buffer. Subsequently, the membranes were analyzed for PFK, 
aldolase, PK and GAPDH.  As a loading control for the amount of membrane, actin was also 
analyzed. By using fluorescent labels and analyzing the blots on fluorescence, we were able to 
quantify the bands and correct for loading differences (figure 4a). This correction appeared to 
be necessary since the amount of actin per mg of membrane protein varied at different time 
points of storage, probably due to the presence of varying amounts of hemoglobin in the isolated 
membranes. 

The amount of PFK binding to the erythrocyte membrane was initially similar between 
PAGGSM (pH 8.2) and PAGGGM-stored erythrocytes, but after 7 days of storage PAGGGM-
stored erythrocytes showed a significant higher amount of membrane-bound PFK when 
compared to PAGGGSM (pH 8.2) stored erythrocytes (figure 4b). This correlates with the 
observed levels of 2,3-DPG, which show a trend to be higher in PAGGGM-stored erythrocytes 
throughout storage and are significantly higher after 21 days of storage. Although the binding of 
PFK to PAGGSM-stored erythrocytes remained similar throughout storage, the amount of PFK 
bound to PAGGGM-stored erythrocytes increased during storage.

 The amount of aldolase bound to the erythrocyte membrane varied during storage but 
did not seem to be differentially affected by the additive solutions (figure 4c). The amount of 

Figure 2: Metabolites. The metabolism of erythrocytes stored in PAGGGM is higher than in erythrocytes 
stored in PAGGSM (pH 8.2) as can be seen from the decreased glucose levels (a). (b) The lactate levels are 
similar between PAGGSM units and PAGGGM units. Although the ATP levels are similar between PAGGSM 
(pH 8.2) and PAGGGM-stored units (c), the 2,3-DPG levels are longer maintained in PAGGGM-stored units 
(d). () represents PAGGSM (pH 8.2). () represents PAGGGM. Results shown represent mean ± 1 SD of 4 
units. * p<0.05; ** p<0.01; *** p<0.001
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membrane bound GAPDH (figure 4d) and PK (figure 4e) rapidly decreased during the first 
weeks of storage in both PAGGSM (pH 8.2) and PAGGGM-stored erythrocytes, but also showed 
no differences between the two additive solutions.

 

Discussion
During storage of red cell concentrates used for transfusion purposes, ATP declines steadily 

while 2,3-DPG is rapidly depleted1,2,10,11. The interaction between 2,3-DPG and hemoglobin 
regulates the affinity of hemoglobin for oxygen and thereby influences oxygen delivery. 
ATP as an energy source is important for the overall functioning of erythrocytes, including 
the maintenance of phospholipid asymmetry and activity of ion transporters12. With the 
new experimental AS PAGGGM we have previously shown that 2,3-DPG and ATP could be 
maintained for at least 35 days during storage of erythrocytes2. Moreover, we have shown that 
although PAGGGM is based on the chloride shift proposed by Meryman et al, the expected 
increase in intracellular pH in PAGGGM-stored erythrocytes was not observed4. It should, 
however, be noted that in the same study the intracellular pH was also higher than expected in 
the SAGM-stored erythrocytes. This is likely due to the different collection technique, which 
was erythrocytapheresis in that study and not whole blood collection as used in other studies1. 
As this makes it unlikely that PAGGGM exerts its affect on the glycolysis by increasing the 
intracellular pH, we hypothesized that chloride has a direct effect on the glycolysis of stored 

Figure 3: Reaction scheme of the glycolysis and the 2,3-DPG (Rapoport–Luebering) shunt. 
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erythrocytes.
In the present study, we did not observe a difference in intracellular pH between PAGGSM 

(pH 8.2) and PAGGGM-stored erythrocytes, again making it unlikely that the chloride shift 
exerts its affect on the erythrocyte glycolysis via an increase in intracellular pH. Surprisingly, 
PAGGSM (pH 8.2) stored erythrocytes showed more potassium leakage and slightly higher 
hemolysis during storage. It has been postulated that gluconate and citrate are able to stabilize 
the erythrocyte membrane13. It is therefore more likely that the lower potassium leakage and 
hemolysis observed in PAGGGM-stored erythrocytes is due to the presence of gluconate and 

Figure 4: Membrane bound glycolytic enzymes. (a) Representative western blot for membranes bound PFK, 
PK, aldolase, GAPDH and actin. (b) After 7 days of storage, more PFK is bound to the erythrocyte membrane 
of PAGGGM-stored erythrocytes than PAGGSM (pH 8.2) stored erythocytes. The amount of membrane bound 
aldolase remains similar during storage (c), while membrane associated GAPDH (d) and PK (e) decreased 
rapidly during the first weeks of storage. () represents PAGGSM (pH 8.2). () represents PAGGGM. Results 
shown represent mean ± 1 SD of 4 units. * p<0.05; ** p<0.01
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not because of the chloride shift.
Despite the lack of an increased intracellular pH, we did observe an increase in glucose 

consumption in PAGGGM-stored erythrocytes as can be concluded from the lower glucose 
levels. Surprisingly, we did not observe an increase in lactate concentration, indicating that 
erythrocytes stored in PAGGGM must have produced higher levels of metabolic intermediates. 
Although there were no differences in ATP levels, PAGGGM-stored erythrocytes did show 
higher levels of 2,3-DPG. This would indicate that chloride has a direct effect on 2,3-DPG 
metabolism.

In a previous study, we showed that PAGGGM probably stimulates PFK activity, thereby 
increasing both ATP and 2,3-DPG production. Previously, it has been shown that PFK is more 
active once bound to the erythrocyte membrane7. Binding of PFK to the erythrocyte membrane 
removes the allosteric inhibitory effects of ATP and 2,3-DPG14. As PFK is a key regulatory step 
in the glycolysis, this would result in an increased glycolytic rate and increased levels of ATP 
and 2,3-DPG15. However, chloride can affect the binding of PFK to the erythrocyte membrane in 
several ways. First of all, Higashi et al showed that when erythrocyte membranes were incubated 
in buffers with increasing chloride concentrations, PFK was gradually lost from the membranes7. 
Secondly, chloride can bind to hemoglobin thereby changing its conformation8,9,16. It is well 
known that depending on its conformation, hemoglobin can compete with several glycolytic 
enzymes, including PFK, for binding to the erythrocyte membrane17,18. Thus, chloride can both 
directly and indirectly affect the binding of PFK to the erythrocyte membrane. 

Recently, several publications showed that analysis of the erythrocyte membrane might 
give more insight in the changes occurring during storage of erythrocytes19-21. Therefore, we 
analyzed erythrocyte membranes during storage on the binding of several glycolytic enzymes. 
In the present study we first of all show that PFK binding is not constant throughout the storage 
period. PFK binding steadily increases, with a peak at day 28 of storage. This is 1 week after the 
peak of 2,3-DPG and ATP levels was observed, possible in an attempt to maintain 2,3-DPG 
and ATP production at high levels. Despite this, the ATP and 2,3-DPG levels still decline, likely 
due to the decreasing intracellular pH which also has an inhibitory role on the glycolysis22.  
Moreover, we show that after 7 days of storage, more PFK is bound to the erythrocyte membrane 
in erythrocytes stored in PAGGGM than in erythrocytes stored in PAGGSM (pH 8.2). This is 
in line with the observation that the 2,3-DPG levels are higher in the first weeks of storage in 
PAGGGM-stored erythrocytes than PAGGSM (pH 8.2) stored erythrocytes. 

The amount of GAPDH bound to the erythrocyte membrane decreased rapidly during 
the first 2 weeks of storage after which the amount of membrane associated GAPDH remains 
constant. Binding of GAPDH to the erythrocyte membrane inhibits its catalytic activity, thus a 
decrease of membrane bound GAPDH might increase its activity. This might thus be an attempt 
of the stored erythrocyte to increase its glycolysis in an attempt to preserve ATP and 2,3-DPG 
levels. Binding of PK to the erythrocyte membrane showed a similar pattern as observed with 
GAPDH. 

In conclusion, the present study shows that although the chloride shift does not lead to an 
increased intracellular pH, it does lead to an increased glycolytic rate during the first weeks of 
storage. This creates enough metabolic reserves to maintain 2,3-DPG and ATP levels during the 
remaining storage period. Furthermore, we show that the chloride shift results in an increased 
amount of membrane bound PFK, while not affecting membrane-bound aldolase, GAPDH 
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and PK. The increased glycolytic rate is likely the result of this increased binding. It would be 
very interesting to investigate whether the glycolytic intermediates correlate with the observed 
metabolites and the amount of membrane bound glycolytic enzymes. Especially the levels of 
fructose-1,6-diphosphate, dihydroxyacetone phosphate and glyceraldehyde-3-phosphate 
would be interesting as these results might indicate whether PFK activity is indeed higher in 
PAGGGM-stored erythrocytes than PAGGSM (pH 8.2) stored erythrocytes. The next step 
would be to investigate whether the effect of the chloride shift is the result of a direct effect on 
binding of PFK to the erythrocyte membrane or an indirect affect by inducing a conformational 
change in hemoglobin, which results in increased affinity for the band 3 binding domain, 
thereby removing PFK from the erythrocyte membrane.
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 Abstract
A donation of whole blood is most commonly collected in acidic citrate-phosphate-dextrose 

(CPD) variants with pH 5.2 to 6.2 as anticoagulants. Previously, we have shown that the initial 
pH after red cell preparation can have an effect on red cell concentrates (RCC) during storage. 
First, we investigated the effect of the pH of the anticoagulant on red cell concentrates. Second, 
we investigated the possibility to decrease the pH of our new additive solution (AS) PAGGGM 
from pH 8.2 to 7.4 in combination with an anticoagulant with a physiological pH.

Whole blood was collected in CPD (pH 5.6) or trisodiumcitrate (TNC) (pH 7.4) and 
leukoreduced units were prepared using SAGM as AS. Second, whole blood was collected in 
TNC (pH 7.4) and leukoreduced units were prepared using PAGGGM (pH 7.4) or PAGGGM 
(pH 8.2) as AS. During cold storage, several in vitro characteristics were analyzed.

In agreement with our previous findings the initial pH of whole blood has an effect during 
storage of RCC. In the second part we show that there are no differences between PAGGGM 
(pH 7.4) and PAGGGM (pH 8.2) units when an anticoagulant with a physiological pH was used.

These results indicate that the pH of the anticoagulant used during whole blood collection 
has an effect during storage of RCC. When an anticoagulant with a physiological pH is used 
during whole blood collection, the pH of PAGGGM can be decreased to physiological levels, 
while maintaining ATP and 2,3-DPG levels.
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Introduction
A donation of whole blood is usually separated to yield different products for different 

transfusion purposes. As anticoagulant, most commonly used are the acidic CPD variants with 
a pH ranging from 5.2 to 6.2. This low pH is needed, since glucose will caramelize during the 
sterilization process when a higher pH is used. However, in a recent study, we have shown that 
the initial pH after red cell concentrate (RCC) preparation can have an effect on red cell in vitro 
storage parameters throughout the entire storage period1. Therefore, from a storage point of 
view, collecting whole blood in an anticoagulant with a more physiological pH might improve 
the quality of the stored erythrocytes.

During routine storage of erythrocytes, 2,3-DPG declines rapidly and is depleted within 
2 weeks of storage, while the ATP levels decrease more slowly2. Both are important for the 
normal function of erythrocytes, as the levels of 2,3-DPG determine the affinity of hemoglobin 
to oxygen3,4, while the ATP levels play an important role in maintaining the phospholipid 
asymmetry of the erythrocyte membrane5. 

In recent studies published by our group1,2 we have shown that a newly formulated additive 
solution (AS), phosphate-adenine-glucose-guanosine-gluconate-mannitol (PAGGGM), has 
improved in vitro storage characteristics as compared to the AS frequently used in Europe, i.e. 
saline-adenine-glucose-mannitol (SAGM, see table 1 for AS compositions). The composition 
of PAGGGM is based on the hypothesis of Meryman et al6 that a chloride free AS with a high 
pH (i.e. pH 8.2 compared to SAGM with a pH of 6.2), would result in an increased rate of 
glycolysis. This resulted in the combined maintenance of 2,3-diphosphoglycerate (2,3-DPG) and 
adenosine-triphosphate (ATP) levels throughout the storage period. However, we hypothesized 
that a physiological pH of PAGGGM would be possible if whole blood would be collected in an 
anticoagulant with a physiological pH.

In the current study we first determined the effect of collecting whole blood in an anticoagulant 
with a physiological pH. To this end, whole blood was either collected in CPD with a pH 5.6 
or trisodiumcitrate (TNC) with a pH of 7.4. Subsequently, leukoreduced red cell concentrates  
(RCC) were prepared using SAGM as an AS. In line with our expectations, SAGM units collected 

Table 1: Composition of SAGM and PAGGGM

50
1.25

150

29
6.2

Glucose (anhydrous) (mmol/L)
Adenine (mmol/L)
Guanosine (mmol/L)
NaCl (mmol/L)
Na-gluconate (mmol/L)
NaH2PO4•2H2O (mmol/L)
Na2HPO4•2H2O (mmol/L)
Mannitol (mmol/L)
pH

Ingredients SAGM for CPD 
collections

SAGM for TNC 
collections

PAGGGM pH 
7.4 for TNC 
collections

PAGGGM pH 
8.2 for TNC 
collections

100
1.25

150

29
6.2

97.5
1.44
1.44

40
8
8
55
7.4

97.5
1.44
1.44

40
8
8
55
8.2
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in TNC already maintained 2,3-DPG 
for a longer period compared to SAGM 
units collected in CPD. However, the 
2,3-DPG was still depleted after 3 
weeks of storage. In the second part of 
the study, we explored the possibility to 
combine anticoagulant TNC with our 
AS PAGGGM both at physiological pH. 

 Materials and methods

Isolation and storage of erythrocytes
Whole blood was collected from 12 healthy volunteers. During collection, CPD (pH 5.6) 

or TNC (pH 7.4) (see Table 2 for anticoagulant compositions) were mixed with whole blood in 
a final ratio of 1:7 in bottom-and-top blood collection systems with integrated leukoreduction 
filters used (T3941, Fresenius HemoCare, Emmer Compascuum, the Netherlands; if applicable 
CPD was replaced by TNC). Leukoreduced RCCs were prepared by centrifugation of whole-
blood collections (8 minutes, 2800g), which had been stored for 12 to 18 hours at 20 to 24 °C. 
After removal of the buffy coat, 110 mL of AS (sterilized by filtration over 0.2-mm filters, 
stored at room temperature for maximal 2 weeks, variable composition; see table 1) was added, 
and filtration of the erythrocyte suspension was carried out to remove residual white blood 
cells (WBCs). To adjust for the difference in glucose levels between CPD and TNC, units 
manufactured from whole blood collected in TNC had an additive solution with a higher glucose 
concentration (see table 1). The difference in pH between PAGGGM (pH 7.4) and PAGGGM 
(pH 8.2) was obtained by adding less 5 M NaOH while manufacturing PAGGGM. The resulting 
PAGGGM ASs had a similar osmolarity. The resulting RCCs had a volume of 275 to 320 mL, a 
hematocrit (Hct) of approximately 60 percent (vol/vol) and contained fewer than 1*106 WBCs 
per unit (as determined with a Nageotte hemocytometer), whereas platelet counts were below 
detection limit (determined with an Advia 2120, Siemens Medical Solutions Diagnostics, Breda, 
the Netherlands). After preparation, the erythrocytes were stored in 600-mL polyvinylchloride 
storage bags (Fresenius Hemocare) at 2 to 6 °C in a standard blood bank refrigerator.

2,3-DPG, ATP and lactate measurements in erythrocytes
2,3-DPG, ATP and lactate were measured as described elsewhere1. In short, extracts were 

made by diluting 600 µl erythrocytes with 900 µl PBS and then acidified with 60 µl perchloric 
acid (70% weight/vol). After 30 minutes on ice, the extracts were centrifuged for 5 minutes at 4 ºC 
at 6,000g and 56 µl 5 M K2CO3 was added to 1 mL deproteinized supernatant for neutralization. 
Samples were kept frozen till analysis.

2,3-DPG was measured with the 2,3-DPG kit from Roche (Mannheim, Germany). Lactate 
was analyzed with the kit from Trinity Biotech (St Louis, MO). ATP was analyzed with the 
glucose/hexokinase reaction as described elsewhere1.

Table 2: Composition of anticoagulants

89.4
15.5
14.1
128.6
5.6

136

7.4

Na3citrate•2H2O (mmol/L)
Citric acid•H2O (mmol/L)
Na2HPO4•2H2O (mmol/L)
glucose•H2O (mmol/L)
pH

    Ingredients        CPD               TNC
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Hemolysis
Hemolysis was determined as described previously1. Briefly, free hemoglobin was determined 

by absorbance measurement of cell supernatant at 415 nm or 514 nm by a spectrophotometer 
(Rosys Anthos ht3, Anthos Labtec Instruments GmbH, Salzburg, Austria), with correction for 
plasma absorption if necessary. Hemolysis was expressed as a percentage of total hemoglobin 
present in RCC after correction for Hct.

Measurement of intracellular pH
Intracellular pH (pHi) was measured as described2. Briefly, 1 mL erythrocyte samples were 

centrifuged for 5 minutes at 21,000g after which the supernatant was removed. Subsequently, 
the dry pellet was frozen in liquid nitrogen. After thawing, 300 to 350 µl deionized water was 
added and the pH of the resulting lysate was measured in a Rapidlab 860 (Siemens Medical 
Solutions Diagnostics, Breda, the Netherlands).  

Potassium, sodium, glucose and extracellular pH measurements
Potassium, sodium, glucose and extracellular pH (pHe) were measured with a Rapidlab 860 

(Siemens Medical Solution Diagnostics).

Figure 1: Effect of physiological pH of the anticoagulant on pH, potassium concentrations and hemolysis of 
RCCs in standard SAGM during storage. Whole blood was collected in CPD () or in TNC (). Subsequently, 
RCC units were prepared with SAGM as additive solution as described in material and methods. Results shown 
represent mean ± 1 SD of 3 units. * p<0.05; ** p<0.01; *** p<0.001
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Statistical analysis
Data was analyzed using Graphpad Prism 5.01 for Windows (GraphPad Software, La Jolla, 

CA). Statistical analysis was performed by 2-way ANOVA tests with the Bonferroni post-tests 
to compare means over time.

 Results
In a previous study, we found that depending on the method of preparation, 2,3-DPG levels 

were better maintained when the units had an initial higher pHi when compared to units with an 
initial lower pHi

1.This suggested that there might be a memory effect, which influences glycolysis 
for a long period. To further explore the effect of a difference in the initial pH during blood 
collection and storage, we collected whole blood units with CPD (pH 5.6) or with TNC (pH 7.4) 
as an anticoagulant. After leukodepletion, SAGM was added to the red cell concentrates. During 
the first 2 weeks of storage, the TNC units had both a significantly higher pHi and a significantly 
higher pHe (figure 1a and 1b) (p<0.05). After 2 weeks of storage the potassium leakage was 
higher in the TNC units (figure 1c) (p<0.05), although there was no difference in hemolysis, 
which remained well below the limit of international standards (figure 1D). The consumption of 
glucose and production of lactate showed no differences (figures 2a and b). Also, the ATP levels 
remained similar throughout storage (figure 2c). However, the 2,3-DPG levels were significantly 
higher in TNC units than in CPD units during the first 2 weeks of storage (p<0.01) (figure 2d). 

Figure 2: Effect of physiological pH of the anticoagulant on glucose, lactate, ATP and 2,3-DPG levels of 
RCCs in standard SAGM during storage. The same units as described in the legend of figure 1, where whole 
blood was collected in CPD () or in TNC () and subsequently, RCC units were prepared with SAGM as 
additive solution, were analyzed. Results shown represent mean ± 1 SD of 3 units. * p<0.05; ** p<0.01; *** 
p<0.001
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This seems to correlate with the increased pH seen during the first 2 weeks of storage.
Next, we tested the feasibility of lowering the pH of our new additive solution PAGGGM 

”alkaline pH” to a physiological pH, in combination with an anticoagulant with a physiological 
pH. We collected whole blood in TNC (pH 7.4) and, after leukodepletion, PAGGGM with a pH 
of 7.4 or PAGGGM with a pH of 8.2 was added. Despite the fact that there was a difference in 
starting pH between the 2 additive solutions, there was no significant difference in pHi or pHe 
during storage (figure 3a and 3b). The potassium leakage was similar (figure 3c) and hemolysis 
remained below the limit of international standards (figure 3d). Because there was no difference 
in pH we did not expect a difference in the rate of glycolysis. Indeed, there was no statistically 
significant difference in glucose and lactate levels during storage (figures 4a and 4b). ATP and 
2,3-DPG levels were also similar during the storage period (figures 4c and 4d).

SAGM and PAGGGM (pH 7.4 and pH 8.2) units prepared from whole blood collected in 
TNC were compared. Compared to the SAGM units manufactured from TNC whole blood, the 
PAGGGM units showed the same pHi and pHe values (figure 5a and b). The potassium leakage 
was higher in SAGM units in week 2 and 3 of storage (P<0.05), but was similar after that (data 
not shown). There were no differences in the levels of hemolysis either, which remained minimal 
over the whole storage period (data not shown). The glucose levels were decreased throughout 
storage in PAGGGM units, but only significantly different from week 3 onwards (p<0.001) and 
the lactate levels were increased from week 2 in PAGGGM units when compared to SAGM 
units (p<0.01) (data not shown). Despite this, the ATP levels were increased in PAGGGM units 
from week 3 on (p<0.05) and the 2,3-DPG levels were increased from week 1 on (p<0.01) in 

Figure 3: pH, potassium concentrations and hemolysis of RCCs stored in PAGGGM media with different 
pH.  Whole blood was collected in TNC (pH 7.4) and RCC units were prepared with PAGGGM with a pH of 7.4 
() or PAGGGM with a pH of 8.2 (). Results shown represent mean ± 1 SD of 3 units. 
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PAGGGM units (figure 5c and d). The glucose consumption and lactate production (per week 
of storage) were only significantly increased during the first week (figure 6a and b) in PAGGGM 
units.  

 

Discussion
For a long time now whole blood is collected in CPD, CPD-A or CP2D, all with a low pH. 

The main reason for this is that glucose can only be sterilized at a low pH. Sterilizing glucose at 
a pH of 6 or above will result in caramelization. However, for storage of RCC, the glucose does 
not need to be present in the anticoagulant, as glucose is present in the additive solutions used to 
supplement the erythrocyte suspension. When the glucose normally present in CPD would be 
added to the additive solution, the glucose would no longer be needed in the anticoagulant. This 
would make the use of an anticoagulant with a higher pH possible. Moreover, in our previous 
study we found evidence that the initial pH in RCCs might have an effect throughout the entire 
storage period of erythrocytes1. Therefore, we hypothesized that collecting whole blood in an 
anticoagulant with a higher pH than CPD might improve the quality of RCCs.

When we consider the 2,3-DPG levels of erythrocytes collected either in CPD or TNC and 
stored in SAGM, we can indeed conclude that the higher pH of TNC has a positive effect on the 
in vitro quality parameters of the RCCs (figure 1). It could be that this is caused by the increased 
intra- and extracellular pH of the TNC units at the start of the study (figure 2). However, 

Figure 4: Glucose, lactate, ATP and 2,3-DPG levels of RCCs stored in PAGGGM media with different 
pH. The same units as described in the legend of figure 3, where whole blood was collected in TNC (pH 7.4) 
and RCC units were prepared with PAGGGM with a pH of 7.4 () or PAGGGM with a pH of 8.2 (), were 
analyzed. Results shown represent mean ± 1 SD of 3 units. 
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Figure 5: Comparison of units collected in TNC (pH 7.4) and stored in SAGM, PAGGGM (pH 7.4) and 
PAGGGM (pH 8.2). For comparison, data from SAGM units collected in TNC () and PAGGGM (pH 7.4) 
() and PAGGGM (pH 8.2) () units collected in TNC were merged. Statistical analyses were performed 
comparing SAGM units with PAGGGM units and were only considered different when both PAGGGM ASs 
were significantly different from the SAGM units. Results shown represent mean ± 1 SD of 3 units. * p<0.05; ** 
p<0.01; *** p<0.001
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Figure 6: Glucose consumption and lactate production in RCCs stored in PAGGGM media with different 
pH.  The same units as described in the legend of figure 3, where whole blood was collected in TNC (pH 7.4) 
and RCC units were prepared with PAGGGM with a pH of 7.4 () or PAGGGM with a pH of 8.2 (), were 
analyzed. Glucose consumption and lactate production were calculated from the glucose and lactate levels 
measured once every week during storage. For comparison, data are also shown from units collected in TNC 
with SAGM as additive solution (). Results shown represent mean ± 1 SD of 3 units. * p<0.05 
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although the TNC units maintained 2,3-DPG for a longer time, 2,3-DPG was still depleted after 
3 weeks of storage.

The units collected in TNC (pH 7.4) and stored in PAGGGM (pH 7.4) maintained 2,3-DPG 
and ATP levels much better than during storage in SAGM (figure 5c and 5d). This is comparable, 
both in absolute levels as in kinetics to what we observed in previous studies with PAGGGM 
(pH 8.2) units collected in CPD1,2. Surprisingly, although chloride depletion has been proposed 
to increase the pHi, we observed no differences in pHi or pHe between PAGGGM and SAGM 
units (figure 5a and 5b)6. As PAGGGM does show an effect on 2,3-DPG and ATP levels, chloride 
depletion probably does not exerts its effect via an increase in pHi, but via another, yet unknown, 
way. In line with this hypothesis is the absence of differences in pHe or pHi in PAGGGM (pH 7.4) 
and PAGGGM (pH 8.2) units. 

By using an anticoagulant and AS with a physiological pH several issues arise. First of all, 
as stated previously, the main reason for using an acidic anticoagulant and additive solution is 
that this allows heat-sterilization of the glucose present in the solutions. At a higher pH, such 
as present in TNC and PAGGGM, glucose will caramelize during heat-sterilization. However, 
several manufacturers have produced and published divided systems, in which the glucose is 
kept separate from the other components of the additive solution7-9. By keeping the glucose 
separate, heat sterilization of the solution will be possible.

Secondly, whole blood collected with TNC will have a lower glucose concentration than 
whole blood collected with CPD and will be less acidic. Therefore, one must take into account 
the effect this will have on the other isolated blood components, namely plasma and platelets. 
Plasma is often collected via plasmapheresis, in which TNC is used as an anticoagulant10,11. 
Therefore, we do not expect any negative impact on the quality of plasma when we collect whole 
blood with TNC as anticoagulant.

Unlike plasma, platelets need glucose which is normally supplied by CPD added during 
whole blood collection. When TNC is used as an anticoagulant, platelet concentrates can only 
use glucose already present in the plasma. In plasma, glucose levels range from 4 to 6 mM. Under 
normal conditions, platelet concentrates use 5 mM of glucose during their 7 days of storage12, 
which suggests that the glucose present in the plasma might not be enough and should be added 
during preparation. A possibility could be to use an additive solution, which contains glucose 
and/or other metabolites like acetate, for storage of the platelet concentrates. Further analysis of 
platelet concentrates obtained from whole blood collected with TNC as anticoagulant would be 
required to show the feasibility of this approach.

In conclusion, the present study shows that the pH of the anticoagulant does have an effect 
that influences RCC in vitro parameters throughout the storage period. The results show that 
an increased initial pH in SAGM units maintains 2,3-DPG for a longer period, but it is not 
enough to maintain 2,3-DPG during 5 weeks of storage. However, the combination of both 
anticoagulant and PAGGGM medium with a physiological pH is able to maintain ATP and 2,3-
DPG throughout storage. Even though this does not result in large changes in both intra- and 
extracellular pH from SAGM units collected in CPD, the metabolic parameters of these units are 
far better. A next logical step would be to test in vivo if this improved metabolic quality will also 
result in a better post-transfusion recovery and survival of the stored erythrocytes.
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Abstract 
Erythrocytes undergo several changes during storage that alter their function and their 

clearance after transfusion. Whether these changes affect the clinical outcome of transfused 
patients is subject of ongoing discussion. Here, we report that incubation of stored erythrocytes 
in an in vitro transfusion model leads to increased potassium leakage, hemolysis, PS exposure 
and vesicle formation. Moreover, we show that these effects increase with increasing storage 
time. 

Furthermore, we provide evidence that erythrocytes can reverse PS exposure by shedding 
parts of their membrane as vesicles. These vesicles can serve as a platform for the coagulation 
cascade. We also demonstrate that long stored erythrocytes have decreased flippase activity and 
increased scrambling activity in our transfusion model, which leads to PS exposure and the 
release of vesicles.  Lastly, we identify potassium leakage to be the cause of the decreased flippase 
activity. 

These findings reveal that potassium leakage, a well-known phenomenon of prolonged 
erythrocyte storage, makes the erythrocytes prone for PS exposure. The PS exposure will lead 
to vesicle formation and might have an important impact on the post-transfusion function and 
side-effects of stored erythrocytes.
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Introduction
During storage, erythrocytes undergo changes that affect their in vivo survival and function, 

which are collectively termed the “storage lesion”1. Besides affecting the function and viability 
of the transfused erythrocytes, evidence exists that the storage lesion of red blood cells has 
deleterious side-effects for the recipient. Currently, the only two requirements to the storage of 
erythrocytes is an overall hemolysis during storage of less than 0.8 % for Europe and 1.0 % for 
North-America and a post-transfusion survival of at least 75 % of the total amount of transfused 
erythrocytes1,2. Although the exact mechanisms by which transfused erythrocytes are rapidly 
cleared are unknown, there is growing evidence that storage time negatively influences 
erythrocyte viability and clinical outcome of the transfused recipients3-6. Recent studies have 
shown that the negative impact of long stored erythrocytes on clinical outcome might not be a 
direct effect of the transfused erythrocytes, but the presence of cell-free hemoglobin, iron and 
the formation of vesicles during storage7-11.

One of the markers commonly used to determine the quality of stored erythrocytes is the 
presence of phosphatidylserine (PS) on the outside of the membrane12. In healthy cells, the 
phospholipids in membranes are asymmetrically distributed with, most notably, PS on the 
inner leaflet of the membrane13. The asymmetrical distribution of the lipid bilayer of cells is 
controlled by three different mechanisms14. First, an inward-directed flippase transports several 
phospholipids on the inside of the cell. Secondly, an outward-directed floppase transports 
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 bilayer. 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 can 
lead to phagocytosis, either directly via PS-recognizing receptors15-18 or via opsonization by PS-
bridging proteins such as lactadherin19-21 or Gas622. On the other hand, PS exposure has also been 
shown to be important for activation of the coagulation cascade and has been claimed to play 
a role in membrane vesicle formation as well23. Thus, PS exposure on erythrocytes could serve 
several functions ranging from being an “eat me” signal to being a factor to support coagulation.

During long term storage, up to 42 days, of leukoreduced erythrocytes very little PS exposure 
is observed, but it is unknown if subsequent transfusion of stored erythrocytes induces PS 
exposure on the cell surface. We hypothesized that stored erythrocytes show additional damage 
including PS exposure after transfusion, which might explain the adverse clinical outcomes 
of patients receiving long stored erythrocytes. To study this hypothesis we set up an in vitro 
transfusion model by incubating stored erythrocytes in whole blood. First, we showed that 
dilution of long stored erythrocytes in whole blood leads to an increase in hemolysis, potassium 
leakage, vesicle formation and PS exposure. Subsequently, PS exposure on stored erythrocytes 
after overnight incubation in whole blood was identified as a marker for erythrocytes that were 
prone to shed vesicles. Furthermore, the vesicles from long stored erythrocytes were found to be 
PS positive and to support the coagulation cascade. Lastly, we found leakage of potassium ions 
from stored erythrocytes to have a negative effect on flippase activity, thereby priming stored 
erythrocytes for PS exposure and subsequent shedding of pro-coagulant vesicles.
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 Materials and methods

Reagents
Annexin V alexa fluor 647 conjugated (AV-alexa647) and goat anti-human IgG alexa568 

(anti-human alexa568) were from Invitrogen (Pailey, United Kingdom). 1-Palmitoyl-2-[6-
[(7-nitro-2–1,3-benzoxadiazol-4-yl)amino]caproyl]-sn-glycero-3-phosphoserine  (NBD-PS), 
1-palmitoyl-2-[6-[(7-nitro-2–1,3-benzoxadiazol-4-yl)amino]caproyl]-sn-glycero-3-
phosphocholine (NBD-PC) were from Avanti Polar Lipids (Alabaster, AL, USA). Annexin V 
fluorescein isothiocyanate (FITC) was obtained from VPS-Diagnostics (Hoeven, The 
Netherlands). Human serum albumin (HSA) and human anti-human antibodies against the 
minor blood group antigens Fya, Fyb, Lua, Lub, Kpa and Kpb were obtained from Sanquin Reagents 
(Amsterdam, the Netherlands). Human anti-human antibodies against the minor blood group 
antigens s and S were from Ortho Clinical Diagnostics (Tilburg, the Netherlands). Valinomycin 
and the calcium-ionophore A23187 were obtained from Sigma-Aldrich (Zwijndrecht, the 
Netherlands). Factor Xa was from Enzyme Research (South Bend, USA).

Eythrocyte storage
Leukoreduced erythrocyte units were obtained from the Dutch Sanquin Blood Supply 

Foundation, after obtaining informed consent from the donors. Blood studies were approved by 
the Sanquin Research institutional medical ethical committee in accordance with the standards 
laid down in the 1964 Declaration of Helsinki. The erythrocytes were stored at 2 to 6 °C in a 
standard blood bank refrigerator.

Isolating erythrocytes from whole blood
Venous blood was collected from healthy donors, after obtaining informed consent. Blood 

studies were approved by the Sanquin Research institutional medical ethical committee in 
accordance with the standards laid down in the 1964 Declaration of Helsinki. Erythrocytes were 
isolated from fresh heparinized whole blood by centrifugation at 270g for 15 minutes. After 
removing the platelet-rich plasma and the peripheral blood mononuclear cells, the erythrocytes 
were washed 2 times with saline-adenine-glucose-mannitol (150 mM NaCl, 1.25 mM adenine, 
50 mM glucose, 29 mM mannitol) (SAGM) (Fresenius Kabi, The Netherlands) and resuspended 
in SAGM. Final cell concentration was determined with an Advia 2120 (Siemens Medical 
Solutions Diagnostics, Breda, The Netherlands).

Transfusion model
Erythrocytes obtained from a stored red cell concentrate (RCC) were diluted to a hematocrit 

(Hct) of 40 % in their own supernatant. Erythrocytes isolated from fresh whole blood were 
diluted to an Hct of 40 % in SAGM. Subsequently, the erythrocytes were mixed with heparinized 
ABO matched whole blood in a ratio of 1:10 and incubated overnight at 37 °C. To detect the 
donor erythrocytes, the cells were stained with antibodies against minor blood group antigens 
which were not present on the erythrocytes present in whole blood. This was performed by 
diluting the blood to a final concentration of 1*108 cells/ml in HEPES buffer ((132mM NaCl, 
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20  mM HEPES [N-2-hydroxyethylpiperazine-N`-2-ethanesulfonic acid], 6 mM KCl, 1mM 
MgSO4, 1.2 mM K2HPO4 [all from Sigma-Aldrich]) supplemented with 1 mM CaCl2 (Sigma-
Aldrich), 10 mM glucose (Sigma-Aldrich) and 0.5 % HSA (HEPES+) and adding undiluted 
human anti-human minor antigen antibody in a ratio of 4:1. After incubation for 60 minutes 
on ice, the cells were extensively washed before resuspending in 10 µg/ml goat anti-human IgG 
alexa568 to a final concentration of 1*107 cells/ml and incubated for 30 minutes on ice. The 
cells were subsequently washed and resuspended in HEPES+ and analyzed on a flow cytometer 
with high throughput system (LSRII, Becton Dickinson, San Jose, CA, USA). Data analysis was 
performed with computer software (FACSDiva 6.1, Becton Dickinson).

Overnight incubation
Samples were obtained from stored erythrocytes and diluted to an Hct of 40 % in their 

own supernatant. To obtain the supernatant of stored erythrocytes, stored erythrocytes were 
centrifuged at 1000g for 5 minutes after which the supernatant was collected. Erythrocytes 
isolated from fresh whole blood were diluted to an Hct of 40 % in SAGM. The diluted erythrocytes 
were incubated overnight at 37 °C and analyzed the following day.

Hemolysis
Hemolysis was determined as described previously24. Briefly, free hemoglobin was determined 

by absorbance measurement of cell supernatant at 415 nm or 514 nm by a spectrophotometer 
(Rosys Anthos ht3, Anthos Labtec Instruments GmbH, Salzburg, Austria), with correction for 
plasma absorption if necessary. Hemolysis was expressed as a percentage of total hemoglobin 
present in RCC after correction for Hct.

Extracellular potassium
Extracellular potassium was measured with a Rapidlab 865 (Siemens Medical Solution 

Diagnostics).

Annexin V labelling of RBCs 
The amount of erythrocytes expressing PS on their outer membrane was determined 

as described elsewhere12. In short, labelling with Annexin V (AV) was performed by adding 
0.25 µl of AV-alexa647 or AV-FITC to 1*106 erythrocytes in 50 µl buffer. The buffer was either 
HEPES buffer supplemented with 10 mM glucose, 2 mM CaCl2 and 0.5 % HSA as the positive 
sample, or HEPES buffer supplemented with  10 mM glucose, 2 mM ethylene glycol tetraacetic 
acid (EGTA) (Sigma) and 0.5 % HSA as the negative sample. After incubation on ice for 30 
minutes, cells were diluted 4 times with incubation medium, supplemented with CaCl2 or EGTA 
respectively, and analyzed on a flow cytometer with high throughput system. Data analysis was 
performed with computer software. The percentage of PS positive erythrocytes was determined 
by comparison of the positive sample with the negative sample.

Isolation of annexin V positive cells
Annexin V positive cells were isolated by a cell sorter (BD FACSAria II, Becton Dickinson) 
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as follows. Erythrocytes were stained with AV-FITC as described above, after which they were 
sorted in a negative fraction and a positive fraction using a cell sorter (BD FACSAriaII, Becton 
Dickinson). The purity of the sorted erythrocytes was confirmed by analyzing the sorted cells 
again for AV binding on a flow cytometer with high throughput system. Subsequently, the cells 
were washed 2 times with HEPES buffer supplemented with 2 mM EGTA, 10 mM glucose and 
0.5 % HSA to remove the AV-FITC and resuspended in HEPES+. This was incubated for 4 hours 
at room temperature, after which the cells were stained with AV-alexa647 and analyzed by a flow 
cytometer with high throughput system. Data analysis was performed with computer software.

FXa generating assay 
Factor Xa (FXa) generating assays were performed as described in Bloem et al25. Briefly, 

vesicles were isolated after overnight incubation of long stored erythrocytes after at 37 °C 
by centrifugation at 270g for 15 minutes. Subsequently, the supernatant was collected and 
centrifuged at 21,000g for 30 minutes. After removing the supernatant, the pellet was resuspended 
in HEPES medium. As a positive control, sonicated phospholipid vesicles comprising 15 % PS, 
20 % phosphatidylethanolamine (PE) and 65 % phosphatydilcholine (PC) were used. The assay 
was performed by incubating 0.3 nM recombinant B-domain deleted factor VIII and 0 to 16 nM 
factor IXa in a buffer containing 40 mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.2 % bovine serum 
albumin (w/v) (BSA) (Merck, Darmstadt, Germany). The reaction was started with the addition 
of 1.5 mM CaCl2 and 1 nM thrombin and incubated for 2 minutes, after which 200 nM FX was 
added for an additional minute. The amount of generated FXa per minute was subsequently 
assessed as described25.

Confocal microscopy
Confocal microscopy was performed by diluting erythrocytes to 500,000 erythrocytes per 

mL in their corresponding buffer. Subsequently, 1 mL of diluted erythrocytes was placed in a 
well of a 24-wells plate with glass bottom (Zell Kontakt, Nörten-Hardenberg, Germany). The 
cells were analyzed using a confocal microscope (Axiovert 100M, Zeiss, New York, NY, USA).

Flippase and scrambling activity
To determine flippase and scrambling activity, NBD-PS and NBD-PC translocations 

were determined respectively. Erythrocytes were diluted to a concentration of 2*108 cells/
ml in HEPES+. Subsequently, 0.8 µM NBD probe was added and samples were taken after 0, 
as background, and 15 minutes incubation at 37 °C in a shaking heating block. The samples 
were diluted 1:10 in ice cold HEPES supplemented with 10 mM glucose and either with or 
without 1 % HSA. After washing the samples once, they were resuspended in dilution buffer and 
analyzed on a flow cytometer with high throughput system. 

In experiments where a double-staining with AV labelling was performed, the staining for 
AV was performed as above with the following modifications. After taking samples for flippase 
or scrambling activity they were incubated for 30 minutes on ice in the presence or absence of 
HSA. After spinning the samples down and washing once with HEPES buffer at 350g at 4 °C, 
the samples with HSA were resuspended in HEPES buffer supplemented with 10 mM glucose, 
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1 % HSA, 2 mM CaCl2 and 1:200 AV-alexa647. The samples without HSA were resuspended in 
HEPES buffer supplemented with 10 mM glucose, 2 mM EGTA and 1:200 AV-alexa647. After 30 
minutes incubation on ice, the samples were 4 times diluted with HEPES buffer supplemented 
with 10 mM glucose, 1 % HSA, 2 mM CaCl2 or HEPES buffer supplemented with 10 mM 
glucose, 2 mM EGTA, respectively and analyzed on a flow cytometer with high throughput 
system. Scrambling and flippase activity were expressed as the ratio between NBD probe on the 
inner leaflet of the membrane, the sample with HSA, and total NBD probe uptake, the sample 
without HSA. 

Valinomycin induced potassium leakage
Potassium leakage was induced by incubating erythrocytes isolated from fresh whole blood 

with the potassium ionophore valinomycin. Erythrocytes isolated from heparinized whole 
blood were washed once and diluted in HEPES+ to a final concentration of 4*109 cells/ml. After 
addition of 10 µM valinomycin, the cells were incubated overnight at 37 °C with end-over-
end shaking. To buffer the potassium leakage the extracellular potassium concentration was 
increased to 100 mM. This was accomplished by replacing 91.6 mM NaCl present in the HEPES 
buffer with KCl (HEPES+/K). Erythrocytes isolated from heparinized whole blood were washed 
once and diluted in HEPES+/K to a final concentration of 4*109 cells/ml. After addition of 10 µM 
valinomycin, the cells were incubated overnight at 37 °C with end-over-end shaking.

Statistical analysis
Data was analyzed using Graphpad Prism 5.01 for Windows (GraphPad Software, La Jolla, 

CA, USA). Except where more than two groups were compared, the student’s T-test was used 
to compare means. Where more than two groups were compared, One-Way ANOVA was used, 
with the Bonferroni post-test to compare all pairs. To compare means over time, statistical 
analysis was performed by 2-way ANOVA tests with the Bonferroni post-tests.

 

Results

Stored erythrocytes are primed for K+-leakage, hemolysis, PS exposure and vesicle 
formation

To be able to identify changes occurring in the stored erythrocytes after transfusion, we 
developed an in vitro transfusion model. Upon receiving one unit of stored erythrocytes, about 
10 % of the total number of erythrocytes within a given subject consists of donor erythrocytes. 
Therefore, unwashed donor erythrocytes were incubated in a 1:10 ratio with ABO-matched 
whole blood in our transfusion model and incubated overnight at 37 °C. When long stored 
(stored for 5-6 weeks) erythrocytes were incubated in ABO-matched whole blood, we observed 
a significant increase in extracellular potassium concentration and hemolysis when compared 
to only whole blood (figures 1a and b). Although an increase in potassium was expected due to 
the known potassium leakage occurring during storage of erythrocytes12, we did not expect a 
further increase in hemolysis than expected by dilution of hemolysed RCC in whole blood. To 
determine whether the donor erythrocytes would expose PS, the sample was stained for minor 
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Figure 1: Long stored erythrocytes are primed for K+-leakage, hemolysis, PS exposure and vesicle 
formation. Blood transfusions were mimicked in vitro by incubating long stored (6 weeks) erythrocytes in 
ABO matched whole blood overnight at 37 °C. Potassium leakage (a) and hemolysis (b) were increased when 
diluting long stored erythrocytes in whole blood (black bar), when compared to overnight incubated whole 
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blood group antigens to specifically detect the donor erythrocytes within the erythrocytes 
present in the whole blood sample, and subsequently counterstained with AV to determine the 
PS-exposure both on donor erythrocytes and erythrocytes from whole blood. Prior to dilution 
of stored erythrocytes in whole blood, no PS exposure was observed on the stored erythrocytes 
(data no shown). However, the donor erythrocytes showed an increase in PS exposure, while the 
whole blood erythrocytes did not (figure 1c). Moreover, we observed a clear increase in vesicle 
formation when long stored erythrocytes were incubated in whole blood (figure 1e), which was 
absent in whole blood itself (figure 1d).

To investigate whether the effects observed were related to the storage time of donor 
erythrocytes, we incubated both short stored (stored for less than 1 week) and long stored 
erythrocytes (5-6 weeks) in ABO-matched whole blood and incubated them overnight at 37 °C. 
We again observed a significant increase in extracellular potassium concentrations after the 
overnight incubation of the long stored erythrocytes in whole blood (figure 1f), but he effect 
was essentially absent when short stored erythrocytes were incubated in whole blood. In line 
with the data described above, the long stored erythrocytes showed an increase in PS exposure 
(figure 1g), but this was absent in short stored erythrocytes. 

Since the exposure of PS upon overnight incubation of long stored erythrocytes in whole 
blood had not been described before, we wanted to identify the component in our transfusion 
model which was inducing PS exposure on long stored erythrocytes. During storage of 
erythrocytes no Ca2+ is present, a low amount of plasma is present, the erythrocytes are kept 
at 4 °C and no other cell types are present. During a whole blood dilution, all these factors 
change as whole blood contains Ca2+, plasma, and other cell types, and because the incubation 
is performed at 37 °C. Therefore, we investigated the effect of each of these components on their 
ability to induce PS exposure on long stored erythrocytes. Neither Ca2+, plasma, or other cell 
types could induce PS exposure on their own in long stored erythrocytes (data not shown), but 
when these erythrocytes were diluted in their own supernatant and incubated overnight at 37 °C 
during storage additional PS exposure (figure 1h), potassium leakage (figure 1i) and hemolysis 
(figure 1j) were induced. Moreover, all these parameters increased with storage time. This 

blood (white bar). (c) Overnight incubation induced 
PS exposure in the long stored erythrocytes (black 
bar), but not in the erythrocytes in whole blood 
(white bar). Incubation of whole blood did not lead to 
vesicle formation (d). However, vesicles were formed 
when long stored erythrocytes were incubated 
in whole blood (e). Freshly isolated and stored 
erythrocytes were overnight incubated and analyzed. 
(f) Incubating long stored erythrocytes (black bars) 
overnight in whole blood increased the extracellular 
potassium, which was not observed when fresh 

isolated erythrocytes were incubated in whole blood (white bars). (g) Incubation of fresh isolated erythrocytes 
in whole blood did not lead to PS exposure (white bars), which was observed in long stored erythrocytes (black 
bars). Erythrocytes were analyzed directly from the storage bag (open circles) and after overnight incubation in 
their own supernatant at 37 °C (closed squares). Overnight incubation of stored erythrocytes at 37 °C increased 
PS exposure (h), potassium leakage (i) and hemolysis (j) with increasing storage times. Results shown represent 
mean ± 1 SD of 4 units. * p<0.05; ** p<0.01; *** p<0.001
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indicates that the incubation at 37 °C is sufficient to induce damage in long stored erythrocytes.

PS exposure on long stored erythrocytes is linked to vesicle formation
The PS exposure on long stored erythrocytes described above could have several 

consequences in transfused patients. First, PS exposure might be a removal signal for aged 
erythrocytes, leading to their rapid clearance after transfusion, which would result in a lower 
erythrocyte yield1. Second, the observed PS exposure might be a sign that the erythrocytes shed 
vesicles, a process that is accompanying and likewise causally linked to PS exposure26. Evidence 
for the latter possibility was found in samples from long stored erythrocytes that were incubated 
overnight at 37 °C, in which an increase in the amount of vesicles was found in contrast to 
similar samples from short stored cells (figure 2a and b). We hypothesized that the PS exposure 
on long stored erythrocytes might be a sign or perhaps even a prerequisite of vesicle formation. 
Moreover, because the loss of membrane is expected to be limiting, this was anticipated to be a 
transient phenomenon. To determine whether this was indeed the case, long stored erythrocytes 
were incubated overnight at 37 °C after which the PS positive cells were sorted using a cell 
sorter (figure 2c). To remove the bound annexin V from the erythrocytes, the cells were washed 
with buffer containing EGTA and resuspended in HEPES+. Subsequently, the erythrocytes were 
incubated for 4 hours at room temperature and again analyzed for PS exposure and vesicle 
formation. After the 4 hour incubation, a high percentage of PS positive sorted erythrocytes 
were not PS positive anymore, while not all PS negative sorted cells were PS negative (figure 
2c). Strikingly, the PS positive sorted samples contained significantly more vesicles than the PS 
negative sorted samples after the 4 hour incubation (figures 2d-f). Together these data show 
that the observed PS exposure is indeed transient and is likely to mark the process of vesicle 
formation. To confirm that at least part of the PS exposed on long stored erythrocytes was 
removed by vesicle shedding, we analyzed the PS exposure on the vesicles. Indeed, a considerable 
percentage of vesicles was PS positive (figure 2g). We observed no difference in percentage of 
PS positive vesicles from the PS positive sorted erythrocytes and vesicles from the PS negative 
sorted erythrocytes (figure 2g). This suggests that a similar mechanism is likely to be present in 
all erythrocytes, irrespective of earlier differences in PS exposure, but that the extend to which 
vesicle shedding occurs is directly linked to the level of plasma membrane PS exposure of the 
erythrocyte.

Figure 2: PS exposure results in vesicle formation. Vesicle formation was determined prior to (a) and 
after (b) overnight incubation of long stored erythrocytes in their own supernatant at 37 °C. After incubating 
long stored erythrocytes overnight at 37 °C in their own supernatant, PS positive and PS negative cells were 
sorted (white bars) and after 4 hours analyzed for PS exposure (black bars) (c). After 4 hour incubation at 
room temperature, vesicle formation by the PS negative (d) and PS positive (e) erythrocytes was determined. 
(f) Comparison of vesicles formed per erythrocyte from PS negative and PS positive erythrocytes. (g) There 
was no difference in PS exposure between vesicles from PS negative sorted erythrocytes and PS positive sorted 
erythrocytes. (h and i). Vesicles isolated from long stored erythrocytes were able to serve as a platform for the 
coagulation cascade in a FIXa and phospholipids concentration dependent manner (open symbols, 4 different 
sample). Sonicated phospholipid vesicles (closed circles) were used as a positive control. As a negative control, 
no FVIII was added (closed squares). FXa generation was determined in triplo for each sample. Results shown 
represent mean ± 1 SD of 4 experiments. * p<0.05; ** p<0.01
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Erythrocyte vesicles act as a cofactor in the coagulation cascade
Several studies have demonstrated that phospholipid vesicles with PS in their outer 

leaflet can form a pro-coagulant platform to support the coagulation cascade25. Long stored 
erythrocytes may therefore serve this role as well. To this end, we assessed whether isolated 
erythrocyte vesicles support activated factor X (FXa) generation by the activated factor VIII 
(FVIIIa) – activated factor IX (FIXa) complex assembly which activity critically depends on 
the presence of PS in the outer leaflet of the membrane. The results showed increased FXa 
generation in the presence of increasing concentrations of the erythrocyte vesicles (figures 
2h and i). In addition, the FIXa concentration that is required to reach half-maximum FXa 
generation on the erythrocyte vesicles is comparable to that obtained for FXa generation on 
the synthetic phospholipid vesicles (~ 2 nM). These findings together imply that the vesicles 
isolated from erythrocytes can form a platform for the correct formation of the FVIIIa-FIXa 
complex assembly. This finding suggests in turn that these vesicles may indeed play a role in the 
coagulation cascade.

Storage of erythrocytes is associated with changes in PS flippase and scrambling 
activities 

As PS exposure is determined by both flippase and scrambling activity, we investigated 
whether these activities were changed in long stored erythrocytes. The flippase and scrambling 
activity were determined by incubation with NBD-PS or NBD-PC27, to determine flippase and 
scrambling activity respectively. By incubating erythrocytes with NBD-PS, the NBD-PS will be 
transported by flippase activity to the inner leaflet of the erythrocyte membrane. By subsequently 
determining the ratio between total NBD-PS in both the inner and outer leaflet (figure 3a) and 
the amount of NBD-PS transported to the inner leaflet of the erythrocyte membrane (figure 3b), 
the flippase activity can be determined by flow cytometry. As PC is equally distributed between 
the inner and outer leaflet of the erythrocyte membrane, NBD-PC is used for the scrambling 
activity. As shown in figure 3c, the flippase activity was lower in long stored erythrocytes, 
which is in line with a previous study27. There was no difference in scrambling activity when the 
erythrocytes were directly analyzed from the storage bag. Clearly, this result was consistent with 
the lack of PS exposure on long stored erythrocytes when they were analyzed directly from the 
storage bag as described above (see also Verhoeven et al27).

Next, after incubating the erythrocytes overnight at 37 °C in whole blood, we determined 
the flippase and scrambling activities in long stored erythrocytes, in erythrocytes freshly 
isolated from whole blood and in the erythrocytes present in the whole blood itself. The freshly 
isolated erythrocytes and the erythrocytes in whole blood showed the same amount of flippase 
activity (figures 3d and e). In contrast, the long stored erythrocytes showed a clearly decreased 
flippase activity after overnight incubation. Although we already observed a decreased flippase 
activity in long stored erythrocytes prior to overnight incubation, the difference in flippase 
activity between long stored and freshly isolated erythrocytes was increased. There was also 
no difference in scrambling activity between freshly isolated and whole blood erythrocytes, 
while long stored erythrocytes showed an increased scrambling activity (figures 3f and g). These 
findings are consistent with the observed PS exposure on long stored erythrocytes after an 
overnight incubation in whole blood.
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Long stored PS positive cells have increased scrambling activity
As stated above, the decreased flippase and increased scrambling activity would explain the 

increase in PS exposure observed in long stored erythrocytes after an overnight incubation at 
37 °C. However, since not all cells were PS positive, this indicates that a subgroup of erythrocytes 
had a higher scrambling activity or lower flippase activity, as either of these changes would lead 
to PS exposure. To elucidate if subpopulations were indeed present, we performed a double 
staining for flippase activity and PS exposure and a double staining for scrambling activity and 
PS exposure in long stored erythrocytes incubated overnight at 37 °C. Again, as in our previous 
experiments we observed an increase in PS exposure after the overnight incubation (figure 4a). 
Next, we analyzed the erythrocytes after the overnight incubation for flippase and scrambling 
activity. The flippase activity was similar between the PS positive and PS negative cells (figure 
4b). However, the scrambling activity was considerably higher in the PS positive cells compared 
to the PS negative cells (figure 4c), which is in line with the hypothesis that a subset of cells was 
responsible for the increased scrambling activity seen in our transfusion model.

The role of K+ leakage in the regulation of flippase and scrambling activity
Previous reports have shown that erythrocytes treated with the potassium ionophore 

valinomycin are more prone to PS exposure28. As potassium is also lost by erythrocytes 
during storage and in our transfusion model, we investigated the effect intracellular potassium 
concentration has on flippase and scrambling activity. Therefore, we incubated freshly 

Figure 4: PS positive cells have an increased 
scrambling activity. Long stored erythrocytes were 
incubated overnight in their own supernatant at 
37 °C. (a) As shown previously, overnight incubation 
induces PS exposure. (b) A double staining for PS 
exposure and flippase activity was performed, which 
showed that the flippase activity is similar in PS 
negative and PS positive erythrocytes. (c) Scrambling 
activity was increased in PS positive erythrocytes, as 
determined by a double staining for PS exposure and 
scrambling activity. Results shown represent mean ± 
1 SD of 4 experiments. ** p<0.01
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Figure 5: Morphological changes after valinomycin treatment. Fresh erythrocytes were either incubated 
in HEPES+ (a) or HEPES/K+ (c) and in the presence of 10 µg/ml valinomycin (b) and in HEPES/K+ with 
10  µg/ml valinomycin (d) at 37 °C. After overnight incubation, morphological changes were analyzed by 
microscopy. Erythrocytes incubated in HEPES+ with valinomycin showed morphological changes (white 
arrows) when compared to erythrocytes without valinomycin treatment. These morphological changes induced 
by valinomycin could be blocked by incubating with HEPES/K+. The morphological changes observed by 
microscopy were confirmed by FACS analysis. Treatment of fresh erythrocytes with valinomycin led to a more 
heterogeneous forward and side scatter (f) than the overnight incubation alone (e). These changes could be 
blunted by incubating the erythrocytes with valinomycin in the presence of high extracellular potassium (h). (g) 
High extracellular potassium did not lead to changes in forward/side scatter.
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isolated erythrocytes with valinomycin. Although the overnight incubation itself did not 
lead to morphological changes (figure 5a), treating erythrocytes with valinomycin did lead 
to morphological changes (white arrows) (figure 5b). These morphological changes included 
an increase in cell size as well as a more irregular membrane. These morphological changes 
were inhibited when potassium leakage was prevented by a higher potassium concentration 
in the incubation medium (figure 5d). The increased extracellular potassium did not lead to 
morphological changes itself (figure 5c). Flow cytometric analysis showed that the forward/side 
scatter of valinomycin treated erythrocytes was more heterogeneous than untreated erythrocytes 
(figures 5e and f). In line with the results from morphology, much less heterogeneity was 
observed when the extracellular potassium concentration was increased (figures 5g and h). Next 
we analyzed flippase and scrambling activity in valinomycin treated erythrocytes to determine 
the effect of potassium levels on these activities. As expected based on previous findings28, 
treating erythrocytes with valinomycin led to potassium leakage (figure 6a). By increasing the 
extracellular potassium concentration, we were able to inhibit the potassium leakage induced 
by valinomycin. The potassium leakage induced by valinomycin treatment led to a decrease 

Figure 6: Potassium leakage leads to decreased flippase activity. Potassium leakage was induced by 
incubating fresh erythrocytes with 10 µg/ml valinomycin and incubating overnight at 37 °C. (a) valinomcyin 
induced potassium leakage which could be inhibited by increasing the potassium concentration present in 
the buffer to 100 mM. (b) Flippase activity was decreased in the sample incubated with valinomycin, which 
could be inhibited by an increased potassium concentration in the buffer. (c) Potassium leakage has no effect 
on the scrambling activity. (d) valinomycin treatment and/or increased extracellular potassium did not lead to 
increases PS exposure. Results shown represent mean ± 1 SD of 4 experiments. * p<0.05; ** p<0.01
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in flippase activity (figure 6b), which could be blunted by a higher extracellular potassium 
concentration. Valinomycin treatment did not lead to a higher scrambling activity (figure 6c) 
and, in line with this observation, did not induce PS exposure (figure 6d). These results show 
that potassium levels have a direct effect on flippase activity, but have no effect on scrambling 
activity.

 

Discussion
Many studies have addressed the changes occurring in erythrocytes during storage by 

analyzing erythrocytes directly form the storage bag. However, it is highly likely that stored 
erythrocytes undergo many more changes once transfused. With this study we attempted 
to uncover hidden storage lesions in donor erythrocytes that become expressed only after 
transfusion. By using an in vitro transfusion model, we were able to identify several mechanisms 
by which transfusion of long stored erythrocytes might have a negative effect on the recipient. 
First of all, we showed that dilution of long stored erythrocytes in whole blood induced additional 
potassium leakage, hemolysis and PS exposure in the long stored erythrocytes. Moreover, we 
observed clear vesicle formation. These observations are in line with several mouse models, 
where both free hemoglobin and vesicle formation are observed after transfusion and have 
been proposed as the mechanisms by which long stored erythrocytes induce damage after 
transfusion8,10,11. Especially the amount of hemolysis in our model was striking, as this far 
exceeds the international limit for stored erythrocytes, which is 0.8 % for Europe and 1 % for 
North-America. The pathophysiological consequences of cell free hemoglobin are extensive and 
mostly related to the ability to scavenge NO, a potent vasodilator and anti-thrombotic agent29. 
Prolonged exposure to cell free hemoglobin may even cause kidney damage, although in the case 
of transfusions, that would only become a problem when a patient needs repeated transfusions 
over a long period of time.

We were also interested in the observed PS exposure when long stored erythrocytes were 
incubated overnight at 37 °C. First of all, PS exposure is a hallmark of apoptotic cells and an “eat-
me” signal22. However, there are no reports showing directly that erythrocytes are phagocytosed 
as soon as they expose PS in a physiological manner. Secondly, vesicles from erythrocytes were 
isolated in previous studies. Sadallah et al. showed that the vesicles from erythrocytes had anti-
inflammatory properties and that this was due to the PS exposure on these vesicles30. And last 
of all, several reports have shown that PS exposure also has a function in cell signalling and is 
therefore not always a death signal26. In line with these reports, we show that PS exposure can 
be transient on erythrocytes. Moreover, we provide evidence that the PS positive cells are most 
prone to shed vesicles. The PS exposure that was present on the erythrocytes was mostly transient 
and accompanied by vesicle formation. Furthermore, a considerable amount of these vesicles 
was PS positive, indicating that shedding vesicles contributes to restoring the erythrocytes to a 
PS negative state.

As vesicle formation is believed to be at least one of the mechanisms that contribute to 
complications in the recipients of blood transfusion31,32, we investigated the possible role of 
erythrocyte vesicles in coagulation. Our findings clearly demonstrate that erythrocyte vesicles 
derived from long term stored erythrocytes incubated at 37 °C can trigger coagulation and 



82

Chapter 5

these findings are in line with previous reports32,33. Furthermore, erythrocyte vesicles have been 
implicated in influencing inflammation30, angiogenesis34,35, and the regulation of vascular tone8. 
This growing body of evidence highlights the potential complications of vesicle release.

Finally, we provide evidence that potassium leakage, a well-known effect of prolonged 
storage, leads to the decrease in flippase activity as observed in long stored erythrocytes 
after dilution in whole blood. Previous studies have already shown that PS exposure can be 
induced by treatment of erythrocytes with a calcium-ionophore28,36,37. In combination with 
the potassium-ionophore valinomycin, this effect was increased28,38. Blocking K+ leakage by 
adding extracellular potassium or potassium channel blockers neutralized the additional effect 
of valinomycin on calcium-ionophore treated erythrocytes, showing that potassium leakage 
itself makes the cells more prone to expose PS. Whether this is a direct effect on the scrambling 
activity or the flippase activity had until now not been investigated. Our results show that K+ 
leakage inhibits flippase activity, but does not affect scrambling activity and this is the first 
time that this has been reported. Although a decreased flippase activity will not directly result 
in PS exposure, it does make the cells more prone to expose PS once scrambling is activated. 
After an overnight incubation in whole blood, long stored erythrocytes have decreased flippase 
activity and a subset of these erythrocytes also has increased scrambling activity. We propose 
that during storage, erythrocytes sustain damage, but as they are stored at 4 °C the scrambling 
activity will be very low and will be difficult to detect. However, upon overnight incubation at 
37 °C scrambling activity will increase. Based on our current findings we propose that it is this 
latter subset of erythrocytes with enhanced scrambling activity that has suffered most of the 
damage due to storage, and that the decreased flippase activity that occurs as a result of the 
increased K+ leakage further promotes the exposure of PS on these cells upon transfusion. The 
resulting shedding of vesicles, which promote coagulation and other adverse phenomena, may 
contribute to the deleterious side effects associated with transfusion. In the future, strategies 
to produce safer and more effective blood products should take the prevention of potassium 
leakage and vesicle formation from stored erythrocytes into account. 
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Abstract 
CD47 on erythrocytes inhibits phagocytosis through interaction with the inhibitory 

immunoreceptor SIRPα expressed by macrophages. Thus, the CD47-SIRPα interaction 
constitutes a negative signal for erythrocyte phagocytosis. However, we report here that CD47 
does not only function as a “don’t eat me” signal for uptake, but can also act as an “eat me” 
signal. In particular, a subset of old erythrocytes present in whole blood was shown to bind 
and to be phagocytosed via CD47-SIRPα interactions. Furthermore, we provide evidence that 
experimental ageing of erythrocytes induces a conformational change in CD47 that switches 
the molecule from an inhibitory signal into an activating one. Pre-incubation of experimentally 
aged erythrocytes with human serum prior to the binding assay was required for this activation. 
We also demonstrate that aged erythrocytes have the capacity to bind the CD47-binding 
partner thrombospondin-1 (TSP-1) and that treatment of aged erythrocytes with a TSP-1-
derived peptide enabled their phagocytosis by human red pulp macrophages. Finally, CD47 on 
erythrocytes that had been stored for prolonged time was shown to undergo a conformational 
change and bind TSP-1. 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.
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Introduction 
Erythrocyte clearance has been studied for many years in the context of normal turnover1,2, 

enhanced clearance due to defects in erythrocyte metabolism or changes in membrane 
composition3-5, and in blood transfusion6. A large number of factors that may influence 
erythrocyte clearance has been proposed, ranging from autoantibody binding to band 3 after 
conformational changes due to ageing (the “senescent cell antigen”)7,8, to the expression of 
phosphatidylserine (PS) on the outer leaflet of the erythrocyte membrane9. In general, it is 
believed that erythrocytes are cleared after accumulating so called “eat me” signals and are then 
phagocytosed by macrophages of the reticuloendothelial system (RES), predominantly in the 
spleen and liver1,10,11. In contrast, one of the membrane proteins expressed by erythrocytes, 
CD47, has been shown to inhibit phagocytosis of erythrocytes by macrophages of the RES12-16. 
CD47 exerts its inhibitory effect through binding to SIRPα on the macrophage, which induces 
inhibitory signaling by the immunoreceptor tyrosine-based inhibition motifs (ITIMs) residing 
in the cytoplasmic tail of SIRPα17,18. 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, which leads to rapid phagocytosis of the CD47-deficient erythrocytes by 
red pulp macrophages in the spleen12,19. Thus, phagocytosis of erythrocytes is supposed to be the 
result of “eat me” signals already present that 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 conditions, there are other studies that suggest that CD47 levels remain 
unaltered20,21. Nevertheless, it is well known that transfusion of red cell concentrates in patients 
leads to a rapid clearance of 10-25 % of the transfused cells depending on storage time22,23. This 
could contribute to some of the complications associated with blood transfusion, including 
transfusion-related acute lung injury (TRALI)24. The mechanism behind this rapid clearance of 
a proportion of the red cells has not been clarified. 

Intriguingly, evidence exists that the CD47-SIRPα interaction can also promote phagocytosis 
of apoptotic cells, although the mechanism behind this phenomenon is unknown25-26. 
Furthermore, work by Kusakari et al. has indicated that SIRPα can mediate trans-endocytosis 
of CD47-containing membrane of adjacent cells27, illustrating that SIRPα signaling can lead to 
other phenomena besides inhibition of phagocytosis. Based on these findings, we hypothesized 
that SIRPα might play a role in the removal of aged erythrocytes through CD47 binding. 
Using SIRPα-transfected cell lines we observed that aged erythrocytes bind to SIRPα through 
CD47. We obtained data that strongly suggest that CD47 undergoes a conformational change 
during ageing evoked by oxidative stress. Due to this conformational change, CD47 is then 
recognized, after binding of thrombospondin-128,29, as an “eat me” signal by SIRPα. We observed 
phagocytosis of experimentally aged erythrocytes by primary human red pulp macrophages 
through this mechanism, suggesting that this mechanism is operational  in vivo. In line with our 
findings we observed that erythrocytes that had been stored for a prolonged period displayed a 
conformational change in CD47 when diluted into fresh whole blood, and subsequently bound 
thrombospondin-1. This result suggests a potential role for the CD47-SIRPα axis in the rapid 
phagocytosis of donor erythrocytes after transfusion. Collectively, our data identify CD47 as a 
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molecular switch for erythrocyte phagocytosis. 

Materials and methods 

Reagents 
Mouse anti-human CD47 (clone B6H12)-allophychocyanin (APC), carboxyfluorescein 

diacetate succinimidyl ester (CFSE) and Iscove’s modified Dulbecco medium (IMDM) were 
from Invitrogen (Pailey, United Kingdom). Mouse anti-human CD47 (clone 2D3)-fluorescein 
isothiocyanate (FITC) was obtained from eBioscience (San Diego, CA, USA). Streptavidin-APC 
was from BD Bioscience (Franklin Lakes, NJ, USA). Deoxyribonuclease II (DNase) and ascorbic 
acid were from Sigma-Aldrich (Saint Louis, MO, USA). Purified collagenase was obtained from 
Worthington (Lakewood, NJ, USA). Human serum albumin (HSA) and pasteurised plasma-
protein solution (GPO) were obtained from Sanquin (Amsterdam, The Netherlands). Fetal calf 
serum (FCS), penicillin/streptomycin and L-glutamine were obtained from PAA (Pasching, 
Austria). DMEM/F12 culture medium was from Lonza (Cologne, Germany). 

Purification of erythrocytes from whole blood 
Venous blood was collected from healthy donors, after obtaining informed consent. Blood 

studies were approved by the Sanquin Research institutional medical ethical committee in 
accordance with the standards laid down in the 1964 Declaration of Helsinki. Erythrocytes were 
isolated from fresh heparinized whole blood by centrifugation at 270g for 15 minutes. After 
removing the platelet-rich plasma and the peripheral blood mononuclear cells, the erythrocytes 
were washed 2 times with salineadenine-glucose-mannitol (150 mM NaCl, 1.25 mM adenine, 
50 mM glucose, 29 mM mannitol) (SAGM) (Fresenius Kabi, The Netherlands) and resuspended 
in SAGM. Final cell concentration was determined with an Advia 2120 (Siemens Medical 
Solutions Diagnostics, Breda, The Netherlands). 

SIRPα constructs
Constructs were placed in pCDNA3 with BamHI and EcoRI restriction enzymes (Fermentas). 

A construct for full-length human SIRPα1 was transfected with Fugene (Roche) according to 
manufacturer’s protocol. A rat-human SIRPα fusion construct was generated as described 
elsewhere (Van Beek et al, submitted). In short, nt 1-1236 of rat SIRPα cDNA, counted from 
the first methionine, were fused to nt 1230-1509 of the human SIRPα cDNA. Amino acids 
1-412 represent the extracellular domain of rat SIRPα and amino acids 411-503 represents the 
trans- and cytoplasmic domain of human SIRPα. The sequence of the construct was confirmed 
by sequencing. Rat SIRPα1 and mutated rat SIRPα1, namely SIRPα1-Δ87, SIRPα1 with all 4 
tyrosines mutated and SIRPα1-V56M mutant, were also cloned by means of BamHI and EcoRI 
restriction enzymes and transfected with Fugene according to manufacturer’s protocol.

Culturing and transfection of CHO cells 
Chinese Hamster Ovary (CHO) cells were cultured in DMEM/F12 culture medium, 
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supplemtented with 10 % (v/v) FCS, 1 % penicillin/streptomycin and 2 mM L-glutamine. The 
constructs were cloned by means of BamHI and EcoRI and put in pcDNA3 and transfected in 
CHO cells with fugene (Roche, Basel, Switzerland) according to the manufacturer’s protocol. 
Subsequently, the CHO cells were sorted on a BD FACSAria II, (Becton Dickinson, Franklin 
Lakes, NJ, USA) as described below. CHO cells with human constructs were stained with an 
antibody recognizing SIRPα1 (mouse anti-human SIRPα, clone OX118). The rat constructs 
were detected with a mouse anti-rat SIRPα, clone ED930. The CHO cells were incubated with 
10 πg/ml primary antibody in HEPES buffer (132 mM NaCl, 20 mM HEPES, 6 mM KCl, 1 mM 
MgSO4, 1.2 mM K2HPO4 [all from Sigma-Aldrich]) supplemented with 0.5 % (v/v) HSA, 
1 mM CaCl2 (Sigma-Aldrich) and 10 mM glucose (Sigma-Aldrich) (HEPES+) for 30 minutes 
on ice. After washing, the cells were incubated with 10 µg/ml goat anti-mouse IgG-alexa488 
(Invitrogen) for 30 minutes on ice. The cells were washed and the cells with the highest mean 
fluorescence intensity were sorted and taken into culture. To keep the constructs in the CHO 
cells, 3.75 mg/ml Geneticin (Invitrogen) was added to the culture medium of transfected CHO 
cells.

Binding of erythrocytes to CHO cells 
CHO cells were cultured in a 6-well plate (Corning Incorporated, Corning, NY, USA) to  

confluence, after which they were cultured for 2 more days. Erythrocytes isolated from fresh 
heparinized whole blood were washed and resuspended in HEPES+ to a final concentration 
of 2*107 cells/ml. To block CD47 on the erythrocytes, the cells were resuspended to a final 
concentration of 1*108  cells/ml in HEPES+ with 10 µg/ml CD47-F(ab’)2 fragments (made from 
clone B6H12), after which they were washed and resuspended in HEPES+ to a final concentration 
of 2*107 cells/ml. The CHO cells were washed with PBS, after which 4*107 erythrocytes were 
added to 10 cm2 dishes. The cells were incubated overnight in a 37 °C incubator. After washing 
the wells with PBS, erythrocyte binding was analyzed by wide field microscopy (Evos, AMG 
micro, Bothell, WA, USA). 

Confocal microscopy 
CHO cells were cultured as described above, with the following modifications. CHO cells 

were cultured in a 24-well plate with glass bottom (Zell Kontakt, NörtenHardenberg, Germany) 
instead of a 6-well plate. After the overnight incubation and removal of the unbound cells by 
washing, the cells were stained with 10 µg/ml unconjugated mouse anti-human glycophorin 
A (clone CD235a, Sanquin Reagents) in HEPES+. The cells were washed with HEPES+ and 
incubated with 10 µg/ml goat antimouse IgG-alexa488 in HEPES+. For intracellular staining of 
phagocytosed erythrocytes, all extracellular erythrocytes were lysed with lysis buffer, an ice-cold 
isotonic NH4CL solution (155 mmol/L NH4CL, 10 mmol/L KHCO, 0.1 mmol/L EDTA, pH 7.4). 
After 5 minutes incubation on ice and removing the supernatant, this step was repeated once. 
Thereafter the cells were fixed overnight in 4 % (w/v) ice-cold paraformaldehyde in phosphate-
buffered saline (PBS). Subsequently, the cells were washed in PBS and incubated with 7 % 
bovine serum albumin (BSA, Sigma) in PBS for 30 minutes. The cells were washed in PBS and 
permeabilized with methanol/acetone (1:1 ratio, v/v) for 30 minutes. Staining was performed 
by incubating the permeabilized cells with 10  µg/ml unconjugated mouse IgG anti-human 
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glycophorin A in 7 % BSA. After washing, the cells were stained with goat anti-mouse IgG-
alexa647 (Invitrogen). The cells were analyzed using a confocal microscope (Axiovert 100M, 
Zeiss, New York, NY, USA) and green events larger than 3 µm were counted by Image Pro-Plus 
version 6 (Media Cybernetics, Bethesda, MD, USA). 

CD47-bead coupling
TransFluoSpheres carboxylate-modified microspheres of 1 µm (Invitrogen) were coated 

with the extracellular domain of CD47. This was done by diluting the beads in deionized 
water containing 2 mM NaN3 to a final concentration of 3.3*1010 beads/ml. Subsequently, 
24 mM streptavidin (Sigma-Aldrich) was added and this was incubated for 15 minutes at room 
temperature. After addition of 2.1 mM EDAC solution (7 mM N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloridein (EDAC)) in deionized water supplemented with 50 mM 
2-(N-Morpholino)ethanesulfonic acid (MES), pH 6) (all from Sigma-Aldrich) and adjusting 
the pH to 6.5, this was incubated for 2 hours at RT in the dark on a shaking block. To stop 
the reaction, 100 mM glycine was added and incubated for 30 minutes at room temperature. 
The beads were washed 3 times with PBS and resuspended in PBA (PBS supplemented with 
0.5 % BSA and 0.02 % NaN3 (w/v)) to a final concentration of 26.5*106 beads/ml. Subsequently, 
26 µg/ml biotinylated goat anti-human IgG antibody targeted against the Fcγ fragment (Jackson 
ImmunoResearch, West Grove, PA, USA) was added and incubated for 2 hours at 37 °C in a 
shaking heating block. The beads were washed twice with PBA and incubated overnight at 4 °C 
end-over-end after addition of 3.3 µg/ml CD47-fc chimera. The beads were washed 3 times with 
PBA, resuspended to 1*109 beads/ml in PBA and stored at 4 °C until use.

Bead binding assay
CHO cells were cultured as described above for confocal microscopy. The wells were washed 

with PBS and 1 ml HEPES+ was added to each well. Subsequently, 5*106 beads were added to 
each well and incubated for 30 minutes in a 37 °C incubator. The wells were washed thoroughly 
with PBS to remove unbound beads. Subsequently, bead binding was analysed by fluorescence 
microscopy (Evos) and bound beads were counted. 

CD47 analysis after experimental ageing 
Conformational changes of CD47 were analyzed with an APC-conjugated conformation 

independent antibody (clone B6H12) and a FITC-conjugated conformation-dependent 
antibody (clone 2D3). Experimental ageing was induced by incubating erythrocytes with 
CuSO4 and ascorbic acid as described below. After washing the cells, a double-staining was 
performed with 10 µg/ml of both CD47 antibodies diluted in HEPES+. The samples were washed 
and analyzed with a flow cytometer with high throughput system (LSRII, Becton Dickinson) 
and analyzed with computer software (FACSDiva version 6.1, Becton Dickinson). 

TSP-1 peptide binding and staining for flow cytometry 
Binding of the TSP-1 peptide was analyzed as follows. Erythrocytes, untreated or after 
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induction of oxidative damage, were resuspended in HEPES+ and 50 µg/ml biotinylated TSP-
1 peptide (4N1K, amino acid sequence; KRFYVVMWKK) or 50 µg/ml biotinylated control 
peptide (4NGG, amino acid sequence; KRFYGGMWKK) was added. Subsequently, the cells were 
incubated for 30 minutes on ice, washed and incubated for 30 minutes with 1:250 steptavidin-
APC on ice. After washing the cells and resuspending in HEPES+ the cells were analyzed by a 
flow cytometer with high throughput system and analysed with computer software. 

Thrombospondin-1 binding 
Thrombospondin-1 binding was analysed by staining with the mouse anti-human 

thrombospondin antibody A6.1 (Abcam, Cambrige, MA,USA). This was done by washing and 
diluting erythrocytes with HEPES+ to a final concentration of 1*108 cells/ml and incubating 
them with 10 µg/ml A6.1. Subsequently, the cells were incubated for 30 minutes on ice, washed 
and incubated with 10 µg/ml goat anti-mouse IgG-alexa488 for 30 minutes on ice. After washing 
the cells and resuspending in HEPES+ the cells were analyzed by a flow cytometer with high 
throughput system and analysed with computer software. 

Experimental ageing of erythrocytes 
Erythrocytes isolated from whole blood were spun down and resuspended in PBS 

supplemented with 0.2 mM CuSO4 and 5 mM ascorbic acid to a final concentration of 0.4*108 
cells/ml15. After incubating the cells at 37 °C for 60 minutes in a shaking heating block the cells 
were washed 3 times with PBS and resuspended in HEPES+. 

Experimental ageing of CD47-beads 
To induce oxidative damage in CD47-coupled beads, CD47 beads were diluted to a final 

concentration of 0.3*108 beads/ml in PBS supplemented with 0.2 mM CuSO4 and 5 mM ascorbic 
acid. After incubating the beads at 37 °C for 60 minutes in a shaking heating block the beads 
were washed 3 times with PBS and resuspended in HEPES+. 

Isolating spleen macrophages
Human spleen macrophages were isolated from samples of human spleen. The sample of 

about 10 cm3 was placed in a glass container with HEPES buffer supplemented with 0.5 µg/ml 
tirofiban (Aggrastat; Merck, Whitehouse Station, NJ, USA), 100 U/ml collagenase, 1 mM CaCl2 
and 200 U/ml DNase. The spleen sample was cut into small pieces and a stirring magnet was 
placed in the container. After incubating for 2.5 hours at 37 °C while stirring, the cell suspension 
was put on a 100-µm filter. The filter was flushed with 30 ml PBS supplemented with 0.38 % 
sodium citrate and 10 % pasteurized plasma-protein solution (PBS/TNC/GPO). The suspension 
was carefully pipetted onto a Percoll layer (GE Healthcare, Waukesha, WI, USA) with a density 
of 1.076. After centrifugation for 20 minutes at 960g, the ring fraction was collected and washed 
twice with PBS/TNC/GPO, after which the cells were resuspended in phenol-red free IMDM 
medium (Invitrogen), supplemented with 10 % fetal calf serum, 1 % penicillin/streptomycin 
(v/v) and 2 mM L-glutamine (culture medium). Subsequently, the cells were counted on a 
Coulter Casy counter (Beckman Coulter, Indianapolis, IN, USA) and cultured at 4*106 cells/ml 
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in a 75 cm2 culture flask with filter cap (TPP, Trasadingen, Switzerland). After culturing for 2 
days, the cells were washed with PBS and fresh culture medium was added.

Phagocytosis assay
One day before the phagocytosis assay, THP-1 cells, cultured in phenol-red free IMDM 

medium (Invitrogen), supplemented with 10 % (v/v) fetal calf serum, penicillin/streptomycin 
and 2 mM L-glutamine, were washed once with PBS and resuspended in culture medium to a 
final concentration of 1*106 cells/ml. The THP-1 cells are a human acute monocytic leukemia 
cell line. Subsequently, 50 ng/ml PMA was added and the cells were incubated for 4 hours 
in a 37 °C incubator. After this incubation, the cells were washed with PBS, resuspended in 
culture medium and 250,000 cells were plated per well in a 12-well flat bottom plate (Corning 
Incorporated, Corning, NY, USA) and cultured overnight in an incubator.

Spleen macrophages were detached by trypsinization. After the cells had detached, they 
were collected, washed with PBS and resuspended in culture medium. Subsequently, 250,000 
cells were plated per well in a 12-well flat bottom plate and cultured overnight in an incubator.

Erythrocytes isolated from whole blood or after induction of experimental ageing were 
washed with HEPES+ and diluted to a final concentration of 2*108 cells/ml in HEPES+. 
Subsequently, 25 µM CFSE was added and the cells were incubated at 37 °C for 30 minutes end-
over-end. After the cells had been spun down and resuspended in PBS to a final concentration 
of 2*108 cells/ml, they were incubated at 37 °C for 30 minutes end-over-end.

After washing the cells with HEPES+, the cells were resuspended to a concentration of 
108 cells/ml. The THP-1 cells and spleen macrophages were washed with PBS and resuspended 
in 1 ml of HEPES+. To each well of macrophages, 2.5*106 erythrocytes were added and incubated 
for 2 hours in a 37 °C incubator.

After incubation, the supernatant was removed from each well and lysis buffer was added to 
lyse non-phagocytosed erythrocytes . This step was repeated once after 5 minutes incubation on 
ice and removing the supernatant. Subsequently, PBS supplemented with 10 mM EDTA (Merck) 
and 80 mM lidocaine mono-hydrate (Sigma-Aldrich) was added to detach the cells. The cells 
were collected, washed with and resuspended in HEPES+, and analyzed on a flow cytometer 
(Becton Dickinson) with high throughput system. Data analysis was performed with FACSDiva 
software (Becton Dickinson).

Whole blood dilution 
Erythrocytes obtained from a stored red cell concentrate (RCC), prepared as described 

elsewhere31, were washed twice with HEPES buffer and diluted to a hematocrit of 40 %. The 
erythrocytes were diluted 1:10 with heparinized whole blood obtained from AB+ donors, and 
incubated overnight at 37 °C. To detect the donor erythrocytes, the cells were stained with 
antibodies against the minor blood group antigen s (Ortho Clinical Diagnostics, Tilburg, The 
Netherlands). This was done by diluting the blood to a final concentration of 1*108 cells/ml 
in HEPES+ and adding undiluted human anti-human s in a ratio of 5:1. After incubation for 
30 minutes at room temperature, the cells were washed extensively before re-suspending in 
10 µg/ml goat anti-human IgG-alexa568 (Invitrogen) to a final concentration of 1*107 cells/
ml and incubating for 30 minutes at room temperature.  The cells were subsequently washed 
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and resuspended in HEPES+ and analyzed on a flow cytometer (Becton Dickinson) with high 
throughput system. Data analysis was performed with FACSDiva software (Becton Dickinson).  

Statistical analysis
Data was analyzed using Graphpad Prism 5.01 for Windows (GraphPad Software, La Jolla, 

CA). Statistical analysis was performed by t-test when 2 groups were compared or one-way 
ANOVA with Tukey’s Multiple Comparison Test when more than 2 groups were compared. 

Results 

SIRPα transfected CHO cells bind erythrocytes from whole blood  
To identify a possible interaction between CD47, expressed on erythrocytes, and SIRPα, 

we transfected CHO cells with full-length human SIRPα. Next, we incubated erythrocytes 
overnight with the CHO cells. We observed that, after thorough washing, a small fraction of 
the erythrocytes was bound to the CHO SIRPα cells (figure 1a). We did not observe binding of 
erythrocytes to untransfected CHO cells (figure 1a). To establish that the observed interaction 
between the erythrocytes and the CHO SIRPα cells was mediated through CD47 on the 
erythrocytes and SIRPα on the CHO cells, we preincubated the erythrocytes with a CD47 
blocking antibody, B6H12 (figure 1a). The CD47 blocking antibody inhibited the binding of the 
erythrocytes to the CHO SIRPα cells. In addition, pre-treatment of the CHO SIRPα cells with 
a blocking antibody against SIRPα (SE7C2) also completely inhibited binding of erythrocytes 
to the CHO SIRPα cells (figure 1a), thus implicating that the binding of the erythrocytes to 
the CHO SIRPα cells was mediated by CD47-SIRPα interactions. To gain more insight into 
the nature of the erythrocytes with SIRPα binding capacity, we separated the erythrocytes on 
the basis of their density into younger and older cells by Percoll fractionation32 and compared 

Figure 1: Binding of erythrocytes to CHO cells 
transfected with SIRPα. (a) A fraction of erythrocytes 
obtained from fresh blood binds to CHO SIRPα cells, 
while no binding was observed to mock-transfected 
cells. Binding of erythrocytes to CHO SIRPα cells is 
dependent on CD47 and SIRPα. (b) The erythrocytes 
from fresh blood that bind to CHO SIRPα cells reside 
in the fraction of old erythrocytes. Data shown are 
representative of 4 experiments.

CHO CHO SIRPα CHO SIRPα/SE7C2CHO SIRPα/B6H12

Young erythrocytes Old erythrocytes
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their binding to CHO SIRPα cells. Strikingly, the fraction containing the youngest erythrocytes 
did not show any binding to the CHO SIRPα cells, while the fraction containing the oldest 
cells showed the highest amount of erythrocytes bound (figure 1b), indicating that only a small 
fraction of the aged erythrocytes have the capacity to bind SIRPα through CD47.

CHO SIRPα cells bind and phagocytose erythrocytes 
To determine whether bound erythrocytes were phagocytosed by CHO SIRPα cells we 

performed live imaging of CHO SIRPα cells that had bound erythrocytes. This demonstrated 
that a significant proportion of the erythrocytes that had been bound by the CHO SIRPα cells 
was phagocytosed (Supplementary video 1). Furthermore, when after an overnight incubation, 
bound erythrocytes were lysed and the CHO SIRPα cells were permeabilized and intracellularly 
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Figure 2: CHO SIRPα cells bind and phagocytose 
erythrocytes. (a) Phagocytosed erythrocytes were 
detected by intracellular glycophorin A staining in 
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647 antibody. (b) Expression levels of different SIRPα 
constructs expressed in CHO cells, as detected by 
flow cytometry. (c) Binding of CD47 beads to CHO 
cells transfected with different constructs of SIRPα in 
absence of serum. (d) Erythrocyte binding to CHO 
cells transfected with different SIRPα constructs in 
absence of serum. Data shown are representative of 
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stained for glycophorin A, phagocytosed erythrocytes were detected by confocal microscopy 
(figure 2a).  

SIRPα binding of CD47 on aged erythrocytes is dependent on the SIRPα cytoplasmic 
tail  

We investigated whether the binding of aged erythrocytes to SIRPα was dependent on the 
intracellular tail of SIRPα. We expressed several mutants of SIRPα in CHO cells, including a 
mutant in which the four tyrosine residues of the ITIM motifs (tyrosine mutant) were mutated 
to phenylalanine. Another mutant lacked 87 amino acids of the C-terminus of SIRPα (Δ87 
mutant), and therefore has only a small cytoplasmic domain of approximately 23 amino 
acids remaining. Also, the V56M point mutation within the N-terminal V-set Ig domain that 
abolishes CD47 binding, as shown by us and others33,34, was tested for its ability to bind old 
erythrocytes through CD47 recognition. These mutants were expressed at a similar level as the 
SIRPα construct they were derived from (figure 2b). The mutants displayed non-significant 
differences in binding of recombinant human CD47 coupled to beads compared to wild-type 
SIRPα (figure 2c), except the V56M mutant, which did not display binding of CD47 beads 
above background level. Furthermore, the binding of erythrocytes freshly isolated from whole 
blood to the tyrosine mutant was not significantly different from the binding to the construct 
with the wild-type intracellular tail (p<0.05) (figure 2d). However, both the Δ87 mutant as well 
as the V56M mutant, showed significantly reduced binding of erythrocytes in comparison with 
the construct with the wild-type intracellular tail (p<0.05) (figure 2d). So, in contrast to binding 
of beads coated with CD47, deletion of part of the cytoplasmic tail of SIRPα affects the binding 
of aged erythrocytes to SIRPα. 

CD47 on experimentally aged erythrocytes is recognized by SIRPα. 
During the erythrocyte lifespan, oxidative damage accumulates on erythrocyte membrane 

proteins, which contributes to their ageing and their subsequent clearance. We therefore 
investigated whether erythrocytes that were aged artificially by oxidation would acquire 
the capacity to bind SIRPα15. For this purpose young erythrocytes (obtained by density 
centrifugation), which possess minimal SIRPα-binding capacity, were used. When the 
erythrocytes were incubated with the CHO SIRPα cells after oxidation, no binding was observed 
(figure 3a). However, when the experimentally aged erythrocytes were preincubated with human 
serum, substantial binding did occur (figure 3a). Based on these finding we hypothesized that 
oxidation induces a conformational change in CD47 that would lead to binding of a serum 
factor that would subsequently support the binding of SIRPα. First, we tested whether CD47 
undergoes conformational changes due to oxidation. Two antibodies directed against different 
CD47 epitopes, used previously to detect potential conformational differences in CD47 on 
sickle erythrocytes35, were employed to detect differences in CD47 conformation upon ageing. 
One of the antibodies, B6H12, recognizing a constant epitope, showed similar levels of binding 
to oxidized and non-oxidized erythrocytes (figure 3b), indicating that the total level of surface 
expression was not altered between these erythrocyte preparations. Strikingly, binding of the 
second antibody, 2D3, which has previously been shown to recognize a variable epitope on 
CD4735, showed enhanced binding to oxidized erythrocytes, indicating that CD47, or at least 
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Figure 3: CD47 on 
experimentally aged erythrocytes 
is recognized by SIRPα. 
(a) Experimental ageing of 
erythrocytes in combination with 
serum treatment induces binding 
to CHO SIRPα cells.  (b) CD47 
staining with the conformation 
independent antibody B6H12 and 
2D3, an antibody that detects a 
conformation dependent epitope 
of CD47 on experimentally aged 
erythrocytes (green), shows a 
conformational change of CD47 

after experimental ageing when compared to untreated erythrocytes (purple). (c) Experimental ageing of 
erythrocytes results in binding of the TSP-1-derived peptide 4N1K. No binding was observed for the control 
peptide, 4NGG. Furthermore, no streptavidin-APC staining was observed for fresh erythrcoytes and oxidized 
erythrocytes when no peptide was added or when fresh erythrocytes were incubated with the 4NGG peptide 
(data not shown). (d) Ageing of young erythrocytes in combination with 4N1K peptide incubation results in 
binding to CHO SIRPα cells.  (e) Oxidation of CD47 beads inhibits binding to CHO SIRPα cells. The binding 
of oxidized CD47 beads could subsequently be induced in combination with the 4N1K peptide, but not with the 
control peptide, 4NGG. Data shown are representative of 3 experiments.  
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part of the CD47 molecules present on erythrocytes, had indeed undergone a conformational 
change (figure 3b).  

One of the best known binding partners of CD47 is thrombospondin-1 (TSP-1), a protein 
derived from thrombocytes28,29,36,37. Interestingly, TSP-1 binding to CD47 on erythrocytes induces 
erythrocyte death, a response that can be mimicked by a C-terminal peptide derived from 
TSP-1, 4N1K38. Moreover, changes in CD47 conformation on sickle cell disease erythrocytes 
induce binding of TSP-1 to CD4735. Control and oxidized erythrocytes were incubated with 
either biotinylated 4N1K peptide or a biotinylated control peptide, 4NGG. Experimentally 
aged erythrocytes bound the 4N1K peptide, but not the 4NGG peptide, indicating that the 
conformational change induced by experimental ageing results in increased binding of 4N1K 
to CD47 (figure 3c). Next, the ability of the 4N1K peptide to induce binding of experimentally 
aged erythrocytes to CHO SIRPα cells was tested. Oxidized erythrocytes were incubated with 
either the 4NGG peptide or the 4N1K peptide. Only when the 4N1K peptide was used, binding 
was observed (figure 3d).  In contrast, untreated erythrocytes did not bind to CHO SIRPα cells, 
even when they were incubated with the 4N1K peptide (data not shown).  

To investigate if the conformational change in CD47 induced by oxidative damage 
represents  a direct effect on the extracellular domain of CD47 or an indirect effect via other 
membrane proteins present in the CD47 complex which might be oxidized, beads coated with 
the extracellular domain of CD47 were oxidized and binding to CHO SIRPα cells was tested. 
When the beads were not oxidized, 4N1K and 4NGG had no effect on bead binding to CHO 
SIRPα cells (figure 3e). However, after oxidation the beads were unable to bind to the CHO 
SIRPα cells. The binding to CHO SIRPα cells was restored by the pre-incubation with the 4N1K 
peptide, but not by the 4NGG peptide. We did not observe any binding to CHO cells which were 
not transfected with SIRPα (data not shown) 

Experimentally aged erythrocytes are phagocytosed by human macrophages after 
4N1K opsonization. 

To investigate whether the interaction between CD47 on experimentally aged erythrocytes 
and SIRPα can also trigger phagocytosis by human macrophages we first tested the ability of 
the human monocytic cell line THP-1 to phagocytose experimentally aged erythrocytes. The 
inhibitory role of CD47 on erythrocyte phagocytosis by THP-1 can be demonstrated by pre-
treating the erythrocytes with F(ab’)2 fragment of the B6H12 antibody directed against CD47 
that blocks CD47-SIRPα interactions39. As anticipated, erythrocytes were phagocytosed 
when the interaction between CD47 and SIRPα was blocked by the F(ab’)2 fragment directed 
against CD47 (figure 4a), indicating that CD47 normally functions as a “don’t eat me” signal on 
erythrocytes. However, when we incubated experimentally aged erythrocytes after opsonization 
with the 4NGG peptide or the 4N1K peptide with the THP-1 cells, only erythrocytes that were 
both oxidized and incubated with the 4N1K were phagocytosed, strongly suggesting that under 
these conditions, the CD47-SIRPα interaction is changed in such a manner that phagocytosis 
is promoted (figure 4a).  

Next, we tested the cell type that is responsible for the uptake of aged erythrocytes in vivo, the 
splenic red pulp macrophage (RPM) (figure 4b). Human RPM, like their murine counterparts, 
express SIRPα (figure 4c). As for the THP-1 cells, we determined whether the CD47-SIRPα 
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interaction between normal erythrocytes and spleen macrophages mimics that found in the 
murine system. As expected, we observed very little phagocytosis of fresh erythrocytes when 
incubated with human red pulp macrophages (RPM) (figure 4d). Again, erythrocytes were 
effectively phagocytosed when they were pre-treated with the F(ab’)2 fragment directed against 
CD47. Furthermore, experimentally aged erythrocytes opsonized with the 4N1K peptide were 
phagocytosed, whereas 4NGG peptide treated cells were not, illustrating that primary human 
RPM are able to phagocytose erythrocytes in a CD47-SIRPα-mediated fashion. 

Prolonged storage of erythrocytes induces a conformational change in CD47 and 
leads to TSP-1 binding 

For transfusion it is accepted that up to 25 % of the transfused cells is removed from the 
circulation in the first 24 hrs after transfusion22. Since we found that aged erythrocytes bound to 
CHO SIRPα cells and macrophages in a CD47-SIRPα-dependent fashion, we hypothesized that 
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Figure 4: Experimentally aged erythrocytes are phagocytosed by macrophages after 4N1K binding. 
(a) Ageing of fresh erythrocytes in combination with 4N1K peptide incubation induces phagocytosis by 
differentiated THP-1 cells (n=3). (b) Phase contrast image of primary human red pulp macrophages. Arrowheads 
indicate the erythrocytes still associated with the red pulp macrophages upon isolation. (c) Expression of SIRPα 
on primary human red pulp macrophages, as detected by flow cytometry. (d) Ageing of fresh erythrocytes in 
combination with 4N1K peptide incubation induces phagocytosis by primary human red pulp macrophages 
(n=2). ns is non-significant, * p<0,05; ** p<0,01; *** p<0,001. 
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this mechanism might explain the loss of donor erythrocytes after transfusion. To determine 
changes in the conformation of CD47 and subsequent TSP-1 binding during red cell storage, 
we sampled stored erythrocytes during a period of 35 days. However, very little phenotypic 
changes were observed when different antigens on erythrocytes were analyzed in samples taken 
directly from the storage bag (P. Burger, unpublished). This was also true for the conformation 
of CD47. In particular, we did not observe any changes in the ratio between the binding of the 
B6H12 and the 2D3 antibody or any binding of TSP-1 protein (data not shown). Therefore, 
we mimicked the conditions of a blood transfusion ex vivo by diluting donor erythrocytes in 
freshly drawn whole blood of an AB+ recipient in a 1:10 ratio and incubated this overnight at 
37 °C. The donor cells were then identified by detection of minor blood group antigens in the 
mixture and analyzed for binding of the two different CD47 antibodies as well as TSP-1 binding. 
Erythrocytes stored for 35 days displayed increased binding of the 2D3 antibody compared to 
the recipient erythrocytes (figure 5a). In line with our previous finding that experimentally aged 
erythrocytes, which also have an increase in the expression of the 2D3 epitope and bound the 
4N1K peptide, the 35 days stored erythrocytes bound plasma-derived TSP-1 (figure 5b). In 
addition, the 4N1K peptide bound the donor cells as well, while the control peptide, 4NGG, 
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did not (figure 5c). These data strongly suggest that upon transfusion at least part of the donor 
cells will bind TSP-1 due to conformational changes in CD47, which ultimately may lead 
to their clearance. To confirm that the 4N1K peptide indeed bound to CD47 present on the 
erythrocyte membrane, we performed a competition assay between the 4N1K peptide and both 
CD47 antibodies, B6H12 and 2D3. Therefore, 35 days stored erythrocytes were first incubated 
with the CD47 antibodies or the biotinylated TSP-1 peptides. Subsequently, after incubation 
with one of the CD47 antibodies, the erythrocytes were incubated with either the biotinylated 
4N1K or biotinylated 4NGG peptides. Erythrocytes that were incubated with the biotinylated 
TSP-1 peptides were subsequently incubated with either B6H12 or 2D3. After these incubations 
total 4N1K or 4NGG binding was determined by streptavidin binding. When we first incubated 
with the 4N1K peptide and subsequently with the CD47 antibodies, we observed that B6H12 
could compete with the 4N1K peptide for binding to CD47 (figure 5d). The 2D3 antibody did 
not compete with the 4N1K peptide. However, when we first incubated with the B6H12 or 
2D3 antibodies and subsequently with the 4N1K peptide, we observed no binding of 4N1K 
indicating that the affinity of the CD47 antibodies for CD47 is higher than the 4N1K peptide.

Discussion 
Although CD47-SIRPα interaction is well-known for its ability to inhibit phagocytosis of 

CD47 expressing cells12,19, there have been several reports that provide evidence for a role for 
CD47 and SIRPα in promoting uptake of apoptotic cells25,26. Here we describe the recognition 
and uptake of aged erythrocytes through CD47-SIRPα interaction as a new mechanism for 
erythrocyte clearance.  

We obtained data that support a model in which a conformational change in CD47 is 
induced during ageing, after which TSP-1 binds to CD47 and hereby creates a new binding site 
for SIRPα, which is then able to recognize CD47 as an “eat me” signal instead of a “don’t eat me” 
signal. Importantly, oxidation of erythrocytes induced the conformational change in CD47 that 
was required for TSP-1 binding, suggesting that oxidative damage can be an important factor 
in generating this “eat me” signal on erythrocytes. The same oxidation abolished binding of 
CD47-coated beads to SIRPαCHO cells, suggesting that the conformational change observed 
in erythrocytes is primarily a direct effect on CD47 rather than an effect of oxidation of other 
membrane proteins. However, although the oxidation of beads abolished binding, we did 
not observe increased phagocytosis of erythrocytes after inducing experimental ageing. This 
suggests that at least part of the CD47 present on aged erythrocytes can still interact with SIRPα, 
or that only part of the CD47 is modified by oxidation.  As for CD47 and SIRPα, TSP-1 has been 
described to promote phagocytosis of apoptotic cells40. We were able to confirm that oxidation of 
erythrocytes and subsequent incubation with the TSP-1 peptide leads to uptake by phagocytes, 
including THP-1 cells and primary human splenic RPM. The results with the THP-1 cells as well 
as the splenic RPM indicate that oxidation alone, and the subsequent conformational change in 
CD47, do not lead to phagocytosis of the erythrocytes (figure 4a and b). This means that in the 
absence of the TSP-1 peptide, CD47 still delivers its inhibitory signal; blocking CD47 interaction 
with SIRPα through F(ab’)2 fragments leads to phagocytosis of erythrocytes, indicating that this 
signal is crucial in inhibiting phagocytosis of erythrocytes. After incubation with the TSP-1 
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peptide phagocytosis is observed, indicating that erythrocytes are taken up only after CD47 has 
changed conformation and has bound TSP-1. Intriguingly, TSP-1 has also been shown to be able 
to induce erythrocyte PS exposure through CD47 after prolonged incubation38. We therefore 
propose a model in which the conformational change in CD47 and subsequent TSP-1 binding 
are at the basis of the recognition of aged erythrocytes as well as the generation of additional 
“eat me” signals.

How TSP-1 is able to induce phagocytosis of old erythrocytes through binding to CD47 
and subsequent recognition by SIRPα is currently unknown. Although the results from the 
phagocytosis of aged erythrocytes treated with the TSP-1 peptide might suggest that TSP-1 
is simply blocking the CD47-SIRPα interaction, this is not in line with the results from the 
CHO SIRPα  binding.  We  clearly  observed  that  TSP-1  was  able  to  induce binding of 
aged erythrocytes to CHO SIRPα cells, which could not occur if TSP-1 would be blocking the 
CD47-SIRPα interaction. In line with this are the observations with oxidized beads coated with 
the extracellular domain of CD47. Upon oxidation, the CD47-coated bead binding to CHO 
SIRPα cells was abolished. However, when the oxidized beads are pre-treated with the 4N1K 
peptide we observed again binding to CHO SIRPα cells, but not to CHO cells which were not 
transfected with SIRPα. This suggests that TSP-1 does not block the interaction of CD47 with 
SIRPα, but rather alters the interaction. TSP-1 has to bind close to the epitope of B6H12 on the 
Ig domain of CD47, as shown by the competition between B6H12 and the TSP-1 peptide. We 
therefore propose that TSP-1 binds to CD47 and thereby either alters the conformation of CD47 
even further allowing new binding sites to bind to SIRPα. It seems also possible that TSP-1 
fixes CD47 in a conformation so that it is differently recognized by SIRPα. Further structure 
evidence will be necessary to give more insight into this interaction.  

Our data indicate that CD47 regulates the recognition of erythrocytes that are destined to be 
cleared by macrophages in the spleen. We speculate that this mechanism may also be relevant 
for other cell types. In line with this thinking are previous publications in which CD47 on other 
cell types has also been indicated to be necessary for efficient phagocytosis of apoptotic cells25,26.

The signal transduction cascade that SIRPα uses to transmit inhibitory signals is well 
known. The cytoplasmic region of SIRPα contains four ITIMs, which upon ligand binding can 
become phosphorylated, and mediate recruitment and activation of the tyrosine phosphatases 
SHP-1 and SHP-217. SHP-1 and SHP-2 can, in turn, dephosphorylate specific protein substrates 
and thereby regulate phagocytosis in a negative fashion. However, it is at present completely 
unknown how SIRPα signaling would lead to positive regulation of phagocytosis. Transfection 
of SIRPα in CHO cells (figure 2a and supplementary video) was sufficient for phagocytosis 
of aged erythrocytes, indicating that the signaling molecules required for SIRPα dependent 
phagocytosis are present in these cells. CHO cells have been described to express SHP-1 and 
SHP-241,42 providing the possibility that these proteins also regulate phagocytosis through 
SIRPα. Currently, the signal transduction cascade leading to phagocytosis after SIRPα signaling 
is under investigation in CHO cells as well as in primary human RPM. 

The data presented here may explain the enhanced clearance of erythrocytes in a number 
of circumstances. First, erythrocytes that have been stored for several weeks undergo a 
conformational change in CD47 when incubated in fresh blood and bind TSP-1, which may 
explain their high rate of clearance after transfusion (figure 5). Second, sickle erythrocytes 
also display an increase in the binding of the conformation-dependent CD47 antibody 2D3 
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and bind TSP-143. This finding may explain in part the enhanced uptake of sickle erythrocytes 
in the spleen.  Although it seems clear that changes in CD47 conformation may be a critical 
determinant for erythrocyte survival, it is currently not known which phenomena drive this 
CD47 conformational switch and whether this occurs during normal red cell ageing in vivo. As the 
conformational change in CD47 was only observed after incubation of long stored erythrocytes 
in whole blood, it is likely that other plasma components first induce the conformational change 
after which TSP-1 is able to bind to the changed CD47. As part of the band 3 complex in the 
erythrocyte membrane, it is also well possible that the change in CD47 that leads to the “eat 
me” configuration is due to modifications in band 3, i.e. phosphorylation44, cleavage and/or 
modification by transglutaminases45 that may occur during ageing. In line with this are the 
observed differences in binding of erythrocytes and beads coated with the extracellular domain 
of CD47 to CHO cells transfected with SIRPα mutants. As the CD47 extracellular domain on 
the erythrocytes and beads is similar, this suggests that the transmembrane or intracellular part 
of CD47 also plays an important role in recognition by SIRPα. As CD47 is in a major protein 
complex with among others band 3, glycophorin A and CD44, an indirect effect on CD47 
conformation by modification of other membrane proteins is well possible.  

Another possibility is that CD47 becomes clustered on the erythrocyte membrane, due to 
increased mobility, can then bind TSP-1 and is subsequently recognized by SIRPα as an “eat 
me” signal. Clustering of CD47 has been shown to occur on apoptotic erythrocytes46, but the 
contribution of this phenomenon to inhibition or facilitation of clearance through SIRPα 
remains unknown. These different possibilities are currently under investigation.

Supplementary video
http://bloodjournal.hematologylibrary.org/content/119/23/5512/suppl/DC1
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Summary and general discussion
Erythrocytes are a unique cell type and essential for life, as they transport oxygen from the lungs 

to the rest of the body1. To fulfill this role, the erythrocyte is equipped with some unique features, 
dedicated to this specific task. First of all, erythrocytes carry high amounts of hemoglobin, which 
is essential for the oxygen transport1. Depending on its conformation, hemoglobin can bind to 
the membrane, where it can affect the binding and activity of certain glycolytic enzymes2. As the 
affinity of hemoglobin to oxygen is dependent on 2,3-diphosphoglycerate (2,3-DPG) binding, 
this forms a feedback loop, by which the conformation of hemoglobin affects the glycolysis, 
thereby affecting the 2,3-DPG production and its own conformation. Secondly, erythrocytes can 
regulate their own passage through the vessels by influencing vasodilation and vasoconstriction 
through nitric oxide release and scavenging of this important signaling molecule3. Last of all, 
erythrocytes are equipped with high levels of glutathione to prevent damage resulting from 
transporting oxygen4. 

For a long time in history, it has been recognized that extensive loss of blood results in 
death. A self-evident solution to correct this blood loss would be to transfuse blood or another 
solution back into the patient. Several attempts with varying solutions have been made over the 
course of the centuries, but most ended up in the death of the transfused patient. In the 19th 
century the first successful blood transfusion was performed by directly linking the donor and 
recipient. However, many other attempts still resulted in death of the recipient. This was until 
1901, when Karl Landsteiner discovered the blood groups, which made transfusion practice 
a lot safer and more successful. Still the donor and recipient had to be directly linked, until 
the discovery of anti-coagulants and the preservation of collected blood at low temperature. 
These developments made it possible to set up a blood supply, making blood available whenever 
and wherever required. This was especially important during the First and Second World Wars, 
which stimulated further development. The separation and storage of erythrocytes as red cell 
concentrates (RCC) became possible with the plastic bag in the 1960s.

Since then the quality of RCC has stepwise improved. First glucose was added as a source for 
adenosine triphosphate (ATP) and 2,3-DPG, followed by the addition of adenine, to stimulate 
ATP formation, and mannitol, to stabilize the erythrocyte membrane, resulting in the current 
additive solution saline-adenine-glucose-mannitol (SAGM) in Europe and AS-1 in the USA5.

There are however, several negative effects surrounding current transfusion practice as 
summarized in the introduction of this thesis. Briefly, the post-transfusion survival of the 
stored erythrocytes decreases with increasing storage time6, and potassium leakage and lactate 
production7 are sometimes a problem for transfusion recipients, especially neonates and 
children. Furthermore, increasing storage time leads to hemolysis8, non-transferrin bound 
iron, increased nitric oxide scavenging9, immunomodulation10 and reduced oxygen11 delivery 
by the erythrocytes after transfusion. Several attempts have been made to improve the quality 
of stored erythrocytes by manipulating the additive solution. In the United States, this led to the 
implementation of the storage solution AS-3. However, up to now there is no additive solution 
available which is able to maintain both 2,3-DPG and ATP levels throughout the entire storage.
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Erythrocyte storage
In an attempt to maintain both 2,3-DPG and ATP at sufficient levels during storage 

of erythrocytes, our group has developed a new additive solution containing phosphate, 
adenine, guanosine, gluconate, glucose and mannitol (PAGGGM). This solution is based on 
the “chloride-shift” hypothesis proposed by Meryman et al12. The hypothesis is that when there 
is no extracellular chloride present, chloride will leak out of the cells because of the Donan 
equilibrium. Subsequently, hydroxide ions will move into the cell to restore electrolyte balance, 
leading to an increased intracellular pH. As ATP and 2,3-DPG production are pH sensitive, this 
would lead to an increase in ATP and 2,3-DPG production. In Chapter 2 the 2,3-DPG and ATP 
levels of erythrocytes stored in PAGGGM were compared with the levels in erythrocytes stored 
in the standard additive solution, saline-adenine-glucose-mannitol (SAGM). To exclude donor 
variation, double-units were collected via erythrocytapheresis and subsequently split in both 
a SAGM and a PAGGGM unit. Of note is that erythrocytes collected via erythrocytapheresis 
have a higher pH than erythrocytes collected via whole blood collection. This is due to different 
ratios of the amount of blood collected and the amount of acidic anti-coagulant used between 
whole blood collection and erythrocytapheresis. Contrary to the “chloride-shift” hypothesis, 
we observed no differences in intracellular pH between erythrocytes stored in SAGM or in 
PAGGGM. Despite this, ATP and 2,3-DPG levels were maintained much better in PAGGGM 
stored erythrocytes, which is a unique feature of this storage solution. Because of the increased 
2,3-DPG level, erythrocytes stored in PAGGGM can be expected to show a better oxygen release 
to surrounding tissues once transfused, which is the main reason to transfuse erythrocytes in 
the first place. Secondly, because of the increased ATP levels, erythrocytes stored in PAGGGM 
are probably superior to SAGM stored erythrocytes in their ability to perform ATP-dependent 
functions such as the maintenance of phospholipids asymmetry. 

In the second part of Chapter 2 we revealed that the increased 2,3-DPG and ATP levels are 
likely due to higher phosphofructokinase (PFK) activity in PAGGGM stored erythrocytes. This 
notion was in line with several models which predict that a higher PFK activity will result in an 
increase in both ATP and 2,3-DPG levels13,14. However, it was also one of the first studies on the 
effects of an additive solution on the glycolysis of stored erythrocytes. 

Multiple studies have shown that the conformation of hemoglobin can be altered by chloride 
ions15. As stated previously, hemoglobin can, by interaction with the erythrocyte membrane, 
influence the binding and activity of several glycolytic enzymes2.  We hypothesized that the 
decreased intracellular chloride concentration in PAGGGM stored erythrocytes brings 
hemoglobin in a conformational state that ultimately results in stimulation of glycolytic activity. 
To further elucidate how the experimental additive solution PAGGGM affects the glycolysis 
of stored erythrocytes, the translocation of several glycolytic enzymes to the erythrocyte 
membrane was determined in Chapter 3. To gain more insight into the effect of chloride in the 
additive solutions on the quality of stored erythrocytes, gluconate present in PAGGGM was 
replaced with chloride to create PAGGSM. First of all we show that there were no differences in 
intracellular pH, while erythrocytes stored in PAGGGM maintained 2,3-DPG for a significantly 
longer time. It has previously been shown that the allosteric inhibitory effects of ATP and 
2,3-DPG are removed when PFK binds to the erythrocyte membrane2. Furthermore, we 
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already showed in chapter 2 that it is likely that PFK activity is increased in PAGGGM stored 
erythrocytes. We indeed observed that PFK binding to the erythrocyte membrane was increased 
in PAGGGM stored erythrocytes after 7 days of storage. This is in line with the observation that 
PAGGGM stored erythrocytes had higher 2,3-DPG concentrations. Moreover, we observed a 
rapid decrease of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase 
binding to the erythrocyte membrane during the first weeks of storage. The activity of GAPDH 
is inhibited when bound to the erythrocyte membrane, thus this observation is expected as the 
stored erythrocytes try to maintain normal ATP and 2,3-DPG concentrations.

The pH of PAGGGM, 8.2, also has a beneficial effect on the stored erythrocytes, as a decrease 
in the pH of PAGGGM from 8.2 to 7.2 results in reduced 2,3-DPG and ATP levels (unpublished 
data). However, the high pH of PAGGGM was only chosen because the standard anti-coagulant 
used in the Netherlands, citrate-phosphate-dextrose (CPD), has a pH of 5.6. This low pH is 
needed because of the presence of glucose. During heat sterilization, glucose will caramelize 
in any solution with a pH above 6.0. A potential problem of the combination of a low pH of 
the anti-coagulant and a high pH of the additive solution, is that this might cause electrolyte 
disturbances in patients receiving erythrocyte transfusions. Moreover, it is strange to first reduce 
the pH of whole blood, only to increase it again at a later stage. In Chapter 4 we have investigated 
the possibility of lowering the pH of PAGGGM to the physiological pH of 7.4, by simultaneously 
increasing the pH of the anti-coagulant to a physiological pH. First, we tested the effect of the 
pH of the anti-coagulant by collecting whole blood in either TNC (pH 7.4) or CPD (pH 5.6) and 
storing the erythrocytes in SAGM. RCCs manufactured from whole blood collected in TNC 
maintained 2,3-DPG levels better, indicating that the pH of the anti-coagulant indeed has a 
prolonged effect on stored erythrocytes. 

In the second part, whole blood was collected in TNC and RCCs were stored in PAGGGM 
with either a pH of 7.4 or 8.2. We observed no differences between RCCs stored in PAGGGM 
with a pH of 7.4 or with a pH of 8.2. This showed that in combination with the increased 
pH of TNC, PAGGGM with a physiological pH was as good as PAGGGM with a high pH in 
maintaining ATP and 2,3-DPG levels.

The combination of an anti-coagulant with a physiological pH and an additive solution 
with a physiological pH would remove any concern for electrolyte disturbances when the 
RCCs are transfused into patients. To translate these findings into large scale transfusion 
practice, it will be necessary to provide the new additive solution PAGGGM in two separate 
bags allowing the medium without glucose to be heat-steralized. Other groups have already 
shown that this method is possible16-18. Alternatively, other sterilization methods will have to 
be explored in which the glucose does not caramelize. A possible complication might be that 
not only erythrocytes are affected by the pH of the anti-coagulant, but all components present 
in the collected blood, including thrombocytes and plasma. For collection of plasma, it should 
not matter whether TNC will be used as an anti-coagulant, as TNC is commonly used to obtain 
plasma by plasmapheresis19,20. For thrombocyte concentrates (PC) the only glucose available is 
the glucose present in plasma and the glucose in CPD. When CPD is replaced by TNC and extra 
glucose is thus no longer provided by the anti-coagulant, it is uncertain if there is still enough 
glucose to store the PCs for 7 days21. A possible solution would be to add an additive solution 
to the PC as well. Further studies have to be performed to show the viability of thrombocytes 
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collected in TNC, either with or without an additive solution.

All 3 chapters reveal one of the reasons why there have been very little advancements in the 
development of additive solutions for storage of erythrocyte in the past few decades. Classically, 
studies performed to test the effect of new additive solutions mainly determined 2,3-DPG 
and ATP levels, hemolysis and post-transfusion survival of the stored erythrocytes. However, 
there have been no studies to uncover the underlying mechanisms by which additive solutions 
affect the stored erythrocytes. There have been several groups showing models of erythrocyte 
glycolysis that provide clues to develop additive solutions that stimulate the glycolysis during 
storage13,14. Some of these models indicate which steps in the glycolysis have to be stimulated to 
increase the 2,3-DPG and ATP production. However, these models have never been translated 
to transfusion practice. Taken together, this is the first series of studies which not only showed 
that a new experimental additive solution is better in terms of 2,3-DPG and ATP levels, but also 
revealed how the new additive solution affects the glycolysis. With these new insights it might 
be possible to further optimize additive solutions for an improved quality of stored erythrocytes. 
It would be very interesting to investigate whether erythrocytes stored in the newly developed 
additive solution PAGGGM also show improved post-transfusion recovery in healthy volunteers 
and whether these erythrocytes also show an improved oxygen delivery capacity. In the table 
below a summary is given on the likely mechanisms by which the different additive solutions 
improve the quality of stored erythrocytes (see table 1).

Table 1: Overview of ATP and 2,3-DPG concentrations of erythrocytes stored in SAGM, PAGGSM 
and PAGGGM. Also illustrated are the possible mechanisms underlying the likely mechanisms of the 
different additive solutions.

Day 1
Day 21
Day 42
Day 1
Day 21
Day 42

ATP concentration
(µM/g Hb)

2,3-DPG concentration 
(µM/g Hb)

Likely mechanism(s)

Additive Solution PAGGGM (pH 8.2)
3.72
3.43
2.28

15.37
2.57
0.69

3.82
4.46
3.09 

20.15
14.22
2.07

4.29
4.66
2.71

21.16
26.17
3.96

PAGGSM (pH 8.2)SAGM (pH 6.2)

Replacing chloride 
with gluconate to 
induce chloride 
shift and stimulate 
phosphofructokinase 
activity and 
stabilize erythrocyte 
membrane

Addition of 
adenine, guanosine 
and phosphate as 
additional substrates 
for ATP and 2,3-DPG 
production.
Increased pH to 
stimulate activity of 
glycolytic enzymes
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Erythrocyte (storage) lesion and clearance
Although the newly developed additive solutions proved to have a beneficial effect on 

the glycolysis of the stored erythrocytes, we looked for further ways of improving the quality 
of stored erythrocytes. One of the possible ways was to reduce the changes occurring in 
erythrocytes during storage. While it is known that between 10% and 25% of the erythrocytes 
are cleared within 24 hours after transfusion6, the mechanism by which erythrocytes are cleared 
is unknown. As it was unknown which changes occurring in erythrocytes during storage 
were responsible for this rapid clearance, we tried to gain more insight into both the changes 
occurring during storage of erythrocytes and possible clearance mechanisms.

In chapter 5 we investigated what the effect of erythrocyte transfusion is on the transfused 
erythrocytes themselves. Furthermore, when analyzing erythrocytes directly from the storage 
bag, we did not find any changes on the erythrocytes that might lead to clearance.

Therefore, we set up a transfusion model in which stored or freshly isolated erythrocytes 
were incubated overnight in whole blood at 37 °C. In this new transfusion model, it is possible 
to separately track both the donor and recipient erythrocytes due to mismatching of the 
minor blood group antigens. We observed a clear increase in potassium leakage, hemolysis, 
vesicle formation and PS exposure on long stored erythrocytes after the overnight incubation. 
We also found that this was due to the incubation at 37 °C and not due to other components 
present in whole blood. Although these results are in line with published animal studies8,9, it is 
surprising that these effects have never been observed in transfusion recipients. Of course, the 
rapid clearance mechanisms of free hemoglobin and damaged erythrocytes will make it hard to 
observe this in patients. Furthermore, we observed that PS positive erythrocytes were prone to 
shed vesicles and thereby removed the exposed PS from their membrane. This observation is not 
in line with the hypothesis that PS exposure on erythrocytes is an “eat-me” signal necessary for 
clearance. Previous studies have shown that upon transfusion of PS positive erythrocytes, these 
erythrocytes are cleared shortly after transfusion22,23. However, it could be that the erythrocytes 
were not cleared, but had shed their PS via vesicle formation, thereby becoming PS negative 
again. This mechanism might also explain why PS positive erythrocytes have never been 
observed in patients after transfusion of long stored erythrocytes. It would be very interesting to 
investigate whether the number of vesicles increases in recipients shortly after transfusion, even 
though this will be difficult to investigate due to their small size and rapid clearance.

The vesicles that are shed from stored erythrocytes could act as a cofactor for the FVIIIa/
FIXa coagulation complex cleaving FX to FXa. Although it was known that vesicles shed by 
erythrocytes in patients suffering from paroxysmal nocturnal hemoglobinuria can act as 
cofactors for the FVIIIa/FIXa complex24, this is the first time it is shown that vesicles from 
stored erythrocytes can do the same. Although the vesicles shed from erythrocytes only support 
coagulation and are not sufficient to initiate the cascade, this phenomenon is certainly not 
beneficial for the patient. Erythrocyte vesicles have been implicated in other processes such as 
inflammation10, vascular tone3 and angiogenesis25.

The observed increase in PS exposure after incubating long stored erythrocytes overnight 
at 37 °C proved to be due to increased potassium leakage which resulted in a decreased flippase 
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activity. This made the erythrocytes more prone to expose PS once scrambling activity would 
be increased. As expected, potassium leakage and subsequent decreased flippase activity did not 
lead to PS exposure itself. Indeed, PS positive erythrocytes showed more scrambling activity 
than PS negative erythrocytes, indicating that scrambling activity is needed to flip the PS from 
the inner leaflet of the membrane to the outer leaflet of the membrane. We therefore propose 
a new model in which potassium leakage primes the erythrocytes to expose PS. A subsequent 
second hit increases scrambling activity and leads to PS exposure on the erythrocytes. To remove 
the exposed PS, erythrocytes will form vesicles. These vesicles in turn can act as cofactors for the 
coagulation cascade.

Taken together, it would be of benefit for the recipient if the vesicle release by long stored 
erythrocytes could be prevented. As potassium leakage makes the erythrocytes prone for PS 
exposure, combined with the fact that potassium leakage itself can be harmful for the recipient, 
more effort should go into the development of additive solutions which are able to prevent 
this potassium leakage. As shown in the previous chapters, erythrocytes stored in the newly 
developed additive solution PAGGGM still suffer from potassium leakage. However, it would 
still be of interest to test if PAGGGM stored erythrocytes are prone to vesicle formation.

As stated in the introduction of this thesis, several hypotheses exist regarding possible 
clearance mechanisms of erythrocytes. In chapter 6 we describe a new clearance mechanism 
of aged and damaged erythrocytes. Under normal conditions the interaction of CD47, present 
on erythrocytes, with SIRPα, present on phagocytes, gives an anti-phagocytic signal26. This 
is nicely illustrated by the rapid clearance of erythrocytes when erythrocytes from a CD47-/- 
mouse are transfused into a wild-type mouse27. Furthermore, mouse studies have shown that 
CD47 is gradually lost during ageing of the erythrocytes, leading to less anti-phagocytic signals 
and subsequent clearance28. Two studies on stored human erythrocytes have reported decreased 
CD47 expression over time, but it was not investigated whether this decrease would be enough 
to allow subsequent phagocytosis29,30. Moreover, both studies used non-leukoreduced units, 
while it is known that leukocytes present during storage of erythrocytes have a negative impact 
on stored erythrocytes31,32.

To study the possibility of a decrease in CD47 expression on older erythrocytes, we separated 
erythrocytes from fresh whole blood based on age. It is known that during ageing, erythrocytes 
become smaller and more dense. It is therefore possible to separate erythrocytes by age based 
on size and density. We did not observe a difference in expression of CD47 between the oldest 
and youngest erythrocytes. However, we did show that the conformation of CD47 on aged 
erythrocytes was changed. After this conformational change, thrombospondin-1 (TSP-1) was 
able to bind to CD47 whereby the anti-phagocytic signal became a pro-phagocytic signal. Only 
the combination of these two events enabled phagocytosis of the aged erythrocyte by red pulp 
macrophages, induction of the conformational change alone was not enough. It is therefore 
likely that CD47, when conformationally changed by the aging process, is still able to interact 
with SIRPα as normal CD47 does. However, when TSP-1 has bound, the conformation of CD47 
is likely further changed or fixed in such a manner that it can still interact with SIRPα but is now 
recognized as an “eat me” signal. This is probably due to interaction with other components of 
the erythrocyte membrane or clustering of more CD47 molecules.
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Strikingly, this conformational change was also induced in long stored erythrocytes that 
were incubated overnight in whole blood. Additionally, TSP-1, present in whole blood, was 
found to bind to long stored erythrocytes after overnight incubation. Although we were unable 
to elucidate the percentage of cells that gained the conformationally changed CD47, this finding 
might explain the large number of transfused erythrocytes cleared within 24 hours. It would 
indeed be very interesting to see if this rapid clearance would still occur when the erythrocytes 
with a conformationally changed CD47 would be removed prior to transfusion. Furthermore, 
it would be also of interest to test if the changes in the conformation of CD47 in long stored 
erythrocytes after an overnight incubation in whole blood also occur when the erythrocytes 
are stored under more optimal storage conditions, such as with PAGGGM as additive solution.

Concluding remarks
Although there have been improvements in the storage of erythrocytes over the past few 

decades it is still generally accepted that a significant number of the transfused erythrocytes 
are cleared very rapidly. A major problem is that the clearance mechanisms of erythrocytes are 
unknown and it is therefore impossible to specifically develop methods to prevent these. This is 
reflected in the only two, rather unspecific, requirements for erythrocyte storage: less than 0.8 % 
hemolysis and at least 75 % of the transfused erythrocytes have to survive for more than 24 hours 
in healthy volunteers33. The research described in this thesis gives a better understanding of the 
metabolic changes occurring during storage of erythrocytes, and documents changes in stored 
erythrocytes which might explain the rapid clearance directly after transfusion. These also might 
contribute to negative impact of erythrocyte transfusions on the clinical outcome of patients. 
Furthermore, by making use of discrepancies in expression of minor blood group antigens, it 
would be possible to evaluate the clearance rate of stored erythrocytes in actual patients rather 
than healthy volunteers. Further research on improving erythrocyte storage conditions should 
therefore aim at preventing these changes.
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Nederlandse samenvatting

Door hun vermogen om zuurstof te dragen, zijn rode cellen van groot belang voor het leven 
van vissen, reptielen en zoogdieren, inclusief mensen. De klinische relevantie van rode cellen 
wordt het beste geïllustreerd door patiënten die in korte tijd veel rode cellen verliezen, zoals bij 
een ongeluk. In dit soort omstandigheden kan een transfusie van rode cellen levensreddend zijn.

Rode cellen bedoeld voor transfusie kunnen worden bewaard als rode cel concentraten. 
Standaard rode cel concentraten worden gemaakt van volbloed dat gedoneerd is door gezonde 
vrijwilligers. Nadat het bloed in de verschillende componenten gescheiden is, dus rode 
cellen, plasma en de buffy coat waar de bloedplaatjes en witte bloedcellen in zitten, wordt een 
bewaarmedium toegevoegd en worden de rode cellen bewaard in een bewaarmedium bij 4 °C. In 
een groot deel van Europa worden de rode cellen ook nog gefiltreerd om de laatste bloedplaatjes 
en witte bloedcellen te verwijderen. In Nederland wordt SAGM als standaard bewaarmedium 
gebruikt en kunnen de gefiltreerde rode cellen bij 4 °C 5 weken worden bewaard na afname van 
volbloed van de donor.

Tijdens het bewaren treden er echter veranderingen op bij de rode cellen. Dit wordt het beste 
geïllustreerd doordat direct na transfusie rode cellen direct worden geklaard uit de bloedbaan, 
hetgeen toeneemt naarmate de cellen langer worden bewaard. Het is echter onbekend wat deze 
veranderingen precies zijn en waardoor een gedeelte van de rode cellen direct na transfusie zo 
snel wordt geklaard.

Om de veranderingen die optreden bij rode cellen tijdens bewaren te verminderen, is 
voorafgaand aan dit proefschrift een nieuw bewaarmedium ontwikkeld genaamd PAGGGM. 
PAGGGM is gebaseerd op de “chloride-verschuiving”. In PAGGGM is onder meer de in 
SAGM aanwezige chloride vervangen door gluconaat, waardoor chloride vanuit de cel naar het 
bewaarmedium zal verplaatsen. Om het verschil in lading dat hierdoor optreedt op te vangen 
gaan er hydroxide ionen naar binnen waardoor de pH omhoog gaat. Een hogere pH heeft een 
stimulerend effect op de glycolyse van de rode cellen, waardoor ze betere metabole capaciteiten 
hebben.

In hoofdstuk 2 werd bekeken welke stap in de glycolyse werd gestimuleerd in de rode 
cellen bewaard in PAGGGM. Om dit te onderzoeken werden dubbele rode cel eenheden 
afgenomen door middel van aferese en vervolgens gesplitst, waarna de rode cellen in SAGM of 
in PAGGGM werden bewaard. Net zoals in de eerdere studie vonden we dat rode cellen bewaard 
in PAGGGM veel beter in staat waren om de adenosinetrifosfaat (ATP) en 2,3-difosfoglyceraat 
(2,3-DPG) concentraties te behouden. In tegenstelling tot een eerdere studie met rode cellen 
uit volbloedafnames, vonden we echter dat er geen verschil in intracellulaire pH aanwezig 
was, ondanks dat PAGGGM gebaseerd is op de chloride-verschuiving. Vervolgens werden 
verschillende metabolieten van de glycolyse bekeken, op basis waarvan geconcludeerd werd 
dat vooral het glycolytische enzym fosfofructokinase sterk in zijn activiteit werd gestimuleerd. 
Omdat er geen verschil was tussen de intracellulaire pH van rode cellen bewaard in PAGGGM 
of SAGM, is het waarschijnlijk dat de chloride-verschuiving een ander effect heeft dan het 
verhogen van de intracellulaire pH.

In hoofdstuk 3 hebben we gekeken op welke manier de glycolyse van rode cellen bewaard in 
PAGGGM wordt gestimuleerd. Dit mede omdat de verwachte verhoging van de intracellulaire 



nederlandse saMenvattInG

123

pH in de eerdere studie zoals beschreven in hoofdstuk 2 niet aanwezig was. Zoals eerder 
vermeld, is in PAGGGM de chloride vervangen door gluconaat. In deze studie werd daarom het 
gluconaat weer vervangen door chloride, waardoor PAGGSM met hoge pH ontstond. Ook in 
deze studie vonden wij geen verschil in intracellulaire pH, maar is de 2,3-DPG concentratie wel 
hoger in rode cellen bewaard in PAGGGM. Van eerdere studies was bekend dat chloride direct 
de binding van fosfofructokinase aan de rode cel membraan kan beïnvloeden. Omdat bekend is 
dat de activiteit van fosfofructokinase hoger is als deze aan het membraan van de rode cel bindt, 
is deze in meer detail bekeken. Wij vonden inderdaad dat er meer fosfofructokinase aan het 
membraan van rode cellen bewaard in PAGGGM was gebonden, hetgeen dus de verhoogde 2,3-
DPG concentraties kan verklaren. Dit was in lijn met de resultaten verkregen uit hoofdstuk 2.

In hoofdstuk 4 is onderzocht of het mogelijk is om rode cellen bij een meer fysiologische pH 
af te nemen en te bewaren. Normaal wordt tijdens de volbloed afnamen het bloed opgevangen 
in een zuur anti-coagulant, genaamd CPD. Het bewaarmedium, SAGM, is ook relatief zuur met 
een pH van 5,0-6,0. PAGGGM aan de andere kant is basisch met een pH van 8,2. Deze pH is 
nodig om de lage pH van CPD op te heffen. Het is echter vreemd om het bloed eerst te verzuren, 
om vervolgens de pH weer te verhogen. In deze studie hebben we de rode cellen tijdens de 
afnamen opgevangen in een anti-coagulant met een fysiologische pH van 7,4 (tri-natrium 
citraat; TNC), en bewaard in PAGGGM met een pH van 7,4. Uit het eerste gedeelte van de 
studie bleek dat rode cellen opgevangen in TNC hogere ATP en 2,3-DPG concentraties hadden 
dan rode cellen opgevangen in CPD. Dit laat dus zien dat de pH van het anti-coagulant een effect 
heeft op de uiteindelijke kwaliteit van de bewaarde rode cellen. In het tweede gedeelte van de 
studie toonden we aan dat als het bloed opgevangen werd in TNC, het inderdaad mogelijk was 
om de rode cellen te bewaren in PAGGGM met een fysiologische pH zonder kwaliteitsverlies 
ten opzichte van de combinatie met CPD en PAGGGM met pH 8,2.

Zoals hierboven staat neemt de eerste, snelle klaring van rode cellen na transfusie toe 
met toenemende bewaartijden. In hoofdstuk 5 is daarom een transfusiemodel opgezet, 
waarbij bewaarde cellen van een donor in vitro worden verdund in bloed van een ontvanger. 
Hiervoor is een nieuwe methode opgezet waardoor we donor en ontvanger rode cellen kunnen 
onderscheiden op basis van verschillen in expressie van klinisch irrelevante bloedgroep 
antigenen. Hierbij is gevonden dat nadat de bewaarde cellen verdund waren in volbloed ze meer 
veranderingen ondergaan, waaronder meer hemolyse, kalium lekkage en blaasjes afsnoeren om 
deze veranderingen te verwijderen. Deze blaasjes kunnen op hun beurt weer als basis dienen 
voor het factor VIIIa/factor IXa complex en daarmee de stollingscascade helpen. Verder laten 
we duidelijk zien dat de kalium lekkage die optreedt tijdens bewaren, de rode cellen gevoelig 
maakt voor het loslaten van deze blaasjes. Deze resultaten laten zien dat de veranderingen 
die optreden bij rode cellen tijdens bewaren pas naar voren komen na transfusie en dat tot op 
heden deze veranderingen waarschijnlijk onderschat zijn. Deze veranderingen zouden kunnen 
bijdragen aan eventuele complicaties bij ontvangers, hoewel dit in verdere studies uitgezocht zal 
moeten worden.

In hoofdstuk 6 wordt een nieuw klaringsmechanisme van rode cellen beschreven. Onder 
normale omstandigheden geeft de interactie van CD47, aanwezig op de rode cellen, met 
SIRPα aanwezig op de macrofagen, een anti-fagocytose signaal. Op oude rode cellen is de 
conformatie van CD47 echter veranderd, waardoor deze interactie wordt omgezet naar een 
pro-fagocytose signaal. Hierbij speelt het eiwit thrombospondine-1 een belangrijke rol. Zonder 
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thrombospondine-1 binding wordt ook het veranderde CD47 nog steeds herkend als anti-
fagocytose signaal. Thrombospondine-1 kan namelijk binden aan het veranderde CD47 en 
zodra thrombospondine-1 aan het veranderde CD47 bindt, worden de rode cellen opgenomen 
door de fagocyten. Deze verandering in CD47 treedt ook op bij het bewaren van rode cellen 
voor bloedtransfusie. Dit is een mogelijke verklaring voor de eerste snelle klaring van deze 
cellen na transfusie.

Conclusie
Hoewel er over de laatste decennia verbeteringen hebben plaatsgevonden in het het bewaren 

van rode cellen wordt nog steeds algemeen geaccepteerd dat een significant gedeelte van de 
getransfundeerde rode cellen zeer snel wordt geklaard. Een groot probleem hierbij is dat de 
klaringsmechanismen van rode cellen onbekend zijn, waardoor het onmogelijk is om specifieke 
methoden te ontwikkelen om dit te voorkomen. Dit is onder meer te zien aan de vrij onspecifieke 
eisen voor het bewaren van rode cellen: minder dan 0,8 % hemolyse en minstens 75  % van 
de rode cellen moet meer dan 24 uur na transfusie overleven in gezonde vrijwilligers. Het 
onderzoek beschreven in dit proefschrift geeft een beter begrip van de metabole veranderingen 
die optreden bij het bewaren van rode cellen en documenteert veranderingen in bewaarde rode 
cellen die mogelijk de snelle klaring direct na transfusie kunnen verklaren. Deze zouden ook 
kunnen bijdragen aan een negatieve effect van rode cel transfusies op de klinische uitkomst van 
patiënten. Ook zou het mogelijk zijn om, door verschillen in expressie van klinisch irrelevante 
antigenen, de daadwerkelijke klaring van bewaarde rode cellen in patiënten te evalueren in 
plaats van in gezonde vrijwilligers. Verder onderzoek op het verbeteren van de bewaarcondities 
van rode cellen zouden daarom gericht moeten zijn op het voorkomen van deze veranderingen.



CurrICuluM vItae

125

Curriculum Vitae

Patrick Burger was born in Amsterdam, the Netherlands on the 17th of July 1983. From 
1995 till 2001 he attended pre-universitary education at the Katholieke Scholengemeenschap 
Hoofddorp in Hoofddorp. In 2001 he studied Biomedical Sciences at the Leiden University 
Medical Centre. As part of this study he performed an internship at the Department of Medical 
Microbiology in Leiden. There he investigated mutations in Mycobacterium tuberculosis and 
Mycobacterium avium leading to resistance to antibiotics. He performed a second internship 
at the Department of Endocrinology in Leiden, where he studied the in vitro formation of 
osteoclasts from human mesenchymal stem cells by stimulation with Bone Morphogenic 
Proteins, estrogens and hypoxia. His Master thesis, performed at the Department of Thrombosis 
and Homeostasis in Leiden, focused on the effect of ABO blood group antigen load on the 
clearance rate of Von Willebrand Factor which was studied with the aid of a mouse model. 
After obtaining his Master degree in 2007, he started to work as a PhD student within the 
Department of Blood Cell Research at Sanquin Research under the supervision of prof. dr. 
Arthur J. Verhoeven, dr. Dirk de Korte and dr. Robin van Bruggen. Since the beginning of 2012 
he is working as a Post-doc within the department of Medical Biochemistry at the Academic 
Medical Center in Amsterdam.
 



126

lIst oF puBlICatIons

List of Publications
Burger P, Korsten H, de Korte D, Rombout E, Van Bruggen R, Verhoeven,A.J. An improved 

red blood cell additive solution maintains 2,3-diphosphoglycerate and adenosine triphosphate 
levels by an enhancing effect on phosphofructokinase activity during cold storage. Transfusion 
2010;50:2386-2392

Burger P, Korsten H, Verhoeven AJ, de Korte D, van Bruggen R. Collection and storage of red 
blood cells with anticoagulant and additive solution with a physiologic pH. Transfusion 2012

Burger P, Hilarius-Stokman P, De Korte D, van den Berg TK, Van Bruggen R. CD47 functions 
as a molecular switch for erythrocyte phagocytosis. Blood 2012;119:5512-5521

Burger P, Kostova E, Bloem E, Hilarius-Stokman P, Meijer A.B, van den Berg T.K, 
Verhoeven A.J, de Korte D, van Bruggen R. Potassium leakage primes stored erythrocytes for 
phosphatidylserine exposure and shedding of pro-coagulant vesicles. submitted

Burger P, de Korte D, van den Berg TK, van Bruggen R. CD47 in erythrocyte ageing and 
clearance - the Dutch point of view. Transfusion Medicine and Hemotherapy 2012

Burger P, Verhoeven AJ, de Korte D, van Bruggen R. The chloride shift increases binding of 
phosphofructokinase to the erythrocyte membrane. manuscript in preparation



danKwoord

127

Dankwoord
En dan nu het stukje dat iedereen leest, wat betekent dat ik mijn boekje helemaal af heb: het 

dankwoord! En natuurlijk ook het gedeelte om iedereen te bedanken die mij gedurende al die 
jaren die ik aan dit boekje heb besteed hebben geholpen en gesteund.

Als eerste wil ik graag alle buisjes- en bloeddonoren van Sanquin bedanken voor het letterlijk 
bloeden voor dit proefschrift. Zonder al dat bloed was dit proefschrift zeker niet in deze vorm 
tot stand gekomen.

Robin, heel erg bedankt voor alle hulp, adviezen, (on)zinnige discussies en onovertroffen 
hoeveelheid enthousiasme. Ook al had je me opeens geërfd door leiding te gaan geven aan 
de rode cel groep vond ik onze samenwerking erg goed en heb ik met veel plezier met je 
samengewerkt. Je deur stond echt altijd voor mij open. Ik zal onze gezamenlijke colatjes missen.

Dirk, bedankt dat je me hebt aangenomen en de kans hebt gegeven om dit onderzoek te doen. 
Hoewel je van alle leidinggevenden altijd de meest rustige was had je altijd zeer waardevolle 
adviezen. Ook de enorme hoeveelheid kennis die je hebt over het bewaren van rode cellen was 
zeer waardevol en je stond altijd klaar als ik weer met een vraag aankwam. 

Arthur, ondanks dat het contact tussen ons minder werd toen je naar het AMC verhuisde 
om daar professor te worden, heb ik je input in mijn onderzoek altijd gewaardeerd. Jouw kennis 
over alle metabole pathways en assays heeft enorm geholpen om de eerste hoofdstukken tot een 
mooi verhaal te maken. Ook heel erg bedankt voor jouw kritische blik op mijn manuscripten en 
op alle hoofdstukken van dit boekje.

Timo, Rob, Dirk, Taco en Laura, jullie ook allemaal heel erg bedankt voor alle adviezen en 
kritische opmerkingen tijdens onze maandagmiddag en woensdagochtend besprekingen. Ook 
buiten de werkbesprekingen stonden jullie altijd klaar als ik nog een vraag had en dat heb ik 
zeker gewaardeerd. En Rob, nog veel succes met het afronden van je eigen promotieonderzoek.

En dan de analisten die allebei heel veel werk voor mij hebben gedaan, Petra en Herbert. Ik 
heb met heel veel plezier met jullie allebei samengewerkt. Herbert, heel erg bedankt voor alle 
hulp met de bewaarstudies. Jouw planning en nauwkeurigheid zorgden ervoor dat deze allemaal 
zonder problemen zijn verlopen. En Petra, heel erg bedankt dat je mijn paranimf wilde zijn en 
ook alle hulp met de vele assays die we hebben uitgeprobeerd en opgezet. Ook al leek het er af 
en toe op dat de experimenten helemaal geen relatie meer met elkaar hadden is alles toch zeer 
mooi samengekomen in de laatste hoofdstukken. Jullie zijn nu allebei van het fundamentele 
onderzoek afgestapt en ik wens jullie heel veel succes en plezier in jullie nieuwe carrières!

Elena en Boukje, many thanks for all the useful work discussions and being part of the red 
cell team. And of course also for all the fun we had both inside and out of the lab. You are a great 
team together, as we already saw with all the mass spec samples ;) Good luck with your own PhD 
Elena, I am looking forward to your thesis in a couple of years.
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Ook wil ik Richard, Mya en Eric bedanken voor alle hulp bij het opwerken van het bloed om 
er rode cel concentraten van te maken, ze te bewaren en vervolgens te analyseren. Met wat voor 
vraag of probleem ik ook kwam, jullie hielpen echt altijd.

En natuurlijk wil ik ook alle andere BTT-ers, BCR-ers, RCD-ers en de secretaresses 
bedanken. Ik heb al die jaren met heel veel plezier op Sanquin gewerkt en dat kwam echt door 
jullie allemaal. Ik vond het echt super zoals je altijd door iedereen werd geholpen als je weer 
met een probleem zat. Ik heb ook heel veel plezier gehad bij onze borrels, bbqs, het squashen 
en al die andere activiteiten die we hebben ondernomen. Het was het ook altijd super gezellig 
op het lab. De eeuwige discussie over de muziek zal ik ook niet meer vergeten. Ik wens iedereen 
superveel succes met het afronden (of het opbouwen) van hun boekje! Aangezien ik nu weer ga 
samenwerken met MCB zal ik jullie allemaal vast nog wel een keer zien.

Ik wil de MCB-ers toch ook bedanken voor al hun steun tijdens de borrels en ook voor alle 
spullen die ik altijd van ze mocht “lenen”. Speciale dank toch even aan Erik en Floris voor alle 
hulp met de confocaal, FACS en cell sorter en voor de hulp om toch zo veel mogelijk kleurtjes 
in FACS en confocaal samples te krijgen. Aangezien ik nu met jullie samenwerk zie ik jullie 
allemaal zeker weer.

Esther en Sander, ook jullie heel erg bedankt voor de hulp bij zowel het uitvoeren van de 
experimenten met de stollingscascade, als de discussies die daaruit voortkwamen.  Met deze 
experimenten vind ik hoofdstuk 5 een stuk waardevoller.

Eva, zonder de hulp van jou en alle andere mensen die bij Sanquin Zuid-Oost werken en 
doneren, had ik nooit zulke mooie studies kunnen doen met dubbele afnames. Hoewel we niet 
veel contact hadden waren jullie altijd bereid om die afnames te doen en werd ik altijd hartelijk 
ontvangen.

Esther, heel erg bedankt dat je mij deze kans geeft om als post-doc op je nieuwe afdeling aan 
de slag te gaan ook al maak ik een behoorlijke switch in onderwerp. Ik wil de andere AMC-ers 
ook heel erg bedanken dat ze me zo hebben opgenomen in de groep, hoewel deze echt nog maar 
net begonnen is en de labs nog niet allemaal af zijn. Hopelijk kunnen we eind dit jaar alle labs 
ook echt gaan gebruiken en loopt alles gewoon.

En dan mijn vrienden; als eerste de “zaterdag-groep”. Frank, Geerd, Henco, Kris, Peter, Thijs 
en Tim, hoewel jullie echt geen idee hadden wat ik nu allemaal deed (“gozer, ik heb echt geen 
idee wat jij eigenlijk allemaal doet, maar misschien zien we dat wel op het eind”) hebben jullie 
altijd voor de nodige afleiding gezorgd in de vorm van spellen, games, films en al het andere 
wat we zo goed kunnen. Heel misschien dat jullie na dit boekje en mijn verdediging iets meer 
begrijpen van waar ik nu allemaal 4 jaar lang mee bezig ben geweest. Ik ben echt superblij dat 
ik jullie, voor de meesten 16 jaar geleden, ben tegengekomen en we na al die tijd nog steeds 
vrienden zijn.
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En dan de “zondag-groep” natuurlijk. Joris, Maarten, Michel, Rolf, Ruben en weer Tim. Ik 
ben jullie tegengekomen op de spellenvereniging (ook alweer 13 jaar geleden) en ondanks dat die 
er niet meer is hebben we mooi de traditie voortgezet. Heel erg bedankt voor alle vermakelijke 
avonden die we hebben gehad! Titsia, heel erg bedankt dat we eens in de 2 weken je man en tafel 
mogen lenen ;)

Geerd en Anneleen, nogmaals heel erg bedankt voor de prachtige kaft die jullie hebben 
gemaakt. Ik was er al blij mee toen ik het voor het eerst zag, maar nu het zo helemaal mooi 
gedrukt om mijn proefschrift heen zit vind ik het nog mooier.

Paps en mams, hoewel dit het dankwoord is voor dit boekje, wil ik jullie gewoon bedanken 
voor alles. Jullie hebben mij onvoorwaardelijke steun en liefde gegeven en daar ben ik enorm 
dankbaar voor. Zonder jullie was dit niet gelukt.

Tom, mijn broertje en nu ook paranimf. Ik vind het echt mooi dat na alles wat we al hebben 
meegemaakt ik jou naast mijn zijde heb tijdens mijn verdediging. Hoewel je natuurlijk ook 
tot de vrienden behoort, wil ik jou toch apart bedanken voor alle steun en afleiding van alle 
afgelopen jaren.

En als laatste, Emilie “Emi” ”Eempje”. Hoewel ik dit natuurlijk in het Giraffes had moeten 
zeggen, maken ze helaas geen geluid en schrijf ik het maar gewoon. Hoewel we allebei niet 
geloofden dat je het zo leuk met iemand anders kon hebben, is het echt superleuk om met je in 
1 huisje te wonen! Filmpje kijken, luieren, spelletje spelen, koken, weekendjes weg, we kunnen 
het allemaal uitstekend met elkaar en daar ben ik heel blij mee. Heel veel dank dat je me zo hebt 
gesteund tijdens mijn onderzoek en met name ook tijdens de afronding ervan!














