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Chapter 7

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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