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Introduction 9

The red blood cell (RBC) is a unique cell type, which has evolved as specialized oxygen 
carrier, with shape and structure tightly related to its function. The RBC membrane is 
extremely fl exible, allowing RBC to pass through the small capillaries in circulation. RBC 
have an average lifespan of 120 days, at the end of which old cells are cleared in the 
spleen. Since RBC are devoid of organelles and nucleus, they are incapable of under-
going apoptosis and their metabolism comprises only of the glycolytic pathway and 
pentose phosphate pathway. This introduction follows the fascinating life of the red 
cell, including its functions, such as oxygen delivery and immune adherence clearance, 
production, senescence, clearance and storage for transfusion purposes. 

RBC production 
Adult erythropoiesis is a tightly regulated process which occurs in the bone marrow. 
It consists of several developmental stages: hematopoietic stem cell, burst- forming 
unit- erythroid (BFU-E), colony- forming unit- erythroid (CFU-E), proerythroblast, baso-
philic erythroblast, polychromatic erythroblast, orthochromatic erythroblast (Figure 1), 
reticulocyte and ultimately mature RBC 1,2. RBC production is regulated by a negative 
feedback loop where oxygen levels determine plasma levels of erythropoietin (Epo). 
In utero, Epo is synthesized in the liver, while in adults, Epo is mainly produced in the 
kidney by peritubular cells in response to hypoxia 3. However, there are reports of Epo 
synthesis in non-renal tissues such as liver in anephric hypoxemic individuals 4,5. Even 
though there are a number of growth factors known to participate in the regulation 
of erythropoiesis, Epo has been identifi ed as the master regulator of RBC production 6. 
Epo drives RBC precursor proliferation and diff erentiation and can even prevent eryth-

Basophilic 
erythroblast 

Pro-
erythroblast 

Polychromatic
erythroblast 

Orthochromatic
erythroblast 

Figure 1. Stages of erythropoiesis. RBC production consists of several highly distinctive stages: basophil-
ic, pro-erythroblast, polychromatic and orthocrhromatic. Erythroblasts were cultured from healthy donor’s 
buff y coat using the two-phase method. Cytospins were prepared at diff erent stages of diff erentiation (day 
0 to day 7) and pictures were taken with ZEISS AxioScope.A1 microscope equipped with N-Achroplan 50x 
oil lens.
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roblast apoptosis 7.  Furthermore, terminal erythropoiesis has been reported to take 
place in a specialized microenvironment called the erythroblastic island. Erythroblastic 
islands were first described in 1958 by Besis who characterized them by analyzing 
transmission electron micrographs of bone marrow sections. He showed a structure 
containing a macrophage surrounded by developing erythroblasts 8 and concluded 
that macrophages actively participate in erythroid development by providing iron for 
heme synthesis and by phagocytosing expelled nuclei during final erythroid differentia-
tion 9. At that time macrophages were already proposed to promote erythropoiesis by 
directly transferring iron to erythroid progenitors 9. Recently it was demonstrated in 
an erythroblastic island culture that ferritin produced by macrophages is released by 
exocytosis and engulfed by erythroblasts via endocytosis. Ferritin is a ubiquitous protein 
that serves to store and transport iron. Once inside the erythroblast, iron is released 
from ferritin upon acidification and proteolysis, thus being subsequently available for 
heme production in the erythroid precursor cell 10,11,12,13. Both the central macrophage 
and erythroblasts secrete soluble factors during erythropoiesis. These include the nega-
tive regulators TNF-α, TGF-β, IL-6, IFN-γ released by the central macrophage, and the 
positive regulators Gas-6, VEGF-A and PGF released by erythroblasts. TRAIL is a negative 
regulator secreted by both erythroid cells and macrophages 14. During the final stage of 
terminal erythroid differentiation, the erythroblast expels its nucleus as part of its matu-
ration into a reticulocyte. The macrophage has a critical role during this process since 
it phagocytoses the expelled nucleus, aiding erythropoiesis 15,16. Both the macrophage 
and the erythroblast/reticulocyte are equipped with adhesion molecules promoting the 
retention of the nucleus on the surface of the macrophage before phagocytosis takes 
place. It has been shown that Emp 17 and β1 integrins 18 predominantly distribute on 
the nuclear membrane after expulsion, thus maintaining the interaction between the 
nucleus and the macrophage. Moreover, another molecule used in the engulfment of 
expelled nuclei is phosphatidylserine (PS). PS is a membrane component normally situ-
ated on the inner leaflet of the cell membrane. An ATP-dependent aminophospholipid 
translocase enzyme maintains the lipid asymmetry by keeping PS on the inside of the 
plasma membrane. PS exposure on the cell surface is considered an apoptotic signal, 
targeting cells that undergo cell death for clearance by phagocytes expressing so-called 
PS receptors. Moreover, PS externalization can be a direct effect of ATP depletion in the 
cell. Accordingly, Yoshida and colleagues have demonstrated that expelled nuclei expose 
PS and lack ATP 19. The same group  performed studies with fetal liver erythroblasts and 
demonstrated that expelled nuclei expose PS on their surface for 10 min after expulsion 
19. This observation corroborates with the finding that the time frame between nucleus 
expulsion and phagocytosis is 10 min 20 which suggests that PS might be assisting in the 
adhesion of the nucleus to the macrophage prior to phagocytosis (Figure 2). In addition, 
masking of PS with a dominant-negative form of the PS opsonin lactadherin (MFG-E8) 
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prevents the engulfment of nuclei by fetal liver macrophages 19. This fi nding further sug-
gests that PS is required for the effi  cient phagocytosis of nuclei. It is fascinating to point 
out that erythroid cells and macrophages are in constant interplay and the interactions 
between them are essential not only during erythropoiesis but also during RBC ageing 
and clearance.

RBC function
The main function of RBC is oxygen (O2) transport, which takes place in a gaseous 
medium (air) and liquid medium (blood). After inhalation via air, oxygen reaches the 
lungs where it is transferred to blood through passive diff usion across the alveoli ac-
cording to concentration gradients. The partial pressure of oxygen (pO2) at sea level is 
approximately 160mmHg, in arteries it is between 75mmHg to 100mmHg, while in veins 
the values vary from 30mmHg to 40mmHg 21. Hemoglobin, packed in RBC, binds O2 
with high affi  nity in the lungs at a pO2 of about 100mmHg forming Oxy-Hb. This allows 
delivery of O2 to the tissues, where the pO2 is 30mmHg, via circulating RBC, leaving Hb in 
a deoxygenated form 22. Furthermore, carbon dioxide (CO2) produced by cellular respira-
tion is converted to bicarbonate (HCO−

3) by the enzyme carbonic anhydrase found in red 
blood cells. CO2 can also bind Hb in RBC and be delivered to the lungs, where it diff uses 
through the alveoli prior to exhalation. The importance of oxygen delivery by Hb is 

Nucleus

Early 
erythroblast

Central 
macrophage

Late erythroblast

Reticulocyte
Nuclear extrusion 
and phagocytosis

Fe3+ Fe3+

Ferritin provided by 
the central macrophage

Fe3+

Unknown 
PS 
receptor

PS

DNaseII

Figure 2. Macrophage-erythroblast interactions during erythropoiesis. In the erythroid niche, macro-
phages not only provide iron for developing erythroblasts but also phagocytose expelled nuclei. The latter 
is facilitated by an interaction via a PS receptor on the macrophage and PS-exposing nuclei.
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depicted for instance in patients with anemia, who exhibit reduced performance during 
exercise 23. When comparing the O2 dissociation curves of normal blood and blood with 
reduced Hb (Figure 3), it can be clearly seen that oxygen levels depend on Hb concentra-
tions at a certain pO2. Accordingly, an increase in total Hb has been linked to better 
aerobic performance 24. Moreover, other factors that influence O2-Hb affinity include pH, 
2,3-DPG and temperature 25. Besides gas transport, RBC have been found to play a role 
in vasodilation. RBC can release nitric oxide (NO) 26,27,28 , a second messenger normally 
produced by endothelial cells, thus contributing to vessel homeostasis. In addition, one 
study demonstrates that addition of RBC to endothelial cells leads to vasodilation in 
response to low O2 environment, following an increase in ATP levels in blood vessels 29. 
There are reports in the literature showing ATP release from RBC upon cAMP signaling 
30,31, induced by mechanical stress 32,33,34, β-adrenergic receptor agonists and prostacyclin 
35 and temperature increase 36. In addition, ATP secreted by RBC has been shown to 
stimulate NO release from endothelial cells, subsequently leading to vascular smooth 
muscle cell relaxation 35. Possible channels involved in ATP release from RBC include the 
cystic fibrosis transmembrane conductance regulator (CFTR) 37 and pannexin-1 38. Taken 
together, these data suggest that RBC are not only essential for gas transport in blood 
but also contribute to vascular homeostasis by releasing signaling molecules such as 
NO and ATP.  

Figure 3. Oxygen dissociation curve of hemoglobin. Hb from anemic patients carries considerably less 
O2 compared to Hb from health subjects measured at any given PO2. Oxygen dissociation curve shifts to 
the left with increase in pH, and decrease in CO2, 2,3-DPG and temperature (Copyright © 2013 Mairbäurl 25; 
distributed under the terms of the Creative Commons Attribution License (CC-BY 3.0 license). 
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Immune adherence clearance
RBC have an important role as modulators of the immune system via a process called 
immune adherence clearance (IAC) (Figure 4). Immune adherence was fi rst described 
in 1953 by Nelson 39 who demonstrated that RBC are capable of binding pathogens. It 
was not until three decades later that it was discovered that RBC can bind complement-
opsonized pathogens via complement receptor 1 (CR1). CR1, also known as Knopps 
blood group antigen and CD35, is the major immune receptor involved in the capturing 
and clearance of C3b/C4b-opsonized particles in circulation 40,41. Immune adherence 
via CR1 is a unique process observed only in humans and higher primates. Lower 
primates and other animals such as rodents employ platelets in immune adherence of 
complement-tagged pathogens 42,43. Even though immune adherence clearance was 
discovered decades ago, it has not been extensively investigated. Evidence in literature 
shows that RBC not only bind opsonized-pathogens and immune complexes but also 
deliver them to macrophages in the spleen and liver where phagocytosis of the particles 
takes place, leaving RBC intact 44,45. One group showed in an in vitro setting that the rate 
of immune-complex transfer to monocytes is higher when the immune-complexes are 
bound to RBC 46 which suggests that RBC are necessary for better clearance. However, 

complement 

 pathogen 

 CR1 

Figure 4. Immune adherence clearance. RBC express the immune receptor complement receptor 1 (CR1), 
also known as CD35, or Knopps blood group antigen. In circulation, RBC bind complement-opsonized 
pathogens via CR1 and deliver them to the spleen where they are phagocytosed by spleen macrophages 
leaving the RBC intact. 
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studying the molecular mechanisms of IAC in vivo is not a straightforward task as mouse 
RBC do not express CR1, but a splice variant of CR2 47, and primate research is a costly 
and laborious alternative. Therefore a suitable option would be the development of a 
transgenic mouse model. Li and colleagues elegantly showed that when human CR1 is 
expressed on murine RBC, Streptococcus pneumoniae clearance is accelerated and host 
resistance is increased compared to wild type mice 48. Little is known about the signaling 
pathways involved in IAC. Several papers in the last decade have contributed to the 
identification of various proteins taking part in the immune adherence phenomenon. 
Ghiran et al have demonstrated that CR1 is diffusely dispersed on RBC membrane and 
upon cross-linking CR1 clusters with Fas–associated protein 1 (FAP-1) via its PDZ motifs. 
Since FAP-1 contains a FERM (protein 4.1, ezrin, radixin, moesin) domain, it could thus 
link CR1 to the actin cytoskeleton 49. Moreover, the same group discovered that CR1 
ligation induces transient Ca2+ flux in RBC and increases membrane deformability via 
phosphorylation of β-spectrin and α-adducin possibly by casein kinase 2 50. Recently, 
Melhorn and colleagues discovered that CR1 ligation also triggers ATP release from RBC 
which in turn increases the mobility of RBC membrane lipids and enhances CR1 cluster-
ing. Thus, they suggest that RBC ATP release might be the first step in priming spleen 
macrophages for phagocytosis of immune complexes or pathogens carried by RBC 51. 

RBC ageing and clearance 
The spleen is a unique lymphoid organ which has many vital functions such as blood 
filtration, pathogen clearance, and iron recycling. The importance of the spleen is 
illustrated in children who have undergone splenectomy or who suffer from splenic 
dysfunction 52,53. These children cannot fight blood-borne infections of encapsulated 
bacteria and may need a lifelong antibiotic treatment to avoid infections caused by e.g., 
Streptococcus pneumoniae or Haemophilus influenza 52. The spleen is located in the left 
side of the abdominal cavity under the diaphragm. In structure, it resembles a “tree” with 
branching arterial vessels, which end in a venous sinusoidal system. The spleen consists 
of white pulp, red pulp and marginal zone (Figure 5), which serves as a transit area for 
the cells traveling from the bloodstream to the white pulp. The branches of arterial sup-
ply are surrounded by lymphoid tissue, which comprises the white pulp. The white pulp 
looks like a lymph node in structure and consists of a T- and a B-cell compartment. The 
T-cell zone also known as periarterioral lymphoid sheath (PALS) is the site where T-cells 
interact with dendritic cells (DC) and passing B-cells, while the B-cell zone is the site 
where clonal expansion of activated B-cells occurs. In addition, old and damaged RBC 
are cleared by macrophages in the red pulp of the spleen 54. It is important to note that 
investigating removal signals on RBC in vivo is considered a challenging task as typing 
RBC is difficult due to their rapid clearance from circulation. Since only 0.8% of RBC are 
cleared per day, there would be a small amount of cells carrying removal signals in the 
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bloodstream at any given time. As a result a lot of research on RBC destruction is con-
ducted in vitro or in animal models. As mentioned, the structure of the spleen is strongly 
associated with its function. Blood reaches the spleen through the afferent splenic artery 
which branches into the central arterioles that are surrounded by the white pulp. The 
arterioles branch further and end in cords in the red pulp, from where the blood goes 
through venous sinuses which come together into the efferent splenic vein. As specified, 
blood from the cords is collected in the venous sinuses in the red pulp of the spleen. The 
sinuses are lined with endothelial cells which are connected by stress fibers. The slits 
between the endothelial cells regulate the passage of RBC. The textbook description of 
red cell clearance relies on the observation that RBC change with age and in terms of a 
reduced size, increased density, and decreased deformability due to loss of membrane in 
the form of vesicles 56,57,58. If an RBC is old or damaged, its membrane becomes too rigid, 
which prevents the cell from passing through the slits and going back into circulation. 
As a result the red cell is phagocytosed by red pulp macrophages located at the cords 
55,54. Moreover, vesiculation, occurring in the spleen, facilitates the disposal of damaged 
hemoglobin which accumulates throughout RBC lifespan. The importance of the spleen 
during vesicle clearance is demonstrated in studies with splenectomized patients. In the 
absence of a spleen, vesicles containing damaged hemoglobin accumulate in circulation 

CD169
CD163
CD19

CD169
CD163
CD19

Figure 5. Structure of the human spleen. Fluorescent staining of human spleen 5μm cryo section, stained 
for CD19 (B-cell marker, white pulp), CD163 (macrophage marker, red pulp) and CD169 (macrophage mark-
er, marginal zone) as indicated. Image was obtained by Leica microscope equipped with 10x objective.
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59,60. In addition, RBC from splenectomized subjects are not able to dispose of various 
intracellular inclusions such as Howell-jolly bodies (nuclear chromatin remnants), Heinz 
bodies (containing denatured hemoglobin), and siderocytes (abnormal iron granules) 
61. This suggests that spleen macrophages are essential not only for RBC clearance, but 
for RBC repair as well. Furthermore, desialylation of membrane proteins on the surface 
of aged RBC has been implicated in red cell clearance 62,63. The exact mechanism of how 
sialic acid is involved in red cell senescent is not fully known. One group has proposed 
that removal of sialic acid from CD44 on RBC promotes their capture and clearance from 
circulation via binding to hyaluronic acid (HA), a natural CD44 ligand, in the spleen. Thus, 
older RBC demonstrate increased affinity to HA due to loss of sialic acid 64. Furthermore, 
we have confirmed that RBC isolated from human spleens express less sialic acid on 
their surface compared to RBC isolated from whole blood (Kostova and Van Bruggen, 
unpublished). Other theories examining red cell clearance include band 3 clustering, PS 
exposure and CD47-SIRPα interaction.

Band 3 clustering 

Band 3 comprises 25% of the total amount of protein found on RBC membrane and it has 
important structural and functional characteristics. It consists of a C-terminal integral 
membrane domain also known as the anion exchanger, and an N-terminal cytoplasmic 
domain, which anchors the spectrin cytoskeletal network to the membrane via ankyrin 
65. It has been proposed that once clustered Band 3 can be opsonized with natural oc-
curring antibodies (NAbs) and targeted for destruction by macrophages in the spleen 
via Fcγ receptor–mediated phagocytosis 66,67,68. It is suggested that oxidative damage to 
hemoglobin is a possible cause for Band 3 clustering 69,70 and several groups have shown 
increased affinity of NAbs to clustered Band 3 71;72,73. Moreover, Band 3 proteolytic cleav-
age has been implicated in the unmasking of senescent cell antigen able to bind NAbs 
as well 74. Nevertheless, NAbs are low-affinity antibodies present at low concentration in 
circulation. Furthermore, in vivo animal studies do not show increased immunoglobulin 
levels on old biotinylated RBC 75 and patients with agammaglobulinemia do not present 
with aberrant RBC clearance which suggests that antibody-mediated destruction of RBC 
is possibly a dispensable mechanism in vivo.

PS exposure

As discussed, RBC are devoid of organelles, including nucleus and mitochondria and are 
therefore incapable of undergoing programmed cell death. Nevertheless, RBC are able 
to expose phosphatidylserine (PS) on their surface, a feature of apoptosis. Apoptosis, a 
form of programmed cell death, triggers the elimination of harmful or defective nucle-
ated cells without the occurrence of inflammation which can be extremely detrimental 
to the neighboring cells. It is accompanied by cell shrinkage, DNA fragmentation, mito-
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chondrial depolarization, cell membrane blebbing, loss of intracellular potassium, and 
massive exposure of PS on the outer leaflet of the membrane 76,77. PS is normally found 
exclusively on the inside of the cell membrane; nevertheless, when the cell undergoes 
critical changes extensive amounts of PS are exposed on the outside. Externalization 
of PS serves as an “eat-me” signal recognized by PS receptors on macrophages such 
as Tim4 78, Tim3 79, Mer receptor tyrosine kinase 80, Stabilin-1, specifically expressed on 
monocyte-derived macrophages stimulated with IL-4 and dexamethasone 81, Stabilin-2 
82 and RAGE 83. Our group has shown that Axl, Tim4 and Stabilin-2 are expressed on red 
pulp macrophages (Burger and Van Bruggen, unpublished). In addition, there are soluble 
bridging molecules that serve as opsonins, which are known to bind PS, such as lacta-
dherin (MFG-E8) 84, Gas-6 80 and protein S 85. As previously mentioned, the intracellular 
localization of PS is maintained by an ATP-dependent translocase enzyme termed the 
flippase 86. However, in case of cell death the mechanisms that govern membrane lipid 
distribution become inactive and PS flips to the outside. PS was proposed to be a vital 
molecule in the process of red cell clearance in 1983 when Tanaka et al showed that 30% 
of PS -expressing RBC were rapidly cleared from the bloodstream and accumulated in 
the spleen 87. Still, the molecular mechanism involved in this process remained unclear. 
In mice, liver-specific knockdown of stabilin-1 and stabilin-2 leads to inhibited seques-
tration of damaged RBCs in Kupffer cells 88. Nevertheless, PS exposed on the surface of 
RBC is not sufficient for RBC phagocytosis in our in vitro assay with macrophages isolated 
from human spleens (Burger and Van Bruggen, unpublished). Whether PS exposure on 
RBC is sufficient to induce phagocytosis in vivo in humans remains to be elucidated.

CD47 as a molecular switch in RBC clearance 

A well-studied negative regulator of RBC phagocytosis is the interaction between CD47 
and SIRPα. CD47 is a membrane protein expressed on the surface of RBC, while SIRPα is 
a myeloid inhibitory receptor. SIRPα, also known as SHPS-1, is a transmembrane protein 
which consists of three immunoglobulin (Ig)-like domains in its extracellular region and 
four immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in its cytoplasmic region 
89. Tyrosine phosphorylation of SIRPα can be induced by various growth factors and 
by cell adhesion to the extracellular matrix 90,91. Once phosphorylated, the ITIMs can 
activate the src homology-2 (SH2)-domain-containing protein tyrosine phosphatases 
SHP-1 and SHP-2 89 which results in negative downstream signaling. CD47, also called 
integrin-associated protein, first found to bind to integrin αvβ3, is the natural SIRPα 
ligand. It belongs to the IgG superfamily and it has a V-type Ig-like extracellular domain, 
five membrane-spanning segments and a short cytoplasmic tail 92. Interestingly, Old-
enborg et al showed that murine RBC which lacked CD47 were recognized as “non-self” 
and were rapidly cleared from the circulation by red pulp macrophages 93. Thus, CD47, 
widely expressed on the surface of RBC, is considered a “don’t eat me” signal. Another 
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study showed that RBC from humans lacking protein 4.2 or Rh antigen also express less 
CD47, which might be the cause of the mild hemolytic anemia seen in these patients 
94,95. Nevertheless, one should take into account the fact that morphological changes or 
alterations in membrane deformability seen in these conditions could also contribute 
to aberrant RBC clearance. Another study suggesting that CD47 expression on the 
surface of RBC is a determinant of clearance rate was published by Fossati-Jimack and 
colleagues. This group demonstrated that aged murine red cells expressed less CD47 
on their surface compared to younger RBC 96. Nevertheless, our group has shown that 
expression levels of CD47 do not change in aged human RBC (Burger and Van Bruggen, 
unpublished). As mentioned, until recently CD47 was considered exclusively a “don’t eat 
me” signal. However, our group established that CD47 acts as a molecular switch able to 
function not only as a negative regulator of phagocytosis, but also as an inducer of RBC 
engulfment by macrophages 97. Upon experimental ageing in vitro, CD47 undergoes 
a conformational change caused by oxidative damage, which alters its function. As a 
result, thrombospondin-1 (TSP-1), derived from platelets, binds to CD47, thus opsoniz-
ing the cell for destruction by SIRPα-expressing macrophages. Interestingly, storage of 
RBC also induces a conformational change in CD47 leading to TSP-1 binding 97. These 
data suggest that CD47 has a more intricate role in red cell clearance than previously 
thought. We propose that CD47 has a dual role in RBC clearance in vivo. Depending 
on its ability to bind TSP-1 or not, CD47 might act as an “eat-me” signal or a “don’t eat 
me” signal respectively.  As prolonged storage of RBC induces a conformational change 
in CD47 without loss in expression, this can contribute to the clearance of RBC after 
transfusion in circulation. 

RBC storage and transfusion
Transfusion is a life-saving medical practice existing for nearly 100 years. It involves 
blood donation by healthy volunteers, and storage in blood banks under conditions 
that preserve the stored blood components. Currently, blood transfusion has developed 
in such a way that normally only a specific blood component is transfused, such as RBC, 
platelets, plasma or white blood cells instead of whole blood, which reduces the risks 
of post-transfusion reactions in the recipient 98. Red cells are transfused when improve-
ment of tissue oxygenation is required, which usually occurs in the context of anemia 
and severe blood loss. However, there are no diagnostic tests or specific guidelines 
indicating when precisely RBC transfusion is necessary. In general, clinicians rely on 
their medical expertise and patients’ hemoglobin levels.  It is accepted in the clinic that 
Hb levels should be kept above 7g/dL; however, the critical Hb level in healthy adults 
is probably below 5g/dL 99. Red cell concentrates (RCCs) for transfusion are obtained 
from whole blood, after centrifugation, plasma removal and usually leukocyte deple-
tion. First, whole blood is collected in a solution containing an anti-coagulant such as 



Introduction 19

citrate-phosphate-dextrose (CPD), which is necessary to prevent clot formation. Upon 
centrifugation the blood is fractionated into plasma, buffy coat and red blood cells. RCCs 
are then stored in plastic bags in blood banks at a temperature ranging from 0oC to 6oC 
degrees in a slightly hypertonic additive solution. The first storage medium used was 
SAG (saline, adenine, glucose) 100. Saline was added as a basis since it is iso-osmolar, 
while glucose was necessary for ATP and 2,3-DPG production which are depleted during 
storage 101,102 and adenine served as a substitute for adenosine, which is modified during 
storage via deamination 103. Currently in the Netherlands and Europe, red cells are stored 
in SAGM (sodium, adenine, glucose, mannitol). Mannitol was added as it proved to 
promote an increase in RCC storage time and reduction in hemolysis during storage 104. 
Recently our group demonstrated that a new additive solution containing phosphate, 
adenine, glucose, guanosine, gluconate and mannitol (PAGGGM) is able to maintain 
normal levels of 2,3-DPG and ATP during storage 105. As briefly mentioned, in most devel-
oped countries leukoreduction of red cell concentrates is also applied, once the blood 
is collected. Leukoreduction decreases alloimmunization to human leukocyte antigens, 
cytomegalovirus transmission and platelet transfusion refractoriness 106. Furthermore, 
the duration of storage in case SAGM is used is 35 days in the Netherlands and is legally 
defined as the “time after which 70-75 % of the transfused RBCs survive in the recipient’s 
bloodstream 24 hrs after transfusion” 107,108. Furthermore, the level of hemolysis in the 
RCC may not exceed 0.8% 108. Even though in the past red cell transfusions were viewed 
as solely beneficial to the patient, with time our knowledge and understanding have 
led to the conclusion that transfusion of red cell units may also have deleterious side 
effects and does not always outweigh the dangers associated with this practice. Such 
hazards include induction of undesired immune reactions such as transfusion-related 
acute lung injury (TRALI) 106. Storage of RBC in blood bank conditions unavoidably leads 
to detrimental changes in RBC collectively termed “storage lesion” 107.  

Storage lesion
The red cell storage lesion refers to changes observed during red cell storage, such as an 
increase in extracellular potassium, lactate, and Hb oxygen saturation, and a decrease 
in intracellular 2,3-DPG and ATP levels, pH and RBC deformability 101. Since RBC rely en-
tirely on glycolysis to produce energy, during storage their metabolism inevitably slows 
down as they are stored at 4oC. Lactate, which is normally excreted by RBC in vivo and 
metabolized by the liver, accumulates in the bag, thus blocking glycolysis via a negative 
feedback loop, resulting in decreased ATP production. Moreover, the drop in pH due to 
the build-up of lactate activates diphosphoglycerate mutase, which dephosphorylates 
2,3-DPG, limiting its availability 101 and shifting  the oxygen dissociation curve to the 
left 109,110 (Figure 3). Even though NADPH levels are not depleted during storage, the 
available amount is not sufficient to keep glutathione in its reduced form (GSH), lead-
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ing to the build-up of oxidized glutathione (GSSG) which induces oxidative damage in 
the cell 111. Furthermore, RBC release vesicles not only in vivo, but also during storage 
112. Despite the fact that vesiculation during storage is an important component of the 
storage lesion the precise molecular mechanisms promoting this process are not well-
known. Importantly, it has been shown that vesicles shed during storage can scavenge 
NO, an essential second messenger molecule, 113 and support the coagulation cascade 
as they expose PS on their surface 114. Since vesiculation can result in vasoconstriction 
and thrombosis in the recipient, it is imperative that we understand the mechanisms un-
derlying this phenomenon during storage to be able to prevent it. Moreover, it has been 
demonstrated that RBC leak potassium during storage 115. Potassium leakage constitutes 
a serious problem in the context of neonatal transfusions since hyperkalemia can lead to 
arrhythmia due to disturbances in cardiac myocyte membrane potential 116. Finally, stor-
age also induces changes in RBC osmotic fragility and morphology. Strikingly, in blood 
bank conditions RBC change from a biconcave disc to a spheroid 117 and by week 5 of 
storage, more than 25% of RBC are turned irreversibly to spherocytes due to vesicula-
tion 118. Nevertheless, the RCC storage time and its association with adverse effects in 
transfused patients still remains a debate. Recently, the results from the Red-Cell Storage 
Duration Study (RECESS) showed no difference in patient outcomes or adverse effects 
between patients transfused with short or long-stored units 119. The aim of the clinical 
trial was to compare the clinical outcomes in patients who underwent cardiac surgery 
and were transfused with red cells stored for 10 days or less or for 21 days or more. 
However, RECESS was not designed to compare the effects of red cells stored at the end 
of the maximum allowed storage time (for example, red cells stored longer than 28 days) 
with the effects of red cells stored for less than 10 days. The authors cannot rule out the 
possibility that transfusion of the oldest red cells would result in adverse effects in the 
patients 119. Similarly, the results from the recently completed Age of Transfused Blood 
in Critically Ill Adults (ABLE) trial demonstrated no benefit from transfusion of red cells 
stored for a short time (mean ±SD of 6.1±4.9 days)  vs red cells stored for  22.0±8.4 days 
in critically ill patients when comparing survival or secondary outcomes between the 
two groups 120. Even though one could conclude that “fresh blood is not better than old 
blood”, like the RECESS study, the ABLE trial does not address the issue of whether the 
transfusion of red cells stored for prolonged period of time is harmful 120. Clearly, there 
are still multiple risks associated with RCC transfusions and physicians and researchers 
should keep narrowing the gap between bedside and bench by providing more insight 
on what the mechanisms underlying the storage lesion phenomena are. 

Scope of this thesis
This thesis focuses on the role of RBC in health and disease and describes RBC function 
beyond O2 transport. The work depicted here was designed to investigate the changes 
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observed in RBC during storage, immune adherence clearance and in certain genetic 
disorders. The thesis addresses the signaling pathways involved in these changes and 
the clinical implications. In Chapter 2 we show that Munc18-2 is involved in erythro-
poiesis and plays a role in mature erythrocytes. We report that RBC from FHL-5 patients 
have significantly smaller mean cell volume and expose less phosphatidylserine on their 
surface upon treatment with the Ca2+ ionophore ionomycine. In addition, we demon-
strate that erythroblasts cultured from FHL-5 patients exhibit intrinsic developmental 
defects characterized by decreased CD235a expression and aberrant cell morphology. 
Our results indicate that the anemia observed in patients with FHL-5 is not caused 
by hemophagocytosis, but is due to an intrinsic erythroid defect caused by defective 
Munc18-2 expression.  In Chapter 3 we study RBC morphology and erythropoiesis 
in LAD-III patients. We report chronic mild anemia, increased reticulocyte counts and 
abnormal RBC morphology in LAD-III patients. Furthermore, we demonstrate that kind-
lin-3 is essential for cell adhesion via α4β1 integrin to VCAM-1 in patient erythroblast 
cultures. Thus, our data suggest that kindlin-3 deficiency causes aberrant erythrocyte 
development leading to the chronic anemia observed in LAD-III patients. Chapter 4 
discusses the involvement of RBC in immune adherence clearance (IAC). We show that 
RBC bind complement-opsonized bacteria via CR1 which in turn leads to the activation 
of adhesion molecules on RBC surface. Our data suggest that RBC play an active role 
in IAC and the changes observed in RBC upon pathogen binding via CR1 promote the 
subsequent clearance of pathogens by macrophages in the spleen. In Chapter 5 we 
demonstrate that long storage of RBC leads to potassium leakage, hemolysis, PS expo-
sure and vesicle shedding in an in vitro transfusion model. We show that PS+ RBC are 
more prone to vesiculation compared to PS- cells and the shed vesicles act as a cofactor 
in the coagulation cascade. In addition, we unravel that the potassium leakage observed 
during storage leads to a decrease in flippase activity. In Chapter 6 we screen two librar-
ies of pharmacological inhibitors: the Library of Pharmacologically Active Compounds 
(LOPAC) and the Selleckchem Kinase Inhibitor Library for their effects on RBC shrinkage 
and vesiculation. We identify novel pathways involved in RBC shrinkage and vesiculation 
including G protein-coupled receptor (GPCR) signaling, the phosphoinositide 3-kinase 
(PI3K)-Akt (protein kinase B) pathway, the Jak-STAT (Janus kinase-signal transducer and 
activator of transcription) pathway and the Raf-MEK (mitogen-activated protein kinase 
kinase)-ERK (extracellular signal-regulated kinase) pathway. By using specific inhibitors 
we also show that casein kinase 2 regulates RBC shrinkage via modulation of the Gardos 
channel. Chapter 7 summarizes the work described in this thesis and explores the sig-
nificances of the findings, putting them in a broader perspective. 
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Abstract

Familial hemophagocytic lymphohistiocytosis type 5 (FHL-5) is a rare genetic disorder 
caused by mutations in STXBP2/Munc18-2.  Munc18-2 plays a role in the degranulation 
machinery of natural killer (NK) cells and cytotoxic T lymphocytes (CTLs). Mutations 
in STXBP2/Munc18-2 lead to impaired killing of target cells by NK cells and cytotoxic T 
lymphocytes (CTLs), which in turn results in elevated levels of the inflammatory cytokine 
IFN-γ, macrophage activation and hemophagocytosis. Even though FHL-5 patients pres-
ent with anemia and hemolysis, no link between the disease and the erythroid lineage 
has been established. Here we show that red blood cells (RBC) express Munc18-2 and 
that erythroid cells from FHL-5 patients exhibit intrinsic defects due to STXBP2/Munc18-
2 mutations. RBC from FHL-5 patients expose less phosphatidylserine on their surface 
upon Ca2+ ionophore ionomycin treatment. Furthermore, cultured erythroblasts from 
FHL-5 patients display defective erythropoiesis characterized by decreased CD235a 
expression and aberrant cell morphology. 
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Introduction

Familial hemophagocytic lymphohistiocytosis (FHL) is a group of rare autosomal 
recessive disorders, which are characterized by fever, splenomegaly, cytopenias and 
a severe hyperinflammatory phenotype. The underlying genetic mutations leading to 
FHL all result in impaired killing of target cells by natural killer (NK) cells and cytotoxic 
T lymphocytes (CTLs). This cytotoxic dysfunction leads to elevated production of the 
inflammatory cytokine IFN-γ which in turn results in continuous macrophage activation, 
hemophagocytosis, and possibly organ failure due to tissue infiltration by activated 
macrophages 1. The different genes mutated in FHL are related to cytotoxic killing and 
are involved in intracellular vesicular trafficking, vesicle docking and fusion of cytotoxic 
granules with the plasma membrane. Although the molecular defect leading to FHL-1 
is still unknown, PRF1 (encoding perforin) has been found to be mutated in FHL-2 2, 
UNC13D (encoding Munc13-4) is defective in FHL-3 3, while mutations in STX11 (encod-
ing Syntaxin 11) 4 and STXBP2 (encoding syntaxin binding protein 2, also known as 
Munc18-2) 5 are the underlying causes of FHL-4 and FHL-5 respectively. Munc18-2 plays 
an important role in the degranulation machinery of CTLs and NK cells 6, platelet granule 
secretion 7, epithelial cell vesicular trafficking 8, mast cell degranulation 9, and neutrophil 
granule mobilization 10. Although FHL-5 patients exhibit symptoms such as anemia and 
hemolysis, a direct link between STXBP2/Munc18-2 mutations and the mild anemia has 
not been anticipated nor investigated. On the contrary, erythroid defects in FHL-5 pa-
tients are usually considered indirect and attributed to hemophagocytosis which often 
occurs in this disease 11. Here we provide evidence that Munc18-2 is expressed in red 
blood cells (RBC) and that erythroid cells from FHL-5 patients have developmental and 
functional defects which can be linked to mutations in STXBP2/Munc18-2.

Materials and Methods 

Patients and controls

Heparinized blood was collected from two unrelated FHL-5 patients and healthy donors 
upon approval of Sanquin’s ethics committee, after informed consent and in accordance 
with The Code of Ethics of the World Medical Association (Declaration of Helsinki).
Both patients were compound heterozygote for mutations in STXBP2. Patient 1 carried 
the following mutations: allele 1: c.1621G>A (p.Gly541Ser), allele 2: 1247-1G>C (splice 
variant) and patient 2 and his sibling carried the following mutations; at allele 1: 1247-
1G>C (exon 15 splice site) and allele 2: 1247-1G>C (exon 15 splice site) 10. 
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Antibodies and reagents

Mouse monoclonal IgG1 antibodies to CD235a-FITC and control IgG1-FITC were ob-
tained from Sanquin Reagents (Sanquin Reagents, Amsterdam, The Netherlands). Alexa 
Fluor® 647 Annexin V conjugate was purchased from Molecular Probes (Invitrogen, 
Carlsbad, CA, USA). Mouse Munc18-2 antibody and mouse anti-RhoGDI were obtained 
from Santa Cruz Biotechnology (Heidelberg, Germany). ECL™ Anti-Mouse IgG horserad-
ish peroxidase-linked whole antibody from donkey was purchased from GE Healthcare 
(GE Healthcare, Little Chalfont, UK). Ca2+ ionophore ionomycin was purchased from 
Sigma (Sigma, St. Louis, MO, USA). 

Blood cell isolation and erythroblast culturing 

Red blood cells (RBC) were isolated from heparinized venous blood by centrifugation at 
210g at RT for 15 min. Cells were resuspended in SAGM medium and analyzed on ADVIA 
2120 Hematology System (Bayer Healthcare AG, Leverkusen, Germany). PBMC were 
isolated by density centrifugation using Percoll (GE Healthcare, Little Chalfont, UK) with 
density ρ1.077. Cells were cultured in StemSpanTM medium (Stem Cell Technologies, 
Grenoble, France) supplemented with 2U/ml Epo (Eprex®, Janssen-Cilag B.V., Tilburg, The 
Netherlands), 100ng/ml SCF, 1μM dexamethasone (Sigma, St. Louis, MO, USA) 50µg/ml 
cholesterol rich lipid mix (Sigma, St. Louis, MO, USA) and 10ml/L penicillin/streptomycin 
(PAA Laboratories GmbH, Pasching, Austria). After 5 days erythroblasts were isolated by 
density centrifugation using Percoll with density ρ1.075 and kept in culture at 2x106/ml 
cells. Differentiation was initiated by culturing the cells in StemSpanTM medium supple-
mented with 10U/ml Epo, 1mg/ml Holotransferrin (Scipac, Sittingbourne, UK), 10ng/ml 
insulin (Sigma, St. Louis, MO, USA), 1μM thyroid hormone (Sigma, St. Louis, MO, USA), 3% 
human AB serum (Sigma, St. Louis, MO, USA) and 10ml/L penicillin/streptomycin.

Annexin-V staining 

Annexin-V staining was performed in HEPES buffer containing 10mM glucose and 2.5 
mM CaCl2 with Annexin-V Alexa 633 conjugate 1:200 dilution. Cells were analyzed by 
flow cytometry. Phosphatidylserine exposure was measured as % of Annexin-V positive 
RBC.

Flow cytometry

All flow cytometry experiments were performed with BD FACS CantoII or BD LSRII + 
HTS (BD Bioscsiences, Franklin Lakes, NJ, USA). The data was analyzed with FACSDiva 
Software (BD Biosciences, Franklin Lakes, NJ, USA) and FlowJo Software (Tree Star Inc., 
Ashland, OR, USA).
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Cytospin preparation

Cytospins were prepared by centrifuging 5x104 cells onto a glass slide for 10min at 
1000rpm. Slides were subsequently stained with May-Gruenwald solution containing 
methanol for 5min and with Giemsa solution for 30min (Merck KGaA, Darmstadt, Ger-
many). Images were taken with ZEISS AxioScope.A1 microscope N-Achroplan 50x lens 
(Carl Zeiss AG, Oberkochen, Germany). 

Statistics 

Statistical analysis was performed with GraphPad Prism 6 (GraphPad software, San Di-
ego, CA, USA) applying unpaired student t-test with Welch’s correction or Holm-Sidak’s 
correction for multiple comparisons.

Results and discussion

Although not described in erythroid cells before, Munc18-2 is expressed in RBC of 
healthy controls (Figure 1A). The RBC from three individuals carrying STXBP2/Munc18-2 
mutations were investigated. Two were diagnosed as FHL-5 patients with previously 
described mutations and displaying mild hemophagocytic lymphohistiocytosis (HLH) 10. 
The third was a sibling of one of the patients, carrying the same STXBP2/Munc18-2 muta-
tions, but as yet without any clinical signs of HLH. When the expression of Munc18-2 was 
investigated in the RBC of these individuals, strikingly, Munc18-2 was completely unde-
tectable (Figure 1A). When tested, the individuals carrying STXBP2/Munc18-2 mutations 
presented with mild anemia with lower hemoglobin and hematocrit but with similar 
RBC counts (Figure 1B-D). The reticulocyte count in FHL-5 patients was slightly increased 
compared to controls (Sup. Figure 1). The mean cell volume (MCV) of the RBC of the indi-
viduals carrying STXBP2/Munc18-2 mutations was strikingly lower compared to MCV of 
RBC from healthy controls (Figure 1E). The reduced cell size was originally attributed to 
hemophagocytosis, as has been previously described to occur in FHL disorders, however 
the patients we investigated were not presenting with hemophagocytosis at the time of 
the blood donation. One of the markers used for FHL diagnosis is high levels of ferritin 
in serum 1. However, both patient 1 and 2 had low ferritin levels (17µg/L and 19µg/L 
respectively). In addition, one of these individuals, although carrying STXBP2/Munc18-2 
mutations, does not suffer from FHL. 
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In other cell types, including NK cells and neutrophils, Munc18-2 defi ciency has been 
shown to result in defective vesicle traffi  cking. Since RBC do not contain intracellular 
vesicles that can fuse with the plasma membrane, we speculated that Munc18-2 has a 
yet unidentifi ed function in mature RBC. Perez-Cornejo et al. have demonstrated that 
Munc18-2 forms a complex with Tmem16A, a Ca2+-activated ion channel. Although RBC 
do not express Tmem16A, they do express Tmem16F, a close relative of Tmem16A 12. 
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Figure 1. RBC phenotype of FHL-5 patients indicates mild anemia and reduced cell size.  (A) Munc18-2 
protein expression in RBC lysates from healthy controls and individuals bearing a STXBP2/Munc18-2 mu-
tation was investigated using a mouse Munc18-2 antibody. Munc18-2 was not detectable in Munc18-2 
mutation carriers. Mouse anti-RhoGDI was used as a loading control. (B) RBC cell counts were comparable 
to control. (C-E) Individuals with STXBP2/Munc18-2 mutations presented with mild anemia characterized 
by reduced hematocrit (Hct), hemoglobin (HGB), and decreased mean cell volume (MCV). Each symbol 
represents a single independent measurement. 25 independent control measurements were performed. 
Square-patient 1 (9 measurements), triangle-patient 2 (3 measurements), open circle-patient’s 2 sibling 
(2 measurements), ns-not signifi cant, * p<0.05; ** p<0.01, *** p<0.001, **** p <0.0001. t-test with Welch’s 
correction was applied during the analysis. (F) Reduced phosphatidylserine (PS) exposure on the surface 
of RBC from FHL-5 patients upon ionomycine (5 μM) stimulation was expressed as % of Annexin-V positive 
cells, control was normalized to 100%, ns=3, *<0.05, t-test with correction for multiple comparisons using 
the Holm–Sidak method was applied during the analysis.
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Recently, it was discovered that Tmem16F was responsible for the scrambling of lipids 
across the membrane and that Scott syndrome patients have loss-of-function mutations 
in Tmem16F leading to the defected lipid scrambling found in RBC, B lymphocytes and 
platelets, the latter causing a bleeding disorder 13. In addition, RBC from Scott syndrome 
patients expose less phosphatidylserine (PS) on their surface after treatment with the 
Ca2+ ionophore ionomycin 13. This prompted us to test whether RBC from FHL-5 patients 
have normal PS exposure upon ionomycin treatment. As can be seen in Figure 1F, RBC 
from FHL-5 patients displayed diminished PS exposure upon stimulation with ionomy-
cin compared to RBC from healthy controls. On protein level, there were no differences 
in expression levels of Tmem16F between RBC from healthy controls and individuals 
carrying STXBP2/Munc18-2 mutations (data not shown). Further experiments studying 
Tmem16F function in RBC from FHL-5 patients are necessary to fully confirm the involve-
ment of scramblase activity in the red cell phenotype we report here. Nevertheless, our 
data demonstrates that RBC from FHL-5 patients exhibit defective lipid transport. 
In addition, RBC from both FHL-5 patients we investigated had decreased deformability 
and increased osmotic resistance (Sup. Figure 2) compared to controls. Nevertheless, pa-
tient 2’s sibling had a phenotype comparable to control, as a result we could not conclude 
that Munc18-2/STXBP2 mutations lead to aberrant deformability and increased osmotic 
resistance in mature RBC. To further establish whether STXBP2/Munc18-2 mutations lead 
to any intrinsic functional erythroid defects, we cultured erythroblasts obtained from 
peripheral blood mononuclear cell (PBMC) fraction of patient 2 in a liquid culture system 
that consists of an expansion and a differentiation phase of PBMC-derived erythroblasts 
14.  After the expansion phase, in which Munc18-2 deficient erythroblasts grew identi-
cally to healthy erythroblasts (data not shown), the erythroblasts were transferred to 
differentiation medium and erythroid maturation was monitored by assessing cell 
morphology and levels of CD235a (glycophorin A) (Figure 2). Histochemical examina-
tion revealed that the erythroblasts obtained from patient 2 started disintegrating when 
transitioning from the polychromatic to the orthochromatic phase (Figure 2A) suggest-
ing a stage-specific defect in erythropoiesis. In addition, CD235a surface expression was 
reduced in the erythroid cells of patient 2 and his sibling (Figure 2B and C) indicating a 
defect in their maturation. On the other hand, erythroblasts that were in the basophilic 
and polychromatic stage appeared intact (Figure 2A arrows). From these results it was 
concluded that Munc18-2 is involved in erythropoiesis and has an intrinsic function in 
the erythroid lineage. It would be interesting to investigate whether the morphology of 
erythroblasts from patients with different mutations and subtypes would resemble the 
same phenotype as we report here.
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In conclusion, our data suggest that Munc18-2 is involved in erythropoiesis and plays 
a role in mature erythrocytes. Our results indicate that the anemia observed in FHL-5 
patients is not caused by hemophagocytosis but is due to an intrinsic erythroid defect 
caused by defective Munc18-2 expression. 
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Figure 2. Erythroblasts cultured from PBMCs from FHL-5 patient 2 demonstrate a maturation defect. 
(A) Cytospins of erythroblasts cultured from patient 2 and healthy control. Cells were cultured in StemS-
panTM medium supplemented with 2U/ml Epo , 100ng/ml SCF, 1μM dexamethasone (Sigma, St. Louis, MO, 
USA), 50μg/ml cholesterol rich lipid mix (Sigma, St. Louis, MO, USA) and 10ml/L penicillin/streptomycin 
(PAA Laboratories GmbH, Pasching, Austria). After 5 days erythroblasts were isolated by density centrifuga-
tion using Percoll with density ρ1.075 and kept in culture at 2x106/ml cells. Diff erentiation was initiated 
by culturing the cells in StemSpanTM medium supplemented with 10U/ml Epo, 1mg/ml Holotransferrin, 
10ng/ml insulin, 1μM thyroid hormone, 3% human AB serum and 10ml/L penicillin/streptomycin. Patients’ 
cells disintegrated when transitioning from polychromatic to orthochromatic stage. Arrows indicate alive 
cells at basophilic or polychromatic stage. (B) CD235a levels (glycophorin A, erythroid maturation marker) 
were reduced in patient 2 and sibling throughout diff erentiation. CD235a surface expression in erythro-
blasts cultured from patient 2, sibling and healthy control is represented as FITC mean fl uorescence inten-
sity (MFI); measurements were performed on day 3, 5 and 7 of erythroblast diff erentiation. (C) Histograms 
corresponding to CD235a expression on diff erentiation day 5 and day 7 as seen in (B); grey peaks show 
isotype antibody control staining. Data is representative of two independent experiments.
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Supplementary methods 

Erythrocyte deformability

50μl of heparinized whole blood were diluted 200 times in PBS containing 50g/l 
polyvinylpyrrolidone (PVP) (Sigma, St. Louis, MO, USA). Samples were measured in an 
Automated Rheoscope and Cell Analyzer (ARCA) equipped with a plate-plate shearing 
system (model CSS450) attached to an imaging station assembly (Linkam Scientific 
Instruments, Surrey, UK). The microscope contained LMPlanFL 50x with a 10.6mm work-
ing distance objective (Olympus, Shinjuku, Tokyo, Japan), using a X-1500 strobe for 
illumination (PerkinElmer, Waltham, MA, USA) through a band-pass interference filter 
(CWL 420nm, FWHM10nm) (Edmund Optics, Poppleton, UK). Images were taken with an 
uEye camera (UI-2140SE-M-GL) (IDS GmbH, Obersulm, Germany).

Acidified glycerol lysis test

20µl of heparinized whole blood were added to 5ml PBS pH 6.85. 1ml of this mixture 
was transferred to a spectrophotometer cuvette. Absorbance at 625nm was measured 
with Lambda 2 UV/VIS spectrophotometer  (Perkin Elmer, Waltham, MA, USA) while 2ml 
of 300mM glycerol solution were added to the cuvette. Osmotic fragility was assessed 
as time required for the optical density to fall 50% than the starting value. Data was 
analyzed using UV Winlab software (Perkin Elmer, Waltham, MA, USA).
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Supplementary Figure 1. Reticulocyte counts in FHL-5 patients measured as % in whole blood. Hepa-
rinized whole blood was analyzed by ADVIA 2120 Hematology System (Bayer Healthcare AG, Leverkusen, 
Germany). Each symbol represents a single independent measurement. Square-patient 1 (9 measure-
ments), triangle-patient 2 (3 measurements), open circle-patient’s 2 sibling (2 measurements). 25 indepen-
dent control measurements were performed; ns- not significant, * p<0.05; ** p<0.01, *** p<0.001, **** p 
<0.0001. t-test with Welch’s correction was applied during the analysis.
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Supplementary Figure 2.  RBC phenotype of FHL-5 patients. (A) RBC from FHL-5 patients have reduced 
membrane deformability measured as number of events with deformability ratio width/length of a cell at 
applied shear stress Sh3, each distribution peak represents the mean of 3 independent measurements. 
(B) RBC from FHL-5 patients manifest increased osmotic resistance measured with acidified glycerol lysis 
test; values are representative of 7 independent control measurements, 5 independent measurements for 
patient 1 and 2 independent measurements for patient 2 and sibling. 
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Abstract

Kindlin-3 is a hematopoietic regulator of integrin activation, thereby playing a crucial 
role in the regulation of blood cell adhesion. Patients with the Leukocyte Adhesion 
Deficiency type III syndrome (LAD-III, also known as LAD-1/variant) are deficient for kind-
lin-3 and suffer from severe recurrent bacterial and fungal infections combined with 
a Glanzmann thrombasthenia-like bleeding tendency. Besides similar leukocyte and 
platelet defects, kindlin-3-/- mice also suffer from severe anemia and this is associated 
with major aberrations in erythrocyte morphology, implicating that kindlin-3 in addi-
tion plays a role in red cell development. Here, we report on erythrocyte morphology 
and erythropoiesis evaluating a series of six LAD-III patients tested over several years 
of follow-up. Chronic, mild anemia with minor morphological irregularities was ob-
served in all patients, although less severe than those reported in kindlin-3-/- mice, with 
preservation of normal membrane-skeleton protein distribution. In addition, erythroid 
progenitors were detected in the peripheral blood of all patients. We used erythroid 
progenitors cultured from control and LAD-III blood to reveal that kindlin-3 is essential 
for cell adhesion via α4β1 integrin (VLA-4) to VCAM-1, thus contributing to erythroid cell 
proliferation. Apart from the blood loss by frequent bleeding episodes in LAD-III, we 
conclude that kindlin-3-deficiency also contributes to the observed chronic anemia by a 
defect in erythrocyte development.
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Introduction

Patients with the Leukocyte Adhesion Deficiency type III syndrome (LAD-III, also known as 
LAD-1/variant) suffer from severe recurrent bacterial and fungal infections combined 
with a Glanzmann thrombasthenia-like bleeding tendency 1-4. Previously, we and others 
identified mutations in FERMT3, encoding kindlin-3, as the genetic cause for this disease 
2-5. Kindlin-3 is a hematopoietic regulator of integrin activation, thereby playing a crucial 
role in the regulation of blood cell adhesion 6. Kindlin-3-/- mice, as a model for LAD-III, 
expose similar leukocyte defects as well as a bleeding tendency 7. However, kindlin-3-/- 
mice die at birth and suffer from severe anemia and pale skin color, which implicates 
that kindlin-3 also plays a role in the erythrocyte lineage 7-8. Kindlin-3 expression has 
indeed been reported in murine as well as in human erythrocytes 7,9,10. Besides severe 
anemia, kindlin-3-deficient mice manifest major aberrations of erythrocyte morphol-
ogy with striking membrane invaginations and protuberances 7. Abnormal protein 
distribution of several important membrane-skeleton proteins, such as ankyrin-1 and 
band 4.1, suggests that kindlin-3 participates in the assembly of structural components 
within the erythrocyte membrane skeleton 7. Increased erythrocyte turnover due to 
membrane-skeleton malformation is a potential cause of anemia, while other causes 
could comprise of severe or repeated bleeding, as well as of an intrinsic defect in eryth-
ropoiesis. Erythropoiesis involves the differentiation of nucleated erythroid progenitors 
to proerythroblasts, early and late erythroblasts and normoblasts. These normoblasts 
expel their nuclei to generate reticulocytes, which finally mature to erythrocytes 11. 
Erythropoiesis occurs in the bone marrow, in specialized niches called ‘erythroblastic 
islands’, which are composed of a central macrophage surrounded by developing 
erythroblasts 11. The macrophage has a dual function as it provides iron to developing 
erythroblasts for heme synthesis, and in addition phagocytizes the extruded nuclei at 
the end of erythroid differentiation 11. In this specialized structure, adhesive interac-
tions of the erythroblasts with the central macrophage, surrounding stromal cells and 
extracellular matrix proteins play a critical role in regulating terminal erythroid cell dif-
ferentiation. For instance, erythroblasts in direct contact with macrophages proliferate 
threefold stronger than erythroid progenitors cultured in the absence of macrophages 
12. Several transmembrane proteins mediate these cell-cell and cell-extracellular matrix 
interactions, among them erythroblast macrophage protein (Emp), blood group antigen 
Lutheran glycoprotein (Lu), CD44, CD163 and integrins α4β1 (VLA-4) and α5β1 (VLA-5) 
13-15. Studies on the function of α4, α5 and β1 integrins on murine fetal liver erythroid 
progenitors have revealed that proliferation is mainly supported by α4β1 16,17. α4β1 binds 
several ligands, of which VCAM-1 is expressed by macrophages and fibronectin and 
thrombospondin are produced by stromal cells 18. The presence of anti-α4β1 and -VCAM-
1 monoclonal antibodies (mAbs) abrogates the formation of erythroblastic islands and 
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leads to increased numbers of erythroid progenitors in peripheral blood of primates 
17,19,20. 
During integrin activation, kindlin-3 binds to a NxxY motif in the integrin β chain where 
it acts in concert with talin-1 to induce the final steps of integrin activation 6,21. In LAD-III 
patients, erythrocyte abnormalities have received little attention as they were mostly 
interpreted in the light of the bleeding tendency 9,22,23. In the current study, we report on 
the erythrocyte phenotype of a series of six different LAD-III patients, most of which were 
tested repeatedly over the past seven years. We report mild anemia in all patients tested 
and observed morphological abnormalities, although less severe than in kindlin-3-/- mice 
and with preservation of normal membrane-skeleton protein distribution. In addition, 
we reveal intrinsic defects in erythroid α4β1 integrin-mediated adhesion and expansion 
in vitro. We conclude that LAD-III patients display a mild but consistent anemia and this 
is associated with distinct defects in the development of erythrocytes, demonstrating 
for the first time a non-redundant function for kindlin-3 in human erythropoiesis.

a b c d

e f g h

Figure 1. LAD-III patients display mild anemia, but restricted reticulocytosis. Comparison of different 
erythrocyte parameters between controls and LADIII patients. Hemogloblin (HGB; a) level and hematocrit 
(HCT; b), total erythrocyte count (c), reticulocyte count (d), mean cell hemoglobin content (CHCM; e,g) and 
mean cell volume (MCV; f,h) of mature erythrocytes and reticulocytes, from healthy controls (n=17) and 
LAD-III patients of 2 years and older (n=4). Anemia is characterized by a hemoglobin concentration below 
7.1 mmol/l (≥2y) or below 5.9 mmol/l (<2y). * p<0.05
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Results and Discussion

Mild anemia and increased reticulocyte counts in LAD-III patients

Although kindlin-3 expression in human erythrocytes has been described, effects of 
kindlin-3 on human erythrocyte formation and function have not yet been reported in 
LAD-III patients 9,22,23. The current study includes results from six different LAD-III pa-
tients, with ages of 2 months up to 19 years, who were studied over the last seven years. 
Children younger than two years are known to have a lower erythrocyte count and 
lower hemoglobin levels (HGB), and higher numbers of reticulocytes, and were therefore 
evaluated separately 24,25. Three patients were analyzed once, whereas the other three 
patients were analyzed repeatedly (4-7 times, as is indicated by the different symbol per 
patient in Supplementary Figure 1). The HGB of the patients aged above two years was 
between 5.4 and 6.5 mmol/l, which is significantly lower than in healthy, age-matched 
controls with a mean level of 8.3 mmol/l (Figure 1a, Table 1). Also the hematocrit (HCT) 
was decreased significantly by 25%, mean 0.32 l/l compared to 0.41 l/l for the control 
group (Figure 1b, Table 1). Together these findings represent a mild anemia in LAD-III 
syndrome, which was observed in all patients tested (Table 1). Both the average eryth-
rocyte count as well as the mean cell hemoglobin content (CHCM) of LAD-III patients 
was significantly lower, 20% and 15%, respectively, than in healthy controls, whereas the 
reticulocyte count was increased (Figure 1c-e). The mean erythrocyte cell volume (MCV) 
did not significantly differ from controls (Figure 1f ). Collectively, these findings implicate 
that both the low cell number and a reduced cellular hemoglobin content contribute 
to the anemia. The anemia in LAD-III patients is far less severe than the anemia seen in 
kindlin-3-/- mice, in which a 5-fold decrease in hematocrit was observed 7. Together with 
the slight decreases in MCV and CHCM of the LAD-III erythrocytes, the findings reveal 
that the anemia is caused by both the low red cell count and impairment of hemoglobin 
synthesis. The number of reticulocytes was increased 1.5-fold in the LAD-III patient group 
of two years and older, but this slight enhancement of erythropoiesis was not detectable 
in the younger patients (Figure 1d, Supplementary Figure 1). Such low reticulocyte num-

Table 1. HGB and HCT of LAD-III patients aged 2 years and above, or younger than 2 years of age.

Reference Values Control LAD-III

≥ 2y

HGB (g/dL) 11.4-14.4 10.4-16.0 8.6-10.3

HCT (L/L) 0.36-0.45 0.35-0.49 0.30-0.34

<2y

HGB (g/dL) 9.4-13.4 9.6-11.7 5.6-7.8

HCT (L/L) 0.32-0.46 0.29-0.38 0.18-0.28
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bers during mild but sustained anemia may be indicative for a developmental defect in 
the bone marrow rather than increased hemolysis.

Abnormal morphology despite normal membrane protein composition of LAD-III 
erythrocytes

In kindlin-3-/- mice, irregular erythrocyte morphology is accompanied by a striking al-
teration in membrane distribution of proteins such as ankyrin-1, band 4.1 and dematin 
and severe anemia 7. Morphological analysis of the erythrocytes of LAD-III patients 
revealed a broad size distribution and a tendency to form dacrocytes (‘tear drop’ shaped 
cells) (Figure 2a). Occasionally, elliptocytes were observed in some but not all patients 
(data not shown). The membrane composition of LAD-III erythrocytes was analyzed by 
gel electrophoresis and Coomassie blue staining of erythrocyte membranes (Figure 2b). 
The major membrane-associated proteins α- and β-spectrin, ankyrin-1, band 3, 4.1, 4.2 

control LAD-III
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Figure 2. Morphology, membrane composition and deformability of LAD-III erythrocytes. a. Repre-
sentative microscopic image of control and LAD-III patient erythrocytes. b. Separation of membrane and 
cytoskeleton-associated proteins in erythrocyte ghosts of control (lane A) and LAD-III patient (lane B) eryth-
rocytes. Protein standards shown on the left, arrows indicate major structural proteins. Representative for 
six different patient samples. c. Deformability of LAD-III (black line) and control (gray line; mean ± 2xSD, 
dotted lines; n=62) erythrocytes. Patient data are representative of four separate experiments.
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and actin did not show quantitative or qualitative differences in the kindlin-3-deficient 
erythrocytes compared to control cells. Deformability of the erythrocytes under hydro-
static shear was assessed by rheoscopy and appeared to be normal for LAD-III eryth-
rocytes in four individual experiments (Figure 2c). Thus, although a certain degree of 
dacrocyte formation was observed in LAD-III patients, the majority of erythrocytes had 
normal membrane protein composition and deformability. These findings suggest that 
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Figure 3. Presence of LAD-III erythroblasts in peripheral blood and decreased a4b1 mediated adhe-
sion and expansion. a. Representative separation of control and LAD-III patient peripheral blood by gradi-
ent centrifugation over Percoll with a density of 1.076 g/mL. b. Expression of TfR1 on GPA-expressing cells 
in control (dotted) and LAD-III (solid) PBMCs. Data are representative of two separate experiments. c. Light 
transmission microscopy images of several stages of erythrocyte progenitors observed in the PBMC frac-
tion of LAD-III patients. Representative of three different experiments. d. Phase contrast images of adhesion 
of control, LIA1/2.1- (anti-β1 integrin) pre-incubated control and LAD-III patient erythroid progenitors to 
VCAM-1-coated plastic, after eight days of culture. Representative images of six (with and without LIA1/2.1) 
or three (LAD-III patient) experiments. e. Cell counts of control and LAD-III erythroid progenitor cells after 
three days of culture on GFP- or VCAM-1-transfected HEK cells. Results are means ± SD of 3 independent 
experiments.
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the membrane defect in LAD-III patients is different, and less severe, as compared to that 
in murine circulating kindlin-3-/- erythrocytes.

Immature erythrocytes appear in LAD-III patient peripheral blood

Upon whole blood density separation, the cell fraction on top of the Percoll (density 1.076 
g/ml) consists of peripheral blood mononuclear cells (PBMCs), including lymphocytes 
and monocytes. In LAD-III samples, the PBMC fraction was remarkably red, revealing 
the presence of erythroid cells with an apparently low density (Figure 3a). This was con-
firmed by flow cytometry analysis of the PBMC fraction for expression of glycophorin-A 
(GPA), which is a marker for erythrocytes (Figure 3b) 26. Interestingly, about 10% of the 
LAD-III patient’s GPA-positive cells expressed transferrin receptor protein 1 (TfR1; CD71), 
which is a characteristic of erythroid progenitors 27.
To improve the separation of erythroid cells from PBMCs in order to characterize them 
further, we subsequently centrifuged the cells over another Percoll layer with a lower 
density, i.e. 1.072 g/ml, and thereby concentrated the erythrocyte progenitors in the cell 
pellet. Analysis of this cell fraction revealed that several stages of erythrocyte progeni-
tors were present, i.e. proerythroblasts, early and late erythroblasts, as well as enucleat-
ing normoblasts could be detected (Figure 3c), which were not observed in the PBMC 
fractions of healthy controls. Except for cord and perinatal blood samples, the presence 
of these progenitor types is commonly restricted to the bone marrow 11. These results 
indicate that erythroid progenitors are less efficiently retained in the bone marrow in 
LAD-III patients, which is in line with a recent report 28, in which a role for kindlin-3 was 
identified for the retention of active hematopoietic stem and progenitor cells in the 
murine system.

Kindlin-3 supports β1-mediated adhesion and expansion of erythroblasts

Apart from the inefficient retention of progenitors within the bone marrow niche and 
the consequently abnormal occurrence of erythroid progenitors in peripheral blood of 
LAD-III patients, we also investigated whether kindlin-3 would play a direct role in eryth-
ropoiesis itself 16,17,19,29.  To monitor erythropoiesis, we isolated hematopoietic progeni-
tors from PBMCs of LAD-III patients and healthy controls, and stimulated proliferation 
and differentiation towards erythrocytes. At day 8, morphological analysis confirmed 
differentiation to late erythroblasts in both patient and control cells (data not shown). To 
assess α4β1 function, the erythroblasts were allowed to adhere to immobilized VCAM-1. 
Control erythroblasts showed adhesion, and this was abrogated upon pre-incubation 
with a β1 integrin-blocking mAb LIA1/2.1 (Figure 3d). LAD-III erythroblasts did not 
adhere in this assay, demonstrating that kindlin-3 plays a major role in the adhesion 
of erythroblasts via α4β1. We assessed the importance of kindlin-3 and α4β1 for eryth-
ropoiesis by culturing erythroblasts from day 8 onward on a monolayer of VCAM-1- or 
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mock-transduced HEK cells. Control cells on VCAM-1-expressing HEKs proliferated ap-
proximately 2.5-fold more than those on mock-transduced HEK cells (Figure 3e). The 
VCAM-1-induced enhancement of proliferation was completely abolished in case of the 
kindlin-3-deficient cells. Together these results underscore the importance of kindlin-
3-dependent VCAM-1/α4β1-interactions for erythrocyte development. Together, our 
findings suggest that kindlin-3 deficiency in humans contributes to defects in erythro-
poiesis, which may explain the observed chronic mild anemia in those patients tested. 
Previously, this mild anemia was attributed to the essential role of kindlin-3 in activation 
of αIIbβ3 in platelets which corresponds with the clinically overt bleeding tendency ob-
served in the LAD-III patients. However, in Glanzmann thrombasthenia-patients, who 
suffer from a severe bleeding tendency due to a lack of integrin β3 expression, we did 
not observe the mild anemia as observed in LAD-III patients. In conclusion, although 
erythrocyte defects in LAD-III patients appear less severe than in the kindlin-3-/- mouse 
model, our results point at a critical non-redundant role of kindlin-3 in the erythroid 
lineage. Besides its role in sustaining membrane morphology and structure, we now 
show that kindlin-3 contributes to α4β1 integrin-mediated adhesion of erythroid cells in 
the bone marrow, which is essential for proliferation as well as homing. Our current data 
indicate that kindlin-3-deficiency also inherently affects erythropoiesis. These defects 
result in chronic mild anemia with increased numbers of circulating erythroid progeni-
tors in LAD-III.

Methods

Methods are described in the Supplemental Data.
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Supplemental data

Methods

Blood cell isolation

Venous blood was collected from healthy donors and from LAD-III patients after ob-
taining informed consent. The blood was anti-coagulated with heparin. The study was 
approved by the Amsterdam Medical Center Institutional Medical Ethics Committee in 
accordance with the 1964 Declaration of Helsinki. Experiments were performed within 
24h after venapuncture, and a time-matched control was used in each experiment. Blood 
cells were fractionated by gradient centrifugation over isotonic Percoll (GE Healthcare, 
Waukesha, WI, USA) with a specific density of 1.076 g/ml for 20 min at 860 g at room tem-
perature with no brake. When indicated, peripheral blood mononuclear cells (PBMCs) on 
top of the Percoll were collected and erythroid cells were isolated by additional gradient 
separation over a Percoll layer with a density of 1.072 g/ml for 30 min without brake. 
If not stated otherwise, platelet-rich plasma, PBMCs and Percoll were removed and 
pelleted or PBMC-derived erythroid cells were washed twice in saline-adenineglucose-
mannitol (150 mM NaCl, 1.25 mM adenine, 50 mM glucose, 29 mM mannitol) (SAGM) 
(Fresenius Kabi, Emmer-Compascuum, The Netherlands) and resuspended in SAGM. 

Whole blood cytometry 

Quantitative analysis of whole blood was performed on an Advia 2120 hemocytometer 
(Siemens Medical Solutions Diagnostics, Breda, The Netherlands). Data were analyzed 
with GraphPad Prism 5.01 (GraphPad Software, La Jolla, CA, USA). Patients younger 
than two years were analyzed separately to avoid bias by age-related differences in the 
composition of the erythrocyte fraction. One patient is represented by samples in both 
groups. Statistics were performed by paired t-tests on the averages of each patient.

Morphology

To determine cell morphology, 3 μl of a 5x106/μl cell suspension was used to prepare dif-
ferentiation samples on uncoated slides. Slides were stained with May-Grünwald (Sigma 
Aldrich, St. Louis, MO, USA) and Giemsa (Sigma Aldrich) according to manufacturer’s 
protocol. Slides were analyzed with transmitted light microscopy at a magnification of 
10×100 (Figure 3c, 4a) or 10x40 (Figure 2a, 4b).

Erythrocyte deformability

Heparinized venous blood was diluted 200-fold in phosphate-buffered saline (PBS) 
supplemented with 50 g/l polyvinylpyrrolidone [PVP; Sigma Aldrich]. Samples of 200 
μl were assessed in an Automated Rheoscope and Cell Analyzer (ARCA) consisting of 
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a plate-plate shearing system (model CSS450) mounted on a dedicated imaging sta-
tion assembly (Linkam Scientific Instruments, Surrey, UK). The microscope system was 
equipped with an LMPlanFL 50x with a 10.6 mm working distance objective (Olympus, 
Shinjuku, Tokyo, Japan) and uses a X-1500 stroboscope for illumination (PerkinElmer, 
Waltham, MA, USA) through a band-pass interference filter (CWL 420 nm, FWHM 10 nm) 
(Edmund Optics, Poppleton, UK). Images were acquired with an uEye camera (UI-2140SE-
M-GL) (IDS GmbH, Obersulm, Germany). Images with a resolution of 376x286 pixels were 
stored to disk for subsequent analysis by ARCA software as described elsewhere 1,2.

Coomassie Brilliant Blue staining

Erythrocyte suspensions were washed twice in PBS supplemented with complete 
protease inhibitor cocktail (PIM; Roche Diagnostics, Almere, The Netherlands) and resus-
pended to 3×109 erythrocytes/ml. Samples were diluted 10-fold in ice-cold hypotonic 
lysis buffer (5 mM NaH2PO4, pH 8.0, containing PIM), and centrifuged for 30 min at 20,800 
g at 4°C. Pellets were washed twice with hypotonic lysis buffer and resuspended to half 
their initial volume, corresponding to a concentration of 6×109 erythrocyte equivalents/
ml in lysis buffer. Samples were stored at -80°C or subjected immediately to SDS–PAGE 
on an 8% (w/v) Tris-Glycine gel system (Invitrogen, Carlsbad, CA, USA). 25×106 erythro-
cyte equivalents were added to each slot. Proteins were stained by SimplyBlue SafeStain 
(Invitrogen) according to the manufacturer’s protocol.

Erythroblast (EBL) culture

The PBMC fraction from 5-40 ml of peripheral blood was washed once in 0.38% (w/v) 
trisodium citrate dihydrate (TNC) in PBS, centrifuged for 10 minutes at 400 g and resus-
pended in PBS. PBMCs were separated by additional gradient separation over a Percoll 
layer with a density of 1.072 g/ml for 30 minutes at 860 g without brake. Pelleted cells 
were washed 3 times with PBS and resuspended in ice-cold erythrocyte lysis buffer (155 
mM NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA, pH 7.4). Erythrocytes were lyzed for 10 
minutes on ice and cells were centrifuged for 10 minutes at 690 g and washed once 
in PBS. Cells were counted on a Casy counter (Beckman Coulter, Indianapolis, IN, USA) 
and cultured at 107/ml in proliferation medium IMDM [Biochrom AG, Berlin, Germany] 
containing 1.6x10-4 M monothioglycerol [Sigma Aldrich], 120 μg/ml transferrin [Sigma 
Aldrich], 10 µg/ml insulin [Sigma Aldrich], 90 ng/ml ferrous nitrate [Sigma Aldrich], 900 
ng/ml ferrous sulfate [Sigma Aldrich], 10 mg/ml human serum albumin [Vialebex-LFB], 
100 IU/ml penicillin [Gibco BRL, Paisley, United Kingdom] and 100 IU/ml streptomycin 
[Gibco BRL] and 300 μg/ml L-glutamine [Gibco BRL] (culture medium), supplemented 
with 3 U/ml erythropoietin [Eprex (epoetine alfa); Janssen-Cilag, Neuss, Germany], 
1x10-6 M hydrocortisone [Calbiochem, Merck KGaA, Darmstadt, Germany], 5 ng/ml IL-3 
[PeproTech, Rocky Hill, NJ, USA] and 100 ng/ml stem cell factor (SCF) 3 in 60-mm culture 
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dishes (Falcon Cell Culture Dish; BD Biosciences). Proliferation medium was refreshed 
completely at day 2 and for >50% every other subsequent day. On day 6, erythrocyte 
progenitors were isolated by gradient separation over a Percoll layer with a density of 
1.075 g/ml and subsequently purified by sorting as described below, and cultured in 
proliferation medium. From day 8 onward, proliferation was continued in differentiation 
medium (culture medium supplemented with 3 U/mL erythropoietin). VCAM-1-GFP- 
and GFP-transfected HEK cells were a kind gift from Dr. J. van Buul (Sanquin Research 
and Landsteiner Laboratory, Amsterdam, The Netherlands) and were cultured in DMEM 
(Gibco BRL) supplemented with 10% (v/v) foetal calf serum (Gibco BRL), 100 IU/ml peni-
cillin, 100 IU/ml streptavidin and 300 μg/ml L-glutamine. Erythrocyte progenitors were 
seeded on a monolayer of HEKs on day 8 in differentiation medium and counted on a 
Casy cell counter on day 11.

Flow cytometry

Cells were stained with PE-conjugated mouse anti-human GPA (CD235a, clone CLB-
ery-1; PeliCluster, Sanquin Reagents, Amsterdam, The Netherlands) and FITC-conjugated 
mouse anti-human TfR1 (CD71, clone M-A712; BD Pharmingen, San Diego, CA, USA). 
Stained cells were analyzed on an LSRII flow cytometer (Becton Dickinson, Franklin 
Lakes, NJ, USA) and analyzed with FlowJo software (Tree Star, Ashland, OR, USA). For 
erythroid progenitor cultures, on day 6, a fraction of cells was labeled with TfR1-FITC 
to determine the forward scatter (FSC) and side scatter (SSC) of TfR1-positive cells, and 
unlabeled cells were subsequently sorted based on FSC and SSC on a BD FACSAria II 
(Becton Dickinson).

Adhesion assay

After eight days of erythroid cell culture, 96-well culture plates were coated with 5 μg/ml 
mouse VCAM-1-Fc (R&D Systems, Minneapolis, MN, USA) in 0.1 M NaHCO3, pH 9.6, for 1 
hour at 37°C and washed with PBS. Cultured erythroid progenitors were resuspended in 
fresh differentiation medium and, where indicated, preincubated with 10 μg/ml blocking 
anti-β1- integrin monoclonal antibody LIA1/2.1 (a kind gift from Dr. F. Sánchez-Madrid 
Universidad Autónoma de Madrid, Madrid, Spain) for 10 minutes at 37°C 4. Erythroid pro-
genitors were allowed to adhere for 16 hours, then fixed with methanol and stained with 
May-Grünwald and Giemsa according to the manufacturer’s protocol (Sigma-Aldrich). 
Plates were analyzed with phase contrast light microscopy at a magnification of 10×100.
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Supplementary Figure 1A (<2, average)

Supplementary Figure 1A. Hemogloblin (HGB) level and hematocrit (HCT), total erythrocyte count, reticu-
locyte count, mean cell hemoglobin content (CHCM) and mean cell volume (MCV) of mature erythrocytes 
and reticulocytes, of healthy controls and LAD-III patients younger than 2 years of age (n=3). * P <0.05
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Supplementary Figure 1B (>2 all samples)

Supplementary Figure 1B. Hemogloblin (HGB) level and hematocrit (HCT), total erythrocyte count, reticu-
locyte count, mean cell hemoglobin content (CHCM) and mean cell volume (MCV) of mature erythrocytes 
and reticulocytes, of healthy controls and LAD-III patients older than 2 years of age (n=3). Patients who were 
tested once are depicted with ♦, and the patient who was tested repeatedly is depicted with ▲. * P <0.05



Supplementary Figure 1C (<2 all samples)

Supplementary Figure 1C. Hemogloblin (HGB) level and hematocrit (HCT), total erythrocyte count, reticu-
locyte count, mean cell hemoglobin content (CHCM) and mean cell volume (MCV) of mature erythrocytes 
and reticulocytes, of healthy controls and LAD-III patients younger than 2 years of age (n=3). Patients who 
were tested once are depicted with ♦, and the patient who was tested repeatedly is depicted with ▲, cor-
responding to the same patient and symbol in Supplementary Figure 1B. * P <0.05
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Abstract 

Complement receptor 1 (CR1, CD35) mediates recognition and clearance of C3b-opso-
nized immune complexes and microbes by phagocytes. Interestingly, human red blood 
cells also express CR1 (also known as the Knops blood group antigen) on their surface. 
Although the physiological function of red cell CR1 has not been fully characterized, 
evidence suggests that red cell CR1 can mediate complement-dependent capture of 
bacteria and deliver them to macrophages in the spleen via a process called immune 
adherence clearance (IAC).
To understand the underlying mechanisms of IAC, we developed an assay to monitor the 
transfer of opsonized pathogens from RBC to human monocytes/macrophages under 
flow conditions. Here we show that pathogen binding is CR1 and complement depen-
dent, and transfer is dependent on complement receptor 3 (CR3) on the phagocyte. In 
addition, we demonstrate that RBC vesiculation promotes IAC. Finally, we propose that 
CD147 and ICAM-4 play an essential role in the efficient transfer of pathogens by me-
diating the interactions between RBC carrying pathogens and phagocytes under flow. 
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Introduction

Red blood cells (RBC) are capable of binding complement-opsonized pathogens via 
complement receptor 1 1. Furthermore, it has been suggested that immune adherence 
and immobilization of bacteria on RBC facilitate pathogen phagocytosis 2 via a process 
called immune adherence clearance (IAC). Thus, the ability of RBC to not only bind 
complement-opsonized pathogens and immune complexes but also deliver them to 
macrophages in the spleen and liver where phagocytosis takes place, can serve as an 
important host defense mechanism against pathogens. In vivo studies investigating IAC 
are scarce. Since mice do not express CR1, but a splice variant of CR2 3, Li and colleagues 
developed a transgenic mouse model in which human CR1 is expressed on murine 
RBC. This group demonstrated that transgenic mice cleared Streptococcus pneumoniae 
infection faster compared to wild type mice 4, further supporting a role for IAC in host 
resistance against bacteria in vivo.  
Even though IAC was discovered decades ago, there is limited availability of literature 
describing the exact molecular mechanisms involved in the process. Ghiran et al have 
shown that upon crosslinking CR1 clusters with Fas associated protein 1 (FAP-1) via its 
PDZ motifs 5. Since FAP-1 is a scaffolding protein that contains a FERM (protein 4.1, ezrin, 
radixin, moesin) domain, the co-localization of CR1 with FAP-1 suggests that FAP-1 links 
CR1 to the actin cytoskeleton 5. In addition, the same group demonstrated that CR1 
ligation induces a transient Ca2+ flux in RBC and increases membrane deformability 6. 
Also, Melhorn et al discovered that CR1 ligation results in ATP release from RBC which 
promotes phagocytosis of immune-complexes carried by RBC 7. Here we provide ad-
ditional evidence that RBC are actively involved in IAC by showing that RBC vesiculation 
promotes pathogen transfer. Furthermore, we identify complement receptor 3 (CR3) 
as the phagocytic receptor required for pathogen transfer.  Moreover, we demonstrate 
for the first time that ICAM-4 and CD147 on RBC play an indispensable role in efficient 
transfer of pathogens, bound by human RBC, to phagocytes under flow. 

Materials and methods

Antibodies and Reagents

CR1 blocking antibody (rabbit polyclonal; kind gift from Prof. Dr. M. R. Daha, Leiden 
University Medical Center, the Netherlands) was used at 20µg/ml end concentration. 
Anti-hCD147 (conjugate PE, clone 8D12, monoclonal Mouse IgG2A product code12-
1472-42) was obtained from eBioscience. ICAM-4 (purified MaxPab mouse polyclonal 
antibody) was purchased from Abnova. To block adhesion molecules RBC were incu-
bated with 50µg/ml ICAM-4 and 20µg/ml anti-hCD147 for 30min at room temperature. 
Anti-hCD235a (Sanquin Reagents) was used as a control at 50µg/ml.  Anti-hCD163 
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(clone MAC2-158, conjugate PE) was obtained from Trillium Diagnostics, LLD. To block 
CR3 cells were incubated for 10min at 37oC with 10µg/ml anti-hCD11b (clone 44A) and 
10µg/ml anti-hCD18 (clone IB4); both antibodies were isolated from the supernatant of 
hybridomas obtained from the American Type Culture Collection (Rockville, MD, USA).

Isolation and storage of RBC

Venous blood was collected from healthy donors, after obtaining informed consent. 
Studies on human blood samples were approved by 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 210g for 15 min. After removing the platelet-rich plasma and the 
peripheral blood mononuclear cells, the erythrocytes were washed twice with saline-
adenine-glucose-mannitol (150 mmol/l NaCl, 1.25 mmol/l adenine, 50 mmol/l glucose, 
29 mmol/l mannitol, pH 5.6) (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). The erythrocytes were stored at 2 to 6 ˚C 
in a standard blood bank refrigerator.

Pathogen binding to RBC

Staphylococcus aureus (strain RN4220 expressing green fluorescent protein GFP) were 
cultured at aerobic conditions at 37oC overnight in Lysogeny Broth (LB) medium. On the 
next day bacteria were harvested by centrifugation, washed twice in PBS and stored at 
-80oC at a concentration of 1x109/ml. Salmonella enterica serovar Typhimurium (strain 
14208, expressing GFP), Escherichia coli (strain ML-35, expressing GFP), Staphylococcus 
aureus (strain 502A), and Candida albicans (stably transfected with GFP; a generous gift 
of Dr Alexander Johnson, Department of Microbiology and Immunology, University of 
California at San Francisco, San Francisco, CA) were grown as described above, only C. 
albicans were cultured at 30°C. Pathogens (1x109) were opsonized using 200µl pooled 
serum obtained from 18 AB+ healthy donors, incubated for 30 min at 37oC and washed 
once. To prevent vesicle shedding S. aureus –RBC immune complexes were fixed with 1% 
glutaraldehyde for 30 minutes at 37oC followed by 2 washing steps. Next, the pathogens 
were incubated with 1x108 RBC in a total volume of 500µl for 30 min followed by 2 
washing steps. S. aureus (502A) needed additional staining using the DNA-dye Hoechst 
(Sigma; dilution 1:10,000) to allow quantification of pathogen binding. In some experi-
ments RBC (2x108/ml) were stained with membrane dye PKH26 (Sigma-Aldrich) at 1:250 
dilution for 5min at room temperature. Where indicated RBC (5x108/ml) were labeled 
with sulpho-NHS-biotin (Thermo Fisher Scientific) for 30min at 37oC at 2.5µg/ml end 
concentration followed by an incubation with Streptavidin, Alexa Fluor® 488 conjugate 
(Thermo Fisher Scientific) for 30min at room temperature at 1:200 dilution.  RBC were 
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analyzed by flow cytometry using a LSRII + HTS (BD Bioscsiences) equipped with FACS-
Diva Software (BD Biosciences).

Monocyte isolation using Percoll Gradient and CD14+ bead isolation

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized peripheral 
blood from healthy donors by density gradient centrifugation using Percoll (Pharmacia). 
Monocytes were isolated from PBMC by magnetic MACS® labeling technology using 
CD14 MicroBeads (Miltenyi Biotec). 

Human Subjects

Spleens were collected from organ transplant donors without clinical signs of infection 
or inflammation. Written informed consent for organ donation was obtained according 
to national regulations regarding organ donation. Splenic tissue of the organ donor was 
obtained during transplantation surgery, as part of the standard diagnostic procedure 
for HLA-typing, and was transported in University of Wisconsin Fluid (100mM Potassium 
lactobionate, 25mM KH2PO4, 5mM MgSO4, 30mM Raffinose, 5mM Adenosine, 3mM 
Glutathione, 1mM Allopurinol, 50g/L Hydroxyethyl starch) at 4oC. In case there was an 
excess of splenic tissue for diagnostic procedures, the splenic tissue was used in an 
anonymous fashion for research in the present study, in accordance with the Dutch law 
regarding the use of rest material for research purposes. 

Splenocyte isolation

Human splenocytes were isolated as described elsewhere 8 by injecting a piece of spleen 
at several sites with collagenase buffer (Collagenase CLSPA, Worthington) 100 U/ml, DN-
Ase, Deoxyribonuclease I, bovine recombinant 2 Kunitz Units/ml (Sigma), Aggrastat 0.5 
µg/mL, Glucose 1mg/ml, Calcium Chloride 1mM).  Connective tissue was removed and 
the tissue was subsequently incubated in collagenase buffer for 30 minutes at 37oC. Tis-
sue was then filtered using a 100μm filter. Subsequently, erythrocytes were lysed with an 
isotonic ammoniumchloride buffer for 5 minutes at 4oC, followed by washing. To enrich 
for larger cells (monocytes/macrophages) elutriation was performed. Finally, cells were 
sorted directly from splenocytes stained for CD163 (a monocyte/macrophage marker) 
and auto-fluorescence (specific for macrophages only) using a FACS Aria II machine (BD 
Biosciences). 

Confocal microscopy

For confocal analysis, monocytes or macrophages were isolated (as described earlier 
in materials and methods) and plated on an Ibidi μ-Slide (Ibidi-Treat μ-Slide VI 0.4, 6 
channels). Each well was injected with 80,000 monocytes/macrophages diluted in 30µl 
HEPES buffer (132mM NaCl, 20mM HEPES, 6mM KCl, 1mM MgSO4, 1.2mM K2HPO4) (all 
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from Sigma-Aldrich), pH 7.4 supplemented with 10mM glucose, 2mM CaCl2 and 0.5% 
human serum albumin (Sanquin, The Netherlands). Next, the ibidi-chamber was placed 
in an incubator for 30 min at 37°C to allow phagocyte adherence to the slide. After 30 
min, the ibidi-slide was positioned into the microscope stage and silicone tubings, an 
injection port (IBIDI, Catalog Number: 10820) and a 20ml syringe was connected to 
the ibidi slide, all containing flow-buffer (HEPES). The in-line Luer injection port (Ibidi) 
allowed erythrocytes to be injected with a needle into a running experiment without 
stopping the flow and creating air bubbles. The flow speed was adjusted to 0.2 dyn/cm2 
in accordance with physiological flow speed in splenic venules, with the pump pushing 
flow-buffer from the syringe through the flow-chamber into the exiting tube. Real-time 
determination of the extent of bacterial transfer to monocytes/macrophages was per-
formed using fluorescent imaging. Quantification of bacterial transfer was achieved by 
counting the number of monocytes that had taken up one or more immune complexes 
throughout the length of one ibidi-slide. Results were obtained using Differential In-
terference Contrast (DIC), GFP (488 nm) or Hoechst (405 nm) simultaneously using a 
confocal laser scanning microscope equipped with a climate chamber with a constant 
temperature at 37°C, 5% CO2, and a 63X oil-objective. Data was analyzed using imaging 
software ZEN 2008 and Zeiss LSM510 META (Carl Zeiss MicroImaging, Jena, Germany).

Statistical analysis

Data was analyzed using Graphpad Prism 6 for Windows (GraphPad Software, La Jolla, 
CA, USA).  For statistical analysis between experimental groups, the Student’s t-test 
was used. A two-sided p value of ≤0.05 was considered to be significant. Unless stated 
otherwise, a representative experiment out of at least three independent experiments 
is shown.

Results

Pathogen binding to RBC is CR1 and complement-dependent

To investigate pathogen binding to RBC we developed a binding assay using various 
GFP-expressing pathogens. Pathogen binding was quantified as percentage of GFP- 
positive RBC measured by flow cytometry. Serum treatment of S. aureus, a gram-positive 
bacterium, led to a high increase in binding to RBC when compared to non-opsonized 
bacteria. To further demonstrate the involvement of complement in bacterial binding we 
pre-incubated bacteria with heat-inactivated serum, which abolished S. aureus binding 
to RBC. In addition, bacterial binding to RBC was blocked when RBC were pre-incubated 
with a CR1 blocking antibody (Figure 1A). These findings showed that complement 
found in serum and CR1 on RBC were required to ensure bacterial binding to RBC. To 
asses if other pathogens were also able to bind RBC via CR1 and complement, a series of 
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experiments were performed using the yeast-like fungus C. albicans and two strains of 
gram negative bacteria: E. coli and S. typhimurium. All pathogens we tested were able to 
bind RBC, even though variable binding rates were observed (Figure 1B).

Pathogen transfer coincides with RBC membrane transfer

To study the molecular mechanism of immune adherence clearance in more detail, we 
developed an assay to monitor the transfer of opsonized pathogens from RBC to human 
phagocytes under physiological flow conditions, using confocal microscopy. Next, live 
imaging of bacterial transfer to human splenic phagocytes was performed using two 
bacterial strains:  S. typhimurium and S. aureus (Figure 2A-D). We demonstrated that not 
only were the bacteria transferred from RBC to the phagocyte, but also RBC were left 
intact during the process. In addition, immune adherence clearance also occurred in 
monocytes isolated from whole blood (Figure 2E-J). Since human spleen samples were 
scarce, we performed most transfer assays with monocytes in our studies.  Moreover, 
we performed transfer assays using different microorganisms: E. coli, C. albicans, S. 
typhimurium, E. faecalis and B. subtilis, confirming that pathogen transfer to monocytes 
occurred regardless of the pathogen used (data not shown).
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Figure 1. Pathogen binding is dependent on complement and CR1. (A) Serum opsonization of bacteria 
promotes binding to RBC, while opsonization with heat-inactivated (HI) serum or pre-treatment of RBC 
with CR1 blocking antibody completely abrogates binding (n=7 +/- SEM). (B) Flow cytometric analysis of 
GFP-expressing serum opsonized pathogens bound to RBC. Pathogen binding was quantified by flow cy-
tometry as percentage of GFP-positive RBC.
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Next we wanted to investigate the molecular mechanisms behind pathogen release in 
IAC. Currently, in literature there are two theories explaining the release of pathogens 
from RBC in IAC. First, proteolytic cleavage of CR1 has been described to lead to release of 
the pathogen from RBC resulting in the subsequent killing of the pathogen 9. In addition, 
transfer of the pathogen through release of part of the RBC membrane (trogocytosis) has 
been coined to explain IAC 10. The latter may suggest that RBC play an active role in IAC 
and facilitate the release of bacteria from their surface via vesiculation. Since protease 
inhibitors did not block transfer (data not shown) we speculated that vesicle shedding 
might be a mechanism by which RBC release the bacteria on their surface. To investigate 
this in more detail, RBC were fixed in paraformaldehyde after bacterial binding creating 
an inseparable RBC-pathogen complex. The fixation resulted in impaired transfer of S. 
aureus under flow conditions (Figure 3A-B, white arrows). This finding suggested that a 
fluidic RBC membrane was essential for pathogen transfer. Next, RBC were stained with 
the membrane dye PKH26, prior to binding to S. aureus, E.coli and C. albicans. After trans-
fer, we could clearly see that not only were the pathogens phagocytosed (GFP, green) 
but also RBC vesicles (PKH26, red) were engulfed by the monocyte (Figure 3C-E, black 

Splenic  macrophages Splenic monocytes

A

C

B

D

S. aureus

S. typhimurium

FE G H I J

Figure 2

Figure 2. Bacterial transfer to human spleen macrophages and monocytes. (A-D) Bacterial transfer to 
phagocytes isolated from human spleens. Live imaging of the transfer of GFP-expressing opsonized S. au-
reus (A-B) or S. typhimurium (C-D) to human splenic macrophages (A, C) or splenic monocytes (B, D) under 
flow conditions.  (E-J) Live imaging of bacterial transfer under static conditions. GFP-expressing opsonized 
S. aureus bound to RBC, incubated with human monocytes isolated from whole blood. (J) Bacterial transfer 
to monocytes leaves RBC intact.
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arrows). Moreover, in order to exclude the possibility of PKH26 membrane dye leakage 
to other cells due to close cell-cell contact, we labelled RBC with biotin, which could 
be detected with fluorescently labelled streptavidin. Figure 3F shows co-localization 
between S. aureus (Hoechst, red) and RBC vesicles (Alexa Fluor® 488 streptavidin) inside 
the monocyte after transfer. Taken together our results suggested that vesiculation was 
a mechanism promoting bacterial transfer (Figure 3).

Blocking of CR3 on monocytes leads to impaired bacterial transfer 

Next, we wanted to investigate which phagocytic receptors were involved in bacterial 
transfer. Blocking of complement receptor 3 CR3 (CD11b/CD18) with blocking antibod-
ies resulted in impaired bacterial transfer (Figure 4A). In addition, the involvement of 
CR3 in IAC was further illustrated in a transfer assay using monocytes isolated from a 
leukocyte adhesion deficiency - 1 (LAD1) patient with an unknown mutation in ITGB2 
encoding CD18 resulting in impaired CD18 expression. When we performed a transfer 
assay with monocytes from a LAD1 patient we observed a reduced interaction between 

D EC

F

Figure 3. RBC vesiculation coincides with bacterial transfer. (A-B) Fixation of RBC leads to impaired 
bacterial transfer (white arrows). (C-E) Transfer assay with RBC labeled with PKH26 membrane dye (red) 
with bound opsonized GFP-expressing (C) S. aureus (D) E. coli, and (E) C. albicans on their surface. Patho-
gens are phagocytosed together with parts of RBC membrane (black arrows). (F) Transfer assay with RBC 
labeled with biotin-streptavidin (green) with bound opsonized S. aureus (Hoechst, red). Co-localization of 
RBC vesicles and bacteria is seen after transfer (black arrow).
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monocytes and RBC, resulting in complete inhibition of bacterial transfer (Figure 4B). 
This result confirmed that CR3 is required for efficient IAC. 

Involvement of RBC adhesion molecules in IAC

When carefully examining the process of pathogen transfer from RBC to monocyte, it 
appeared that shortly after pathogen transfer RBC did not immediately detach from the 
monocyte (Supplementary Figure 1). This observation together with the findings that 
transfer was calcium dependent under flow (Supplementary Figure 2) and CR3 depen-
dent, suggested that RBC adhesion molecules might be involved in IAC. To investigate 
whether RBC adhesion molecules played a role in IAC, we performed transfer assays 
after blocking two adhesion molecules expressed on RBC: CD147 and ICAM-4. When 
using a blocking antibody against CD147 or ICAM-4 on RBC a significant reduction in 
bacterial transfer was observed (Figure 5A). Anti-CD235a (glycophorin A) was used as 
a control in the blocking experiments, which, as expected, did not show a reduction in 
transfer of S. aureus (Figure 5A). These data clearly demonstrated that IAC is dependent 
on RBC adhesion molecules.
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Figure 4. Bacterial transfer to phagocytes is dependent on CR3. (A) Blocking of CR3 leads to decreased 
bacterial transfer. Isotype antibodies were used as control. Control was normalized to 100%. N=3. (B) Bacte-
rial transfer to monocytes from LAD1 patient is inhibited. Experiment was repeated 3 times. 
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Discussion

In accordance with previously published literature 11,12 it was demonstrated that bacterial 
binding to RBC occurs in vitro and is dependent on CR1 and complement. Importantly, 
this phenomenon can be observed for a large variety of pathogens and we speculate 
that the difference in binding might be caused by differences in opsonization (Figure 1). 
Intriguingly, fixation of RBC and bacteria in a complex completely abrogates transfer 
which implies that a fluidic RBC membrane is required for successful pathogen transfer. 
This finding is further validated by the results obtained from transfer assays with spe-
cifically labeled RBC as shown by the co-localization of RBC vesicles and bacteria inside 
monocytes after transfer (Figure 3). RBC vesiculation is a well-known mechanism that 
RBC use to dispose of damaged or unwanted proteins released in the vesicles which 
are subsequently cleared in the spleen 13. Our data indicate that vesiculation is also the 
mechanism facilitating pathogen release and subsequent pathogen clearance in the 
spleen. 
There is conflicting evidence in literature describing which phagocytic receptors are in-
volved in IAC. Some groups have demonstrated that Fcγ receptors might play a role 14,15, 
nevertheless we could not confirm the involvement of Fcγ receptors in IAC as blocking of 
Fcγ receptors on the phagocyte did not have an effect on bacterial transfer (Supplemen-
tary figure 3). Since complement was required for bacterial binding, we speculated that 
blocking complement receptors on the phagocyte would play a role in transfer as well 
14. Here, we confirm that CR3 (CD11b/CD18) on the phagocyte is required for pathogen 
transfer (Figure 4). To further validate this finding, we performed a transfer assay with 
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Figure 5.  RBC adhesion molecules are essential for IAC.  (A) RBC with bound opsonized S. aureus were 
treated with CD147 and ICAM-4 blocking antibodies prior to transfer to monocytes. Blocking of CD147 
and ICAM leads to a significant reduction in transfer. Glycophorin A (GPA) blocking antibody was used as a 
control. Paired student t-test was used for statistical analysis; p value < 0.5 was considered significant. (B) A 
proposed model illustrating the involvement of RBC adhesion molecules in IAC. 
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monocytes isolated from a LAD1 patient. LAD1 is a rare genetic disorder characterized by 
immunodeficiency due to mutations in ITGB2, encoding integrin β2 (CD18) which results 
in recurrent infections 16. When a transfer assay was performed with monocytes isolated 
from whole blood obtained from a LAD1 patient the interaction between monocytes 
and RBC was found to be abrogated, resulting in a significant decrease in transfer. These 
results indicate that CD18 on the monocyte is essential for the interaction with the RBC 
necessary for the transfer to occur. 
Furthermore, CR3 has been shown to interact with ICAM-4 expressed on RBC 17,18.  Thus, 
we speculated that ICAM-4 and other adhesion molecules may play a role in IAC. Indeed, 
blocking of ICAM-4 led to significant reduction in bacterial transfer. Interestingly, ICAM-
4 promotes sickle RBC adhesion to endothelium 19 after phosphorylation of ICAM-4 in 
an Erk-dependent fashion. A role for ICAM-4 has been described in the interaction of 
RBC with platelets, more specifically in binding platelet αIIbβ3-integrin.  Here, we show 
an additional role for ICAM-4 in RBC adhesion, identifying ICAM-4 as an important 
factor for efficient IAC. In analogy to the Erk-dependent phosphorylation of ICAM-4 in 
sickle RBC 19, we hypothesized a functional link between CR1 ligation, Erk activation and 
ICAM-4 phosphorylation leading to binding of pathogen-bearing RBC to phagocytes 
and subsequent transfer. However, we did not succeed in inhibiting the IAC process by 
inhibiting Erk activation by pharmacological intervention (data not shown). In addition, 
we investigated whether CD147/basigin expressed on RBC is involved in IAC. Using a 
CD147 blocking antibody we confirmed that pathogen transfer was decreased suggest-
ing that CD147 is required for efficient transfer. Even though CD147 is a known adhesion 
molecule, its function in RBC is yet to be identified. Thus, our findings suggest that 
adhesion molecules on RBC are important signaling mediators involved in host defense 
and introduce a new role for ICAM-4 and CD147 in mature RBC. As for the activation of 
ICAM-4, we have not been able to identify the signaling cascades or molecular events 
that lead to CD147 recognition by phagocytes after binding of a complement opsonized 
particle to RBC CR1. 
Overall, we propose that pathogen binding via CR1 on RBC, leads to the activation of 
ICAM-4 and CD147, and possibly other adhesion molecules on the RBC surface, which in 
turn promotes IAC. Our data suggests that upon bacterial transfer RBC adopt a “sticky” 
phenotype which promotes the adhesion of RBC to the phagocyte, facilitating transfer 
(Figure 5B). Further experiments are necessary to investigate the pathways that lead to 
the activation of these adhesion molecules.
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Supplemetary figures

A B

C D

Supplementary figure 1. RBC remain attached to monocytes after bacterial transfer.

A B C

Supplementary figure 2. Bacterial transfer under flow is Ca2+ dependent. (A) No transfer occurs under 
flow without Ca2+ and in the presence of 1mM EGTA in medium (arrow). (B-C)  Bacterial transfer occurs 
when flow speed is reduced (arrows).
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Supplementary fi gure 3. Blocking of Fcγ receptors on monocytes does not impede bacterial transfer. 
To block Fcγ receptors on monocytes cells were incubated with blocking antibodies: FcγRI (clone 10.1; BD 
Pharmingen), FcγRII (clone AT10; AbD Serotec) and FcγRIII (clone 3G8; BD Pharmingen) at 10µg/ml and 
with IVIg Nanogam (Sanquin reagents) at 40µg/ml for 30min at 37oC prior to transfer. Subsequently RBC 
with bound opsonized S. aureus-GFP were incubated with monocytes (+/- Fcγ receptor blocking reagents) 
for 2hrs. 
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Abstract

Erythrocytes undergo changes during storage that alter their clearance and function 
after transfusion and there is increasing evidence that these changes contribute to the 
complications observed in transfused patients. Stored erythrocytes were incubated 
overnight at 37°C to mimic the temperature after transfusion. After incubation, several 
markers for erythrocyte damage were analyzed. We report that stored erythrocytes, 
after overnight incubation, show increased potassium leakage, haemolysis, PS exposure 
and vesicle formation, and all these effects increase with increasing storage time. Fur-
thermore, we demonstrate that long stored erythrocytes develop decreased flippase 
activity and increased scrambling activity after overnight incubation, which leads to 
PS exposure and the release of vesicles.  We identify reduced intracellular potassium 
to be the cause of the decreased flippase activity. Lastly, we provide evidence that 
erythrocytes can return to a PS-negative state by shedding parts of their membrane as 
PS-containing vesicles and that these vesicles can serve as a platform for the coagula-
tion cascade. These findings reveal that potassium leakage, a well-known phenomenon 
of prolonged erythrocyte storage, primes erythrocytes for PS exposure. 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 func-
tion, 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 haemolysis 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 erythrocytes 1,2. 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 recipients 3-6. 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 haemoglobin, iron 
and the formation of vesicles during storage 7-11. One of the markers commonly used 
to determine the quality of stored erythrocytes is the presence of phosphatidylserine 
(PS) on the outside of the membrane 12. In healthy cells, the phospholipids in mem-
branes are asymmetrically distributed with, most notably, PS on the inner leaflet of the 
membrane 13. The asymmetrical distribution of the lipid bilayer of cells is controlled by 
three different mechanisms 14. First, an inward-directed flippase transports several phos-
pholipids to the inside of the cell. Secondly, an outward-directed floppase transports 
other phospholipids to 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 
receptors 15-18 or via opsonization by PS-bridging proteins such as lactadherin 19-21 or 
Gas6 22. On the other hand, PS exposure has also been shown to be important for activa-
tion of the coagulation cascade and has been claimed to play a role in membrane vesicle 
formation as well 23. 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 whether 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 incubated stored erythrocytes overnight at 37°C. First, we show that 
overnight incubation of long stored erythrocytes leads to an increase in haemolysis, 
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potassium leakage, vesicle formation and PS exposure. Subsequently, we observed that 
reduced intracellular potassium in stored erythrocytes has a negative effect on flippase 
activity, thereby priming stored erythrocytes for PS exposure. PS exposure on stored 
erythrocytes after overnight incubation was identified as a marker for erythrocytes that 
were prone to shed vesicles. Lastly, the vesicles shed by long stored erythrocytes were 
found to be PS positive and to support the coagulation cascade.

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 was obtained from Sigma-Aldrich (Zwijndrecht, 
the Netherlands). Factor Xa was from Enzyme Research (South Bend, USA).

Erythrocyte storage

Leukoreduced erythrocyte units, stored in saline-adenine-glucose-mannitol (150 mM 
NaCl, 1.25 mM adenine, 50 mM glucose, 29 mM mannitol, pH 5.6) (SAGM) (Fresenius 
Kabi, The Netherlands), were obtained from the Dutch Sanquin Blood Supply Founda-
tion, 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 com-
mittee in accordance with the standards laid down in the 1964 Declaration of Helsinki. 
Erythrocytes were isolated from fresh heparinized whole blood by centrifugation at 270 
x g for 15 minutes. After removing the platelet-rich plasma and the peripheral blood 
mononuclear cells, the erythrocytes were washed 2 times with SAGM and resuspended 
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in SAGM. Final cell concentration was determined with an Advia 2120 (Siemens Medical 
Solutions Diagnostics, Breda, The Netherlands).

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 1000 x g 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.

Haemolysis

Haemolysis was determined as described previously 24. Briefly, free haemoglobin 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. Haemolysis was expressed 
as a percentage of total haemoglobin 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 elsewhere 12. In short, labelling with 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 (132mM NaCl, 20mM HEPES [N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic 
acid], 6 mM KCl, 1 mM MgSO4, 1.2 mM K2HPO4, pH 7.4 [all from Sigma-Aldrich]) supple-
mented 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 erythro-
cytes was determined by comparison of the positive sample with the negative sample.

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 
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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 pres-
ence or absence of HSA. After spinning the samples down and washing once with HEPES 
buffer at 2,500 rpm at 4  °C, the samples with HSA were resuspended in HEPES buffer 
supplemented with 10 mM glucose, 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. Scram-
bling 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 heparin-
ized 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.

FXa generating assay 

Factor Xa (FXa) generating assays were performed as described in Bloem et al 25. Briefly, 
vesicles were isolated after incubation of long stored erythrocytes after an overnight 
incubation at 37°C by centrifugation at 270 x g for 15 minutes. Subsequently, the super-
natant was collected and centrifuged at 21,000 x g for 30 minutes. After removing the 
supernatant, the pellet was resuspended in HEPES medium. The amount of vesicles was 
expressed in µM phospholipids. As a positive control, sonicated phospholipid vesicles 
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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 FVIII and 0 to 16 nM FIXa in a buffer containing 40 mM Tris-HCl (pH 7.8), 150 mM 
NaCl, 0.2% (w/v) bovine serum albumin (BSA) (Merck, Darmstadt, Germany). The reac-
tion 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 described 25.

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, haemolysis, PS exposure and vesicle formation

To be able to identify changes occurring in stored erythrocytes after transfusion, we 
incubated samples of stored erythrocytes overnight at 37°C in their own supernatant. 
Upon overnight incubation, we observed a clear effect of storage time on potassium 
leakage (figure 1A), PS exposure (figure 1B) and haemolysis (figure 1C). Furthermore, 
we observed the presence of vesicles when 42 days stored erythrocytes were incubated 
overnight at 37°C (figure 1D and E).

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

As PS exposure is determined by both flippase and scrambling activity 14, 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-PC 26, respec-
tively. As shown in figure 2A, the flippase activity was lower in long stored erythrocytes, 
which is in line with a previous study 26. 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 al 26).
Next, we determined the flippase and scrambling activities after overnight incubation 
at 37°C in long stored erythrocytes and erythrocytes freshly isolated from whole blood. 
As an internal control, both long stored and freshly isolated erythrocytes were diluted in 
ABO-matched whole blood, upon which the erythrocytes present in whole blood itself 
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were used as a standard. The freshly isolated erythrocytes and the erythrocytes in whole 
blood showed the same amount of flippase activity (figures 2B and C). The difference 
in flippase activity we observed between long stored and freshly isolated erythrocytes 
prior to overnight incubation was increased after overnight incubation. There was also 
no difference in scrambling activity between freshly isolated and whole blood erythro-
cytes, while long stored erythrocytes showed an increased scrambling activity (figures 
2D and E). These findings are consistent with the observed PS exposure on long stored 
erythrocytes after an overnight incubation.
Since not all long stored erythrocytes were PS positive, this indicated that a subgroup of 
erythrocytes had a higher scrambling activity or lower flippase activity, as either of these 
changes would lead to PS exposure. By performing a double staining for PS exposure 
and either flippase or scrambling activity, we observed that there was no difference in 
flippase activity (figure S1A), but that PS positive erythrocytes had a higher scrambling 
activity (figure S1B).

The role of potassium 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 exposure 27. As potassium is also lost by erythrocytes 
during storage and after overnight incubation, we investigated the effect of intracellular 
potassium concentration on flippase and scrambling activity. Therefore, we incubated 
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Figure 1. Long stored erythrocytes are primed for K+-leakage, haemolysis, PS exposure 

and vesicle formation. Overnight incubation of stored erythrocytes at 37°C increased 

potassium leakage (A) PS exposure (B), and haemolysis (C) with increasing storage times. (D 

and E) Long stored erythrocytes shed vesicles after an overnight incubation at 37°C. Results 

shown represent mean ± 1 SD of 4 units. * p<0.05; ** p<0.01; *** p<0.001 

Figure 1. Long stored erythrocytes are primed for K+-leakage, haemolysis, PS exposure and vesicle 
formation. Overnight incubation of stored erythrocytes at 37°C increased potassium leakage (A) PS expo-
sure (B), and haemolysis (C) with increasing storage times. (D-E) Long stored erythrocytes shed vesicles 
after an overnight incubation at 37°C. Results shown represent mean ± 1 SD of 4 units. * p<0.05; ** p<0.01; 
*** p<0.001
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fresh isolated erythrocytes with valinomycin. As expected based on previous findings 
27, treating erythrocytes with valinomycin led to potassium leakage (figure 3A). By 
increasing the extracellular potassium concentration, we were able to inhibit the potas-
sium leakage induced by valinomycin. The potassium leakage induced by valinomycin 
treatment led to a decrease in flippase activity (figure 3B), which could be blunted by a 
higher extracellular potassium concentration. Valinomycin treatment did not lead to a 
higher scrambling activity (figure 3C) and, in line with this observation, did not induce 
PS exposure (figure 3D). As intracellular ATP levels can also affect the flippase activity, 
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Figure 2. Scrambling and flippase activity after whole blood dilution. (A) Flippase and scrambling ac-
tivity of long stored erythrocytes (white bar) and short stored erythrocytes (black bar). (B) Histogram of 
translocated NBD-PS determined, after overnight incubation in whole blood, in freshly isolated (green) and 
long stored (red) erythrocytes and the erythrocytes present in whole blood (blue). (C) Flippase activity in 
long stored, freshly isolated and erythrocytes present in whole blood. (D) Histogram of translocated NBD-
PC determined, after overnight incubation in whole blood, in freshly isolated (green) and long stored (red) 
erythrocytes and the erythrocytes present in whole blood (blue). (E) Scrambling activity in long stored, 
freshly isolated and erythrocytes present in whole blood.  Results shown represent mean ± 1 SD of 4 experi-
ments. * p<0.05; ** p<0.01
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we also determined the ATP levels after valinomycin treatment. However, we did not 
observe any differences in ATP levels between erythrocytes treated with or without 
valinomcyn (figure S2). These results show that potassium levels have a direct effect on 
flippase activity, but have no effect on scrambling activity.

PS exposure on long stored erythrocytes is linked to vesicle formation

As stated in the introduction, the PS exposure on long stored erythrocytes described 
above could have several implications. As we already showed that overnight incuba-
tion of long stored erythrocytes led to vesicle formation, we hypothesized that the PS 
exposure on long stored erythrocytes might be a sign or perhaps even a prerequisite of 
vesicle formation. Since the loss of membrane is expected to be limiting vesicle forma-
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Figure 3. Potassium leakage leads to decreased flippase activity. Fresh erythrocytes were incubated 
overnight at 37°C in HEPES+ or in HEPES/K+ and in the presence of 10 µg/ml valinomycin and in HEPES/
K+ with 10 µg/ml valinomycin. Subsequently, extracellular potassium (A), flippase activity (B), scrambling 
activity (C) and PS exposure (D) were determined. Results shown represent mean ± 1 SD of 4 experiments. 
* p<0.05; ** p<0.01
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tion 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 4A). 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 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 4A). Strikingly, the PS positive sorted 
samples contained significantly more vesicles than the PS negative sorted samples after 
the 4 hour incubation (figures 4B-D). 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 4E). We observed no difference in percent-
age of PS positive vesicles from the PS positive sorted erythrocytes and vesicles from the 
PS negative sorted erythrocytes (figure 4E). This suggests that a similar mechanism is 
likely to be present in all erythrocytes, irrespective of earlier differences in PS exposure, 
but that the extent to which vesicle shedding occurs is directly linked to the level of PS 
exposure on the outer leaflet of the erythrocyte membrane.

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 cascade 25. 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 activ-
ity 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 4F and G). In addition, the FIXa concentration that is 
required to reach half-maximum FXa generation on the erythrocyte vesicles is compa-
rable 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-FXa complex assembly. This finding 
suggests in turn that these vesicles may indeed play a role in the coagulation cascade.
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D E

F G

Figure 4. PS exposure is transient and results in vesicle formation. (A) 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). After 4 hour incubation at room tem-
perature, vesicle formation by the PS negative (B) and PS positive (C) erythrocytes was determined. (D) 
Comparison of vesicles formed per erythrocyte from PS negative and PS positive sorted erythrocytes. (E) 
Percentage of PS positive vesicles from PS negative sorted erythrocytes and PS positive sorted erythrocytes. 
(F-G) FXa generation, with vesicles isolated from long stored erythrocytes after an overnight incubation 
serving as a platform for the FVIIIa/FIXa complex, in a FIXa and phospholipids concentration dependent 
manner (open symbols, 4 different samples). 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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Discussion

Many studies have addressed the changes occurring in erythrocytes during storage by 
analyzing erythrocytes directly from 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. Here we show that by incubating long stored eryth-
rocytes overnight at 37ºC, we were able to identify several additional changes which 
might also occur after transfusion of long stored erythrocytes. First of all, we showed 
that overnight incubation of stored erythrocytes induced additional potassium leakage, 
haemolysis 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 haemoglobin and vesicle formation are observed after transfusion and have 
been proposed as the mechanisms by which long stored erythrocytes induce damage 
after transfusion 8,10,11. Especially the amount of haemolysis in our model was striking, as 
this exceeds the international limit for stored erythrocytes, which is 0.8% for Europe and 
1% for North-America. The pathophysiological consequences of cell free haemoglobin 
are extensive and mostly related to the ability to scavenge NO, a potent vasodilator 
and anti-thrombotic agent 28. Prolonged exposure to cell free haemoglobin 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 
also provide evidence that potassium leakage, a well-known effect of prolonged stor-
age, leads to the decrease in flippase activity as observed in long stored erythrocytes 
after overnight incubation. Previous studies had already shown that PS exposure can be 
induced by treatment of erythrocytes with a calcium-ionophore 27,29,30. In combination 
with the potassium-ionophore valinomycin, this effect was increased 27,31. Blocking K+ 
leakage by adding extracellular potassium or potassium channel blockers neutralized 
the additional effect of valinomycin on calcium-ionophore treated erythrocytes, show-
ing 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 decreased intracellular K+ levels directly inhibit 
flippase activity and that this is independent from the effect ATP levels have on flippase 
activity 26. 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, long stored erythrocytes showed decreased flippase activity and 
a subset of these erythrocytes also had increased scrambling activity. We propose that 
during storage, erythrocytes sustain damage, but as they are stored at 4 °C the scram-
bling activity will be very low and will be difficult to detect. However, upon overnight 
incubation at 37°C scrambling activity will be induced. Based on our current findings we 
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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.
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” signal 22. However, there are no reports showing directly that erythro-
cytes 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 vesicles 32. 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 signal 
33. 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 accom-
panied 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 transfusion 34,35, we investigated the pos-
sible 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 these findings are in line with previous reports 35,36. Furthermore, 
erythrocyte vesicles have been implicated in influencing inflammation 32, angiogenesis 
37,38, and the regulation of vascular tone 8. This growing body of evidence highlights the 
potential complications of vesicle release.
In conclusion, potassium leakage primes stored erythrocytes for PS exposure and sub-
sequent shedding of vesicles. The 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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Supplementary materials and methods

Isolation of annexin V positive cells

Annexin V positive cells were isolated by a cell sorter (BD FACSAria II, Becton Dickinson) 
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 FACSAri-
aII, 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.

Whole blood dilution

Erythrocytes obtained from a stored red cell concentrate (RCC) were diluted to a hemato-
crit (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  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).

Intracellular ATP measurement in erythrocytes

Intracellular ATP was measured as described elsewhere 1. In short, extracts were made 
by diluting 600 μl RBC with 900 μl PBS and then acidified with 60 μl perchloric acid (70% 
weight/vol). After 30 minutes on ice, the extracts were centrifuged at 4 ºC at 6,000 x g 
and 56 μl 5 M K2CO3 was added to 1 ml deproteinized supernatant for neutralization. 
Subsequently, ATP was analyzed with the glucose/hexokinase reaction as described 
elsewhere 1. ATP content was expressed as μmol ATP per gram hemoglobin.
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A B

Figure S1. PS positive cells have an increased scrambling activity. Long stored erythrocytes were incu-
bated overnight in their own supernatant at 37°C. (A) A double staining for PS exposure and flippase activ-
ity was performed, which showed that the flippase activity is similar in PS negative and PS positive erythro-
cytes. (B) 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

Figure S2. Valinomycin does not affect intracellular ATP. Fresh erythrocytes were incubated overnight 
at 37°C in HEPES+ or in HEPES/K+ and in the presence of 10 µg/ml valinomycin and in HEPES/K+ with 10 µg/
ml valinomycin. Subsequently, intracellular ATP was determined. Results shown represent mean ± 1 SD of 
4 experiments.
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Abstract

Even though red blood cell (RBC) vesiculation is a well-documented phenomenon, no-
tably in the context of RBC ageing and blood transfusion, the exact signalling pathways 
and kinases involved in this process remain largely unknown. We have established a 
screening method for RBC vesicle shedding using the Ca2+ ionophore ionomycin which 
is a rapid and efficient method to promote vesiculation. In order to identify novel 
pathways stimulating vesiculation in RBC, we screened two libraries: the Library of Phar-
macologically Active Compounds (LOPAC) and the Selleckchem Kinase Inhibitor Library 
for their effects on RBC from healthy donors. We investigated compounds triggering 
vesiculation and compounds inhibiting vesiculation induced by ionomycin. We identi-
fied 12 LOPAC compounds, 9 kinase inhibitors, and 1 kinase activator which induced 
RBC shrinkage and vesiculation. Thus, we discovered several novel pathways involved 
in vesiculation including G protein-coupled receptor signalling, the phosphoinositide 
3-kinase-Akt pathway, the Jak-STAT pathway, and the Raf-MEK-ERK pathway. Moreover, 
we demonstrated a link between casein kinase 2 and RBC shrinkage via regulation of the 
Gardos channel activity. In addition, our data showed that inhibition of several kinases 
with unknown functions in mature RBC, including Alk kinase and vascular endothelial 
growth factor receptor 2 (VEGFR-2), induced RBC shrinkage and vesiculation. 

Abbreviations used: 2,3-DPG, 2,3-diphosphoglycerate; β-AR, β-adrenergic receptor; AMPK, AMP-activated kinase; ATA, aurintricarboxylic 

acid; BCR-ABL, breakpoint cluster region protein-Abelson murine leukemia viral oncogene homolog 1; CaM, calmodulin; CK2, casein kinase 

2; Epo, erythropoietin; ERK, extracellular-signal-regulated kinase; FGFR, fibroblast growth factor receptor; GPCR, G protein-coupled receptor; 

Jak, Janus kinase; Jnk-2, c-Jun N-terminal kinase 2; LOPAC, Library of Pharmacologically Active Compounds; MAPK, mitogen activated protein 

kinase; MEK, mitogen activated protein kinase kinase; NKCC1, Na-K-Cl co-transporter; NO, nitric oxide; nRTK, non-receptor tyrosine kinase; 

PC, phosphatidylcholine; PDE, phosphodiestarase; PDGFR, platelet-derived growth factor receptor; PE, phosphatidylethanolamine; PI3K, 

phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phospholipase C; PS, phosphatidylserine; RBC, red blood cell; ROS, reactive oxygen spe-

cies; RTK, receptor tyrosine kinase; SAGM, saline-adenine-glucose-mannitol; SCD, sickle cell disease; Ser/Thr, serine/threonine protein kinase; 

SMase, acid sphingomyelinase; STAT, signal transducer and activator of transcription; VEGFR, vascular endothelial growth factor receptor.
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Introduction  

Transfusion of red blood cells (RBC) is often a life-saving therapy for which no substitute 
exists. RBC are transfused to improve oxygen supply in a diverse group of patients, 
including patients that suffer from trauma, haemoglobinopathies, cancer, surgical pro-
cedures or sepsis. Although the beneficial effects of transfusing RBC are clear, the use of 
RBC can also have adverse effects. RBC undergo considerable changes during storage, 
including lactate accumulation, decrease in ATP and 2,3-DPG (2,3-diphosphoglycerate) 
levels 1, and vesicle release 2. These modifications, known as the storage lesion, lead 
to alterations in the function and lifespan of RBC in vivo post transfusion 3,4, which can 
have detrimental side effects in the recipient 5. We and others have shown that after 
transfusion stored RBC release phosphatidylserine positive (PS+) vesicles which support 
the coagulation cascade 6-8 and can scavenge nitric oxide (NO) 9-11, leading to thrombosis 
and vasoconstriction in the recipient, respectively. In addition, RBC vesicle shedding has 
been implicated in immunomodulation 12. Vesicles released during storage induce the 
production of pro-inflammatory cytokines by monocytes promoting T cell proliferation 
12. Moreover, generation of inflammatory vesicles is observed  in sickle cell disease (SCD) 
via activation of acid sphingomyelinase (SMase) followed by ceramide accumulation 
13. The vesicles that are released are subsequently engulfed by monocytes promoting 
the production of pro-inflammatory cytokines and endothelial cell adhesion 13. Further-
more, several bioactive lipids are downstream of SMase and ceramide, including PS, 
and ceramide production has been linked to PS exposure and cell shrinkage in RBC 14. 
As mentioned, we have previously demonstrated that stored RBC spontaneously shed 
PS+ vesicles in an in vitro transfusion model 6. Phospholipid membrane asymmetry is 
regulated by three enzymes: flippase, floppase and scramblase 15. The flippase, also 
called aminophospholipid translocase, is an ATP-dependent inward–directed enzyme 
which transports lipids including PS and phosphatidylethanolamine (PE) to the inner 
leaflet of the plasma membrane 16, while the floppase, also known as multidrug resistant 
protein 1, is an outward-directed enzyme responsible for keeping phosphatidylcho-
line (PC) on the outside of the cell membrane 17. The scramblase, on the other hand, 
is able to transport lipids across the membrane in a bidirectional manner 18. Recently, 
increasing evidence in literature has demonstrated that the ion channel Tmem16F also 
functions as the calcium-activated scramblase 19-21. During RBC storage flippase activity 
is strongly reduced due to ATP depletion and potassium leakage 6. Moreover, increased 
scramblase activity is observed due to elevated intracellular calcium levels. These events 
collectively lead to loss of membrane asymmetry, exposure of PS on the cell surface and 
finally vesicle shedding 6. Vesiculation is not only relevant in the context of RBC storage 
and transfusion, but is also important during RBC ageing and clearance in vivo 4. Under 
physiological conditions RBC have a lifespan of 120 days, which implies that 0.8% of 
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total RBC are cleared per day.  Furthermore, RBC become smaller and denser with age, a 
process facilitated by the release of vesicles containing haemoglobin 22,23. Loss of mem-
brane results in less deformable RBC which can no longer pass through the endothelial 
slits ultimately leading to their phagocytosis by red pulp spleen macrophages lining the 
endothelium 22,24. All these data suggest that RBC vesiculation is beneficial when tak-
ing place in the spleen as a clearance mechanism 25, but deleterious when occurring in 
circulation after transfusion 5,6,9. Even though RBC vesicle release is a well-documented 
phenomenon, little is known about the exact signalling pathways that underlie this 
process. Here we aimed at identifying signalling cascades involved in RBC vesiculation 
by screening the effect of compounds from two different libraries of bioactive small 
molecules on RBC vesicle shedding and shrinkage. Using these two libraries, the library 
of pharmacologically active compounds (LOPAC) and the Selleckchem Kinase Inhibitor 
Library, we confirmed the importance of well-known pathways such as calcium signal-
ling 26, caspase activity 27 and PKC (protein kinase C) signalling 28, but we also discovered 
several cascades not described previously to play a role in RBC vesiculation. These in-
clude G protein-coupled receptor (GPCR) signalling via antagonism of β-adrenergic and 
P2Y receptors, the phosphoinositide 3-kinase (PI3K)-Akt pathway, the Jak-STAT pathway, 
and the Raf-MEK-ERK pathway. Moreover, we propose a novel role for casein kinase 2 
(CK2) in RBC shrinkage through modulation of the Gardos channel via calmodulin. In ad-
dition, our data suggest that Alk kinase and vascular endothelial growth factor receptor 
2 (VEGFR-2) are involved in the regulation of RBC shrinkage and vesiculation.

Materials and Methods

Reagents

The Library of Pharmacologically Active Compounds (LOPAC library), the calcium 
ionophore ionomycin A23187, TRAM-34, and buffer reagents were provided by Sigma 
(Sigma-Aldrich, St. Louis, MO, USA). The Kinase Inhibitor Library, containing 192 chemi-
cals, was obtained from Selleckchem (Selleckchem, Houston, TX, USA). 

Red blood cell isolation 

Heparinised venous blood was obtained from healthy volunteers after informed 
consent. Blood studies were approved by the Medical Ethical Committee of Sanquin 
Research and performed in accordance with the 2013 Declaration of Helsinki. RBC were 
isolated in the following manner: blood was centrifuged at 210g at room temperature 
for 15 min. Next, plasma and buffy coat were removed and RBC were washed twice with 
saline-adenine-glucose-mannitol medium (SAGM medium, 150mM NaCl, 1.25mM ad-
enine, 50mM glucose, 29mM mannitol, pH 5.6)  (Fresenius SE, Bad Homburg, Germany) 
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for 5 min at 570g. Finally, RBC were resuspended in SAGM medium and counted on an 
ADVIA 2120 Hematology System (Bayer Healthcare AG, Leverkusen, Germany).

LOPAC and Kinase Inhibitor Library screening

Freshly isolated RBC were washed in HEPES buffer (132mM NaCl, 20mM HEPES, 6mM 
KCl, 1mM MgSO4, 1.2mM K2HPO4) supplemented with 2mM CaCl2 and 10mM glucose. 
0.5x106 RBC were plated per well in duplo on a flat-bottom 96-well plate pre-coated with 
compounds from the LOPAC or the Kinase Inhibitor Library at 10μM concentration, for all 
primary screens, and incubated at 37oC for 30min. Next, RBC were treated with HEPES or 
with 5μM ionomycin at 37oC for 30min. Validation screens were performed analogously, 
with compound concentrations: 100nM, 1μM and 10μM. All screens were performed 
with 3 different donors, besides LOPAC primary screens which were performed with 
2 donors. All screens were run on a LSRII + HTS (BD Bioscsiences, Franklin Lakes, New 
Jersey, USA) flow cytometer. Raw data was analysed with FACSDiva Software (BD Biosci-
ences, Franklin Lakes, New Jersey, USA). 

Library screening hit selection and statistics 

Separate screens were done with the LOPAC and the Kinase Inhibitor Library, and for 
both libraries there were different screens for inhibition and induction.  In all four cases 
a primary and a validation screen were performed, making a total of eight screens. In 
most screens raw data was plate-normalised via dividing by the median of the negative 
controls on the plate. The only exception was the primary kinase inhibitor screen where 
the plate normalisation was done via dividing per median of the plate, due to problems 
with the negative controls.  In case of the primary screens, a z-score calculation was 
done per replicate and readout (P1,P2,P3). Over the replicates and per readout the mean 
of the z-scores was calculated. The mean z-score for the most interesting readout (P2) 
was used as a selection criterion. In general, in case of induction screens the 30 highest 
values were selected for validation, and in case of inhibition screens the lowest 30. In the 
validation screens three different concentrations of the drugs were used. Per compound 
and concentration the median value over three replicates was calculated. Furthermore 
a t-test was performed comparing the values for the three replicates with a NULL 
distribution consisting of the negative controls. The resulting p-values were corrected 
for multiple testing using the Benjamin-Hochberg method 29. Adjusted p-value (Padj 
score) of ≤ 0.1 was considered significant. Most compounds were considered validated 
hits when their median of the replicates (Rep Median score) was smaller than 1, in case 
of inhibition screens, and higher than 1 in case of induction screens, and the adjusted 
p-value (Padj score) was smaller than 0.1with the exception of 8 compounds which were 
validated according to cell scatter. All calculations were performed using programming 
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language R. For plate normalisation and z-scoring R package cellHTS2 version 2.8.3 30 
was used.

Results

Set up and analysis of the LOPAC and the Kinase Inhibitor primary library screens

First, we performed four primary screens: LOPAC inhibition and induction screens and 
Kinase Inhibitors Library inhibition and induction screens. Each LOPAC screen contained 
1280 small molecules with known biological functions in the fi elds of cell signalling and 
neuroscience, including apoptosis, gene regulation and expression, lipid signalling, 
neurotransmission, phosphorylation, ion channel transport, and G protein signalling. 
The Selleckchem Kinase Inhibitor Library consisted of 192 inhibitors specifi cally target-
ing kinases from various families. We performed inhibition and induction screens in 
parallel since we aimed at identifying molecules that induce RBC vesiculation (induc-
tion screens) and molecules that inhibit vesiculation induced by ionomycin (inhibition 
screens). In a control setting without stimulation (DMSO alone) RBC scatter could be 
depicted by 3 populations (P) each containing a specifi c number of events. P1 contained 
2500 events; P2 contained 7500 events, while P3, the gate in which larger vesicles/mic-
roparticles could be observed, contained 200 events (Figure 1A). When RBC were treated 
with ionomycin a change in scatter, accompanied by a considerable change in number 
of events in all 3 gates, was observed. Events from P1 moved to P2, which reached over 

Figure 1. Scatter plots and gating strategy of RBC with DMSO (A) and with (B) ionomycin stimulation.  
In a control setting with DMSO treatment alone (A) RBC demonstrate 2500 events in P1, 7500 events in P2, 
and 200 events in P3,  Upon stimulation with 5µM ionomycin at 37oC for 30min (B), RBC shrink due to Ca2+ 
fl ux and K+ effl  ux, leading to vesiculation (arrow) accompanied by an increase of events in P2 to 9000. Plots 
represent 1 of 6 independent measurements.
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9000 events, corresponding to a reduction in side scatter (cell shrinkage); furthermore 
around 500 events were detected in P3 (Figure 1B; arrow). However, in our analysis we 
refer to RBC vesiculation as increase of events in gate P2. We chose this parameter and 
not the increase in P3, as the majority of vesicles will be too small to be detected on the 
fl ow cytometer and other events, such as debris, also fall into this gate. This renders P3 
unsuitable for quantifi cation of the eff ects of the diff erent compounds. On the other 
hand, cell shrinkage due to membrane loss invariably occurs following vesiculation and 
can be depicted as an increase in number of events in P2, accompanied by a decrease 
of events in P1. As a calcium ionophore, ionomycin induces calcium infl ux in RBC, which 
stimulates the calcium activated potassium channel KCNN4 (IK-1, SK4, Gardos channel) 
leading to potassium effl  ux, cell dehydration, cell shrinkage, PS exposure and ultimately 
vesicle release 31-33. As inducer of vesiculation, ionomycin was used as a positive control 
in all induction screens. After analysis of the primary LOPAC screens we identifi ed 123 
compounds inducing vesiculation and 162 compounds inhibiting vesiculation, which 
accounted for roughly 10% of all tested compounds. However, of each set we selected 
the top 2.3% of all compounds, considering normal distribution, which accounted for 
the 29 hits that were chosen for further validation. After analysis of the primary Kinase 
Inhibitor screens, it became clear that the inhibition screen did not yield any hits. For the 
induction screen of the Kinase Inhibitor Library we selected hits for further validation 
based on z-score, which accounted for 21 compounds in total.

Set up and analysis of LOPAC and Kinase Inhibitor Library validation screens 

After analysis of the induction screens we identifi ed 12 compounds from LOPAC induc-
ing cell shrinkage/vesiculation and 10 compounds from kinase inhibitor set inducing 
cell shrinkage/vesiculation. All validated hits from LOPAC and kinase inhibitor induction 
screens are listed in tables 1 and 2 respectively. In case of the LOPAC screen, the descrip-
tion includes relevant eff ects of the compounds not only provided by Sigma (denoted 
by a star *) but also functions described in literature. Validated hits had a median of the 
replicates value (Rep median score) higher than 1, meaning they caused an increase in 
number of events in P2 compared to controls.  Nevertheless, four LOPAC compounds 
were identifi ed by analysis of RBC scatter alone, and not by score value for the following 
reasons: palmitoyl-DL-carnitine chloride and calmidazolium chloride induced massive 
vesiculation in RBC leading to a concentration of all events in P3 (Figure 2A-B), therefore 
an increase in P2 could not be used as a parameter. SCH-202676 hydrobromide, on 
the other hand, induced vesiculation measured by an increase in P3 but no shrinkage 
(Figure 2C), while rac-2-ethoxy-3-hexadecanamido-1-propylphoshocholine’s eff ect on 
RBC scatter was so strong, no events could be measured (Figure 2D). The adjusted p 
value (Padj score) of all hits in the induction screens was ≤ 0.1, which was considered 
signifi cant, with the exception of bromoacetyl alprenolol menthane and NNC 55-0396 
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Table 1. List of validated LOPAC compounds inducing RBC vesiculation.

Rep median score Padj score Name Description 

1.223 0.036 Aurintricarboxylic acid Calpain inhibitor 35

1.232 0.036 ET-18-OCH3 (Edelfosine) PLC inhibitor *, PKC inhibitor 34

1.241 0.036 Rottlerin PKC inhibitor *

1.277 0.036 Reactive Blue 2 P2Y receptor antagonist *

1.255 0.036 PMA PKC activator *

1.194 0.089 Tamoxifen citrate PKC inhibitor, estrogen 
receptor antagonist*

1.088 0.102 Bromoacetyl alprenolol menthane β-adrenergic receptor 
antagonist *

1.109 0.107 NNC 55-0396 T-type calcium channel 
inhibitor *

SCH-202676 hydrobromide GPCR modulator *

Palmitoyl-DL-Carnitine chloride Modulator of PKC activity *

rac-2-Ethoxy-3-hexadecanamido-
1-propylphosphocholine  

PKC inhibitor *

Calmidazolium chloride Calmodulin inhibitor *

Table 2. List of validated Selleck chem compounds inducing RBC vesiculation.

Rep median 
score

Padj score Name Target

1.283 0.001 AP24534 pan-BCR-ABL

1.229 0.004 AS-252424 PI3kγ

1.173 0.005 Sorafenib Tosylate Raf-1,B-Raf, VEGFR-2

1.068 0.009 SNS-314 Mesylate Aurora kinases

1.122 0.017 A-769662 AMPK activator

1.17 0.034 BIRB 796 p38 MAPK

1.203 0.037 CX-4945 Casein kinase 2

1.05 0.076 NVP-BSK805 Jak2

1.027 0.107 AT7867    Akt

1.027 0.257 NVP-TAE684 ALK
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from the LOPAC (Table 1) and AT7867 and NVP-TAE684 from the Kinase Inhibitor Library 
(Table 2). Nevertheless, these compounds were included in the validated hit list as they 
all had Rep median score higher than 1 (Table1, Table2). In addition, these compounds 
induced RBC shrinkage/vesiculation (Figure  4H-I, Figure  5J-K),  measured by a decrease 
in RBC side scatter, indicating reduced cell size (Figure 4J, Figure 5L). The compounds 
from the LOPAC library inducing cell shrinkage/vesiculation could be clustered into four 
functional groups: PKC activity (6 compounds including ET-18-OCH3 34, calcium signal-
ling (2 compounds), GPCR signalling (3 compounds) and protease activity (1 compound) 
35 (Figure 3A). Overall these results underscored the potential of our screening method, 
since the effects of PKC signalling 28, Ca2+ 26 and calpain 27 on RBC have been well stud-
ied. In addition, we identified GPCR signalling for the first time to be involved in RBC 
vesiculation. Figure 2 and figure 4 illustrate the effects of all LOPAC hits on RBC scatter. 

A B

C D

Figure 2. Scatter plots of RBC treated with LOPAC compounds palmitoyl-DL-carnitine chloride, 
calmidazolium chloride, SCH-202676 hydrobromide and rac-2-ethoxy-3-hexadecanamido-1-pro-
pylphosphocholine.  Palmitoyl-DL-carnitine chloride (PKC modulator) (A) and calmidazolium chloride 
(CaM antagonist) (B) induced vesiculation assessed by transfer of all events from P2 to P3. SCH-2022676 
(GPCR modulator) caused vesiculation (increased number of events in P3) but no shrinkage (no change 
in P2) (C), while rac-2-Ethoxy-3-hexadecanamido-1-propylphosphocholine had a pronounced effect on 
RBC preventing the measurement of any events (D). RBC were treated with the respective compounds for 
30min at 37oC, followed by flow cytometry. All compounds were diluted in DMSO and added at 10µM final 
concentration. Plots represent 1 of 3 independent measurements. 
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Compared to RBC treated with DMSO alone (Figure 4A), it is clear that all validated hits 
induce RBC shrinkage, measured by a significant increase in number of events in P2 (Fig-
ure 4B-G), with the exception of bromoacetyl alprenolol menthane and NNC 55-0396 
(Figure 4H-I), which induced RBC shrinkage measured by a decrease in RBC side scatter 
(Figure 4J). Since the Kinase Inhibitor Library consisted exclusively of specific kinase 
inhibitors, we clustered the validated hits according to the family of kinases they target 
(Figure 3B). Interestingly, we discovered not only compounds targeting kinases with 
known functions in RBC to induce vesiculation (Table 2), but also compounds inhibiting 
kinases only recently described to be expressed in RBC, such as Alk 36 and VEGFR-2 37. We 
could confirm VEGFR-2 was found in RBC with a western blot (data not shown). Figure 5 
shows representative scatter plots of RBC treated with all validated kinase inhibitors. All 
induction compounds caused a significant increase in P2 compared to treatment with 
DMSO alone (Figure 5B-I), with the exception of NVP-TAE684 and AT7867 (Figure 5J-K), 
which induced shrinkage measured by a significant decrease in RBC side scatter (Figure 
5L). In addition, NVP-TAE684 treatment lead to vesiculation, measured by an increase of 
events in P3 (Figure 5J). Moreover, we generated response plots of the hits identified in 
the kinase inhibitor induction validation screen demonstrating how strong the effect of 
each compound was (supplementary figure). Compound concentrations (100nM, 1µM 
and 10µM) were plotted on the x-axis while the normalised P2 value was plotted on 
the y-axis. The response to each compound was represented by a solid line. The closer 

GPCR
Ca2+

PKC

Total=12

protease

Ser/Thr
nRTK

Total=10

RTK
PI3K

A B

Figure 3. Validated compounds from LOPAC and Kinase Inhibitor Library induction screens clustered 
according to function. We identified 12 LOPAC compounds inducing RBC shrinkage and vesiculation, 
which were divided in four functional groups (A):  GPRC signalling (bromoacetyl alprenolol menthane, 
reactive Blue 2, SCH-202676 hydrobromide,), Ca2+ signalling (calmidazolium chloride and NNC 55-0396), 
PKC related (ET-18-OCH3, rottlerin, PMA, tamoxifen citrate, palmitoyl-DL-carnitine chloride, rac-2-ethoxy-
3-hexadecanamido-1-propylphosphocholine) and protease related (aurintricarboxylic acid). The validated 
compounds from the Kinase Inhibitor Library inducing RBC shrinkage and vesiculation were divided in four 
groups according to kinase targets (B): Ser/Thr (A-769662, BIRB 796, sorafenib tosylate, SNS-314 mesylate, 
CX-4945, AT7867), nRTK (NVP-BSK805, AP24534), RTK (NVP-TAE684), and PI3K (AS-252425).
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Figure 4. Validated compounds from the LOPAC library inducing RBC shrinkage and vesiculation. 
RBC were treated with DMSO control (A), aurintricarboxylic acid (calpain inhibitor) (B), tamoxifen citrate 
(PKC inhibitor) (C), reactive blue 2 (P2Y antagonist) (D), ET-18-OCH3 (PKC inhibitor) (E), rottlerin (PKC inhibi-
tor) (F), PMA (PKC activator) (G), bromoacetyl alprenolol menthane (β-AR antagonist) (H), and NNC 55-0396 
(T-type Ca2+ channel blocker) (I). RBC shrinkage and vesiculation was measured by the significant increase 
of events in P2, compared to DMSO control, and was observed in all conditions,  with the exception of 
bromoacetyl alprenolol menthane (H) and NNC 55-0396 (I) which  induced RBC shrinkage measured by 
a significant decrease RBC side scatter (J) . RBC were treated with the respective compounds for 30min at 
37oC followed by flow cytometry. All compounds were diluted in DMSO and added at 10µM final concen-
tration. Plots represent 1 of 3 independent measurements. Quantification of cell side scatter (SSC-A) upon 
DMSO, bromoacetyl alprenolol menthane, and NNC 55-0396 treatment (J); results shown represent mean 
± SD, n=3; * p<0.1,** p<0.01, unpaired t-test was applied during the analysis.
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Figure 5. Validated compounds from the Kinase Inhibitor Library inducing RBC shrinkage and ve-
siculation.  RBC were treated with DMSO alone as a control (A). CX-4945 (CK2 inhibitor) (B), AS-25245 (PI3K 
inhibitor) (C), NVP-BSK805 (Jak inhibitor) (D), Sorafenib tosylate (Raf-1 inhibitor) (E), AP24534 (pan-BCR-
ABL inhibitor) (F), BIRB 796 (p38 MAPK inhibitor) (G), SNS-314 mesylate (Aurora kinase inhibitor) (H), and 
A-7699662 (AMPK activator) (I),  induced RBC shrinkage and vesiculation measured by an increase of events 
in P2, while NVP-TAE684 (Alk inhibitor) (J) and AT7867 (Akt inhibitor) (K) induced shrinkage measured by a 
significant decrease in side scatter (L). RBC were treated with the respective compounds for 30min at 37oC 
followed by flow cytometry. All compounds were diluted in DMSO and added at 10µM final concentration. 
Plots represent 1 of 3 independent measurements. Quantification of cell side scatter (SSC-A) upon DMSO, 
NVP-TAE684, and AT7867 treatment (L); results shown represent mean ± SD, n=3; * p<0.1,** p<0.01, un-
paired t-test was applied during the analysis.
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the line was to the positive control (dotted red line), the stronger the effect was. No 
compounds inhibiting vesiculation upon ionomycin stimulation were identified during 
the LOPAC validation inhibition screen and the Kinase Inhibitor Library inhibition screen. 

CK2 regulates RBC shrinkage via modulation of the Gardos channel

We discovered two compounds inhibiting CK2 (CX-4945 and AS-25245) to induce RBC 
shrinkage measured by an increase in number of events in P2 (Figure 5B-C, Figure 6C, 
Figure 6E). Interestingly, CX-4945 effect on RBC volume was abrogated once the Gardos 
channel was blocked with the specific inhibitor TRAM-34. We could clearly see that 
inhibition of CK2 with CX-4945 did not induce RBC shrinkage when the cells were pre-
treated with TRAM-34 (Figure 6D-E). These results suggest that RBC shrinkage caused by 
CK2 inhibition is mediated via the Gardos channel. Inhibition of the channel alone did 
not induce any changes on RBC scatter (Figure 6B).

A B

C D

E

Figure 6. RBC shrinkage induced by CX-4945 is mediated via the Gardos channel. RBC were treated 
with DMSO alone as a control (A), 20µM TRAM-34 (Gardos channel inhibitor) (B), 10µM CX-4945 (CK2 inhibi-
tor) (C), and TRAM-34 followed by CX-4945 (D). RBC were treated with each compound for 30min at 37oC 
followed by flow cytometry. CK2 inhibition led to RBC shrinkage measured by an increase of events in P2 
(C), which could be prevented by blocking the Gardos channel prior to the addition of CX-4945 (D). Plots 
represent 1 of 6 independent measurements. Statistical analysis of CX-4945 effect on RBC shrinkage with or 
without TRAM-34 treatment (E); results shown represent mean ±SD, n=6; ** p<0.01, *** p<0.001, unpaired 
t-test was applied during the analysis.
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Discussion 

In the present study, we successfully identified novel pathways involved in RBC vesicula-
tion through screening of two libraries of pharmacological inhibitors. RBC vesiculation is 
not only relevant in the context of RBC clearance and repair under physiological condi-
tions, but also in the context of blood transfusions. Vesicles that form during storage can 
cause adverse effects in the recipient including NO scavenging 9-11 and promotion of 
coagulation 6-8. Therefore, it is imperative that we unravel the signalling cascades con-
tributing to these processes. To induce vesiculation we used the calcium ionophore 
ionomycin, which causes calcium influx, and potassium efflux via the Ca2+-activated po-
tassium channel (Gardos channel) which leads to RBC shrinkage and vesiculation (Figure 
1B). In accordance with the evidence in literature regarding the role of Ca2+ in RBC ve-
siculation, we found two compounds related to Ca2+ signalling to induce vesiculation in 
RBC: calmidazolium chloride (calmodulin antagonist) and NNC 55-0396 (T-type Ca2+ 
channel blocker). The calcium sensor calmodulin (CaM) has been implicated in the regu-
lation of RBC shape and membrane stability by modulating cytoskeletal interactions 38. 
The mechanism by which calmidazolium chloride induces vesiculation is probably via 
inhibition of the Ca2+ ATPase pump which is regulated by CaM. Suppression of Ca2+ 
ATPase activity leads to ATP depletion and accumulation of calcium inside the cell 39, 
similar to the events observed during ionomycin treatment. Furthermore, calmidazolium 
chloride has been shown to inhibit phosphodiestarases (PDE) in various cell types, which 
could elevate cAMP/cGMP levels inside the cell, thereby potentially influencing RBC ve-
siculation as well 40. Moreover, as a Ca2+-activated potassium channel, the Gardos chan-
nel has a calmodulin-binding domain which facilitates the binding of CaM to the channel 
41. Nevertheless, a previous study has indicated that CaM antagonists including calmid-
azolium do not inhibit Gardos channel’s activity 42, which implies that the massive ve-
siculation observed upon calmidazolium treatment (Figure 2B) does not involve direct 
effects on the Gardos channel. Furthermore, calcium flux in RBC can activate the non-
lysosomal protease calpain µ type 43. Aurintricarboxylic acid (ATA) is a general apoptosis 
inhibitor capable of inhibiting DNA topoisomerase II 44 and calpain 35. Calpain is known 
to cleave the Ca2+ ATPase pump 45, PKC 46, spectrin, ankyrin, and protein 4.1 47, and is 
considered a main regulator of RBC physiology and deformability 27. It was also demon-
strated that calpain inhibition ameliorates the red cell phenotype in a SCD mouse 
model via impairment of Gardos channel activity 48. Furthermore, calpain activation has 
been directly linked to microparticle formation in platelets 49. All these data suggest that 
inhibition of calpain activity would rather prevent vesiculation than trigger it, neverthe-
less our results demonstrate that calpain inhibition with ATA induces RBC shrinkage 
(Figure 4B) and 100% PS exposure (data not shown). We propose that inhibition of cal-
pain activity has a complex role in RBC, including the induction of shrinkage and possibly 
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the release of nanovesicles under normal conditions (Figure 4B). In addition, we identi-
fied six inducers of shrinkage and vesiculation from the LOPAC library related to PKC 
activity. These include the inhibitors rottlerin, tamoxifen citrate, rac-2-ethoxy-3-hexade-
canamido-1-propylphosphocholine, ET-18-OCH3, the modulator palmitoyl-DL-carnitine 
chloride, and interestingly the activator PMA. There are five PKC isoforms expressed in 
RBC described in literature: classical α, atypical ζ 50, conventional β 51, atypical ι, and PKC 
μ 52. From these, PKCα 52 and PKCβ 51 translocate to the membrane upon stimulation with 
PMA which suggests that RBC vesiculation is promoted either via activation of PKCα and 
PKCβ  or via inhibition of the other isoforms present in RBC. PKC has a myriad of func-
tions in RBC related to shrinkage 28, PS exposure 53, and Ca2+ flux 54. Since all of these 
phenomena are related to RBC vesiculation, it was not surprising that we identified six 
compounds exerting effects on PKC to be involved in vesiculation (Table 1). In addition, 
PKC down modulates Gardos channel activity 55, which hints to the possibility of K+ ef-
flux stimulation upon PKC inhibition, ultimately resulting in vesiculation. Furthermore, 
as inducers of vesiculation we identified  9 kinase inhibitors and 1 kinase activator from 
the Kinase Inhibitor Library which we divided in four functional groups (Figure 3B) de-
pending on the family of kinases they target (Table 2). A-769662, the only activator, tar-
gets AMPK 56, an energy sensor and regulator of metabolism, expressed in skeletal 
muscle, liver, pancreas, and adipose tissue 57. AMPK is activated by AMP, hence its name 
AMP-activated kinase, as well as by Ca2+/calmodulin-dependent protein kinase kinase β 
and liver kinase B1 58. AMPK is also expressed in RBC and has been previously proposed 
to have a role in RBC survival. Ampk-/- mice present with anaemia and splenomegaly and 
are cleared faster from circulation 59, which suggests that AMPK might be involved in 
RBC vesiculation as well.  Furthermore, Sid and colleagues discovered that adding 
A-769662 to erythrocytes not only activates AMPK but also leads to the phosphorylation 
of the downstream target Na-K-Cl co-transporter NKCC1 60 which might result in cell 
shrinkage. BIRB 796, also known as doramapimod, is a highly selective p38 MAPKα in-
hibitor 61, also shown to inhibit c-Jun N-terminal kinase 2 (Jnk-2) at 10µM. p38 MAPK is 
involved in various cellular processes including regulation of cell volume by activating 
Na+-H+ exchanger 62. Gatidis et al have proposed that p38 MAP kinase plays a role in RBC 
survival. Using the inhibitors SB203580 and p38MAPK inhibitor III they showed that inhi-
bition of p38 kinase leads to reduced PS exposure upon hyperosmotic shock or ionomy-
cin stimulation 63. Other studies employing pan p38 inhibitors demonstrate that p38MAP 
kinase inhibition induces a transient delay in murine erythropoiesis 64. In vivo experi-
ments with p38 MAPK knock-out mice show that mice die in utero or survive owing to 
severe anaemia due to defective erythropoiesis resulting from reduced erythropoietin 
levels 65. Moreover, inhibition of p38 MAPK abrogates erythropoiesis in human primary 
erythroblast cultures 66. We demonstrate in vitro that p38 MAPK might influence mature 
RBC signalling as well by mediating RBC shrinkage (Figure 5G). Another compound vali-
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dated in our induction screen, previously used in studies with RBC, is sorafenib tosylate 
(Bay 43-9006). Sorafenib is a marketed drug (under the name of Nexavar) approved for 
use against renal cell carcinoma 67, differentiated thyroid carcinoma 68 and hepatocellu-
lar carcinoma 69. It inhibits several receptor tyrosine kinases such as Raf-1, B-Raf and to a 
lesser extent VEGFR-2, mPDGFRβ, and PDGFRβ kinases 70. As side effects of the drug 
might include anaemia, Lupesco and colleagues already demonstrated that treatment 
of RBC with sorafenib induced shrinkage and PS exposure in RBC 71. Our findings further 
confirm that sorafenib influences RBC volume and induces vesiculation (Figure 5E), 
which might contribute to the anaemia observed in these patients. Furthermore, it has 
been reported that Raf-1 deficient embryos are anaemic and die in utero 72. Thus, Raf-1 
has also been described to play a role in erythropoiesis, by repressing caspase activa-
tion, hence antagonising erythroid differentiation 73. In addition, Raf-1 is necessary to 
activate MEK-ERK pathway in erythropoiesis leading to a positive feedback loop main-
taining Raf-1 expression throughout the undifferentiated state 74. Raf-1 function has not 
been described in mature RBC to date, thus it is intriguing to explore further how this 
kinase is involved in RBC signalling.  Moreover, the PI3K-Akt pathway is a well-studied 
signalling cascade related to cell growth and survival 75. Both kinase families and their 
subclasses are expressed in RBC 76. We identified two inhibitors from this pathway to in-
duce shrinkage in RBC: AS-252424 (Figure 5C) and AT7867 (Figure 5K). AS-252424 is a 
PI3K inhibitor with 30-fold selectivity for PI3Kγ over PI3Kα 77. The Akt inhibitor AT7867 is 
equally potent in inhibiting all 3 Akt isoforms; nevertheless it targets PKA as well 78. The 
PI3K-Akt pathway has been demonstrated previously to play a role in RBC deformability 
as Suhr and colleagues showed that the PI3K inhibitor wortmannin reduced RBC de-
formability in vitro 76. Interestingly, we observed that wortmannin induced RBC vesicula-
tion as well (data not shown), which is in accordance with the data we obtained from the 
kinase inhibitor screen. We speculate that the PI3K-Akt pathway is also involved in RBC 
shrinkage and vesiculation. 
To our knowledge, a T-type calcium channel, a low voltage channel, has not been de-
scribed in RBC, however there are reports of non-selective voltage activated channels in 
RBC 79 which have been suggested to play a role in increased pathological cation leaks 
in RBC 80. Interestingly, our data suggest that T-type calcium channel activity might be 
related to RBC shrinkage (Figure 4I). Moreover, three compounds from the LOPAC library 
that we identified as vesiculation inducers are known GPCR antagonists. These are: reac-
tive blue 2 (Basilen blue E-3G, a P2Y receptor antagonist), bromoacetyl alprenolol men-
thane (a β-adrenergic receptor antagonist; β-blocker), and SCH-202676 hydrobromide, 
which can act as GPCR agonist as well, since it is described as a general GPCR allosteric 
modulator. There is evidence in literature of GPCR signalling in RBC 81-83, even though no 
link to vesiculation has been established yet. P2Y receptors are purinergic GPCR acti-
vated by ATP, UDP, ADP, UTP and UDP glucose with various physiological functions in-
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cluding regulation of vascular tone, release of endothelial factors and platelet aggrega-
tion 84. Blood cells express P2Y receptors from different families on their surface, while 
RBC are only known to express P2Y1 85,86 and P2Y13 87. Interestingly, P2Y13 activation by 
ADP derived from ATP decreases cAMP levels in RBC and prevents ATP release. Further-
more, P2Y13 receptor antagonists stimulate cAMP generation and ATP release from RBC 
87. Our data suggest that treating RBC with a P2Y receptor antagonist can ultimately lead 
to considerable RBC shrinkage (Figure 4D), possibly due to cAMP signalling and ATP 
depletion 87. Moreover, the effects of β-blockers on RBC have been intriguing scientists 
for a long time. There are reports from the 1970s stating that β-AR antagonists induce 
RBC K+ release 88 but the mechanisms underlying this phenomenon are still unknown. 
Several groups have suggested that catecholamines such as epinephrine have a positive 
effect on RBC deformability 89 and filterability 90 via a cAMP-dependent pathway as ATP 
depleted RBC were unable to respond to epinephrine 91. Our results suggest that 
β-blockers not only reduce RBC deformability 89, but also induce RBC shrinkage (Figure 
4H). Furthermore, we discovered several novel kinases to play a role in RBC vesiculation. 
To our surprise, we identified the Aurora kinase pan inhibitor SNS-314 mesylate 92 as in-
ducer of RBC vesiculation (Figure 5H).  Even though Aurora kinases A and B are highly 
expressed in CD71+ early erythroid cells as shown in BioGPS gene annotation portal 93, 
we did not find any evidence that these kinases are expressed in mature RBC after per-
forming a western blot (data not shown). Therefore, it is possible that the effect of SNS-
314 mesylate observed in RBC is due to an off-target compound effect. For example, 
SNS-314 has also been shown to inhibit Raf-1 and several receptor tyrosine kinases such 
as high affinity nerve growth factor receptors (TrkA and TrkB), VEGFR-3, colony stimulat-
ing factor 1 receptor, tyrosine-protein kinase receptor UFO (Axl), and Discoidin domain 
receptor 2 kinase  92. Interestingly, none of these kinases has been described to have a 
function in RBC. It is appealing to further investigate what the precise role of these ki-
nases is in RBC signalling and vesiculation. Moreover, the two non-receptor tyrosine ki-
nase inhibitors we discovered to induce RBC vesiculation were NVP-BSK805 (Figure 5D), 
targeting Jak2, and AP24534 (Ponatinib) (Figure 5F), a pan BCR-ABL inhibitor. NVP-
BSK805 is a Jak2 kinase inhibitor with effects towards Jak1, Jak3 and Tyk2 kinase as well 
94. Jak2 mediates erythropoietin (Epo) signalling and is essential during erythropoiesis 95; 
however, even though Jak2 is expressed in mature RBC 96, which we could also demon-
strate with a western blot (data not shown), its function in RBC is unknown. Interestingly, 
our results suggest that Jak2 might modulate RBC vesiculation. AP24534 (Ponatinib) is a 
pan BCR-ABL, including BCR-ABLT315I, inhibitor used in the clinic to treat chronic my-
eloid leukemia , however, AP24534 exhibits inhibitory activity towards VEGFR-2, FGFR-1, 
scr and Lyn kinases as well 97. Reports demonstrate that Lyn is essential for erythropoiesis 
and Epo receptor signalling 98. Furthermore Lyn directly phosphorylates Band-3 99, thus 
regulating RBC shape and cytoskeletal rearrangement in healthy RBC. Moreover, Lyn is 
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involved in the pathology of acanthocytosis 100; nevertheless its role in RBC vesiculation 
has not been addressed. Another target of AP24534 is the non-receptor tyrosine kinase 
VEGFR-2. Expression of VEGFR-2 in RBC is debatable. Sachanonta and colleagues have 
shown that malaria-infected RBC and RBC stain positive for VEGFR-2, even though the 
authors speculated that the detected expression might be due to passive uptake of the 
receptor by RBC from serum 37. We have confirmed that VEGFR-2 is present in RBC by a 
western blot (data not shown) and our data suggests that VEGFR-2 inhibition regulates 
RBC volume. VEGFR-2 activates PI3K-Akt pathway and PLC (phospholipase C)-PKC path-
way 101, thus it is tempting to speculate that VEGFR-2 is involved in vesiculation as well 
since downstream targets of VEGFR-2 are known to have various roles in RBC signalling. 
The only receptor tyrosine kinase inhibitor we found to induce RBC vesiculation was 
NVP-TAE 684, an Alk receptor tyrosine kinase inhibitor 102. Alk kinase is upstream of vari-
ous signalling pathways such as the MAPK/ERK, the Jak-STAT and the PI3K-Akt pathway 
103. Alk kinase has been described to be expressed in RBC only recently 36, and since our 
screen results showed that Alk inhibition induced RBC vesiculation (Figure 5J), it is pos-
sible that this kinase is involved in RBC signalling as well. In addition, we discovered two 
inhibitors of CK2: CX-4945 (Silmitasertib), a specific inhibitor 104, and AS-252424, inhibi-
tor at 10µM 77, which induced RBC shrinkage (Figure 5B-C). CK2 is highly expressed in 
RBC and has been shown to play a role in immune adherence clearance 105 and to medi-
ate membrane deformability upon complement receptor 1 ligation 106. Interestingly, in 
neurons CK2 binds to the Ca2+-activated potassium channel SK2, thus directly regulating 
its function 107. Since SK2 requires CaM signalling for proper functioning, CK2 phos-
phorylation of CaM abrogates SK2 channel’s sensitivity to calcium leading to SK2 inacti-
vation 107. Interestingly, the Gardos channel, as a small conductance calcium activated 
potassium channel, shares homology with the other SK channels 41. Involvement of CK2 
in the activity of the Gardos channel in RBC has not been demonstrated. We suggest that 
RBC shrinkage induced by CK2 inhibition is mediated via the Gardos channel since 
blocking of the channel with the specific inhibitor TRAM-34 prevents shrinkage induced 
by CX-4945 (Figure 6). We speculate that, similar to what is observed in neurons, CK2 
might be co-assembling with the Gardos channel, modulating its function 107. Inhibition 
of CK2 would prevent CaM phosphorylation, which could lead to constitutive activation 
of the potassium channel due to increased Ca2+ sensitivity 108, resulting in cell shrinkage. 
Certainly, a demonstration of the direct interaction between CK2 and the Gardos chan-
nel is necessary to further confirm their concerted role in RBC vesiculation. Lastly, we did 
not identify any compounds inhibiting vesiculation upon ionomycin stimulation. One 
reason for the lack of hits in the inhibition screens could be the challenging task to ab-
rogate the strong effect of RBC vesiculation induced by ionomycin. In conclusion, we 
discovered several novel signalling cascades to be involved in RBC vesiculation includ-
ing GPCR signalling, the PI3K-Akt pathway, the Raf-MEK-ERK pathway, and the Jak-STAT 
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pathway. Moreover, we suggest for the fi rst time a role of CK2, Alk kinase and VEGFR-2 in 
RBC shrinkage and vesiculation (Figure 7). We cannot exclude the possibility of redun-
dancy in some of these pathways and more research is needed to elucidate the exact 
functions of these cascades in RBC vesiculation and the storage lesion.
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Supplementary figure  

 

Supplementary figure. Response plots of validated compounds from Kinase Inhibitor Library induc-
ing RBC shrinkage and vesiculation.  Compound concentrations used in the validation screen (100nM, 
1µM and 10µM) were plotted on the x-axis, while the normalised P2 value was plotted on the y-axis. Nor-
malisation was done by dividing each value by the median of the negative controls. The mean values of the 
positive (red colour) and negative (blue colour) controls were depicted as straight lines with two dashed 
lines on each side, which identified standard error of the mean.
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Summary and general discussion 
Red blood cells (or erythrocytes from Greek erythros for “red”) were first described in 
1658 by the Dutch biologist Jan Swammerdam when he was studying the blood of 
a frog using an early microscope. Independently, in 1674 the famous Dutch scientist 
Antonie van Leeuwenhoek was the first scientist to provide an accurate description of 
RBC in his drawings using his superior microscope. RBC are very peculiar cells as they 
lack organelles, and a nucleus and are, therefore, unable to divide. Once produced in 
the bone marrow, they have a life-span of roughly 120 days in circulation, after which 
they are cleared by macrophages in the spleen. The main function of RBC is oxygen 
transport, however, in this thesis we have investigated the role of RBC beyond oxygen 
delivery focusing on immune adherence clearance, RBC storage, vesiculation, signaling 
pathways and clearance mechanisms. In the last chapter of this thesis a summary of our 
work on RBC is presented and discussed. 

Intrinsic erythroid defects in hematological disorders 
In Chapter 2 of this thesis we investigated red blood cells of familial hemophagocytic 
lymphohistiocytosis type 5 patients. FHL-5 is a rare hematological disorder characterized 
by hyperinflammation, macrophage activation due to elevated levels of IFN-γ, hemo-
phagocytosis, organ failure and possibly death. The cause of the disease is a mutation 
in STXBP2 encoding Munc18-2, which results in a defective natural killer (NK) cell and 
cytotoxic lymphocyte (CTL) function 1. In addition, FHL-5 patients present with anemia, 
however, the RBC of these patients have not been extensively studied. The anemia in 
FHL-5 is usually attributed to the hemophagocytosis often seen in this disease 2. How-
ever, the patients we tested did not present with hemophagocytosis at the time of blood 
collection which prompted us to hypothesize that the RBC phenotype observed in these 
individuals is intrinsic to RBC. We showed for the first time that Munc18-2 is expressed in 
healthy RBC and we confirmed the mild but consistent anemia characterized by reduced 
hemoglobin and hematocrit, but similar cell counts in all three STXBP2/Munc18-2 muta-
tions carriers we tested. In addition, we demonstrated that the mean cell volume (MCV) 
of the RBC of the mutation carriers was strikingly lower compared to MCV of control RBC. 
As mentioned, in literature the red cell phenotype in FHL-5 is frequently associated with 
increased IFN-γ levels, macrophage activation and hemophagocytosis. Nevertheless, to 
our knowledge there is no evidence in literature demonstrating a direct link between 
increased IFN-γ production and RBC size in FHL. Furthermore, as discussed, the patients 
we tested did not present with hemophagocytosis as shown by normal ferritin levels in 
serum 1. In addition, in CD70 transgenic mice, which have high levels of IFN-γ, RBC have 
normal size 3, which further suggests that the reduced MCV is not a direct consequence 
of increased IFN-γ production. Since Munc18-2 is involved in vesicular trafficking, and 
RBC lack membrane vesicle trafficking machinery, we speculated that Munc18-2 has 
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yet an unidentified function in RBC. Munc18-2 has been found to form a complex with 
Tmem16A, a homolog of Tmem16F 4. Tmem16F is a scramblase transporting lipids across 
the membrane. Patients suffering from Scott syndrome have a loss-of-function muta-
tions in Tmem16F which results in aberrant lipid transport in B cells, RBC and platelets, 
the latter being the cause of a bleeding disorder 5. In addition, RBC from Scott syndrome 
patients exhibit diminished PS exposure upon Ca2+ ionophore ionomycin stimulation 5. 
When treated with ionomycin, RBC from FHL-5 patients also presented with reduced PS 
exposure, which suggests an involvement of Munc18-2 in RBC lipid transport. Finally, in 
order to establish whether mutations in STXBP2/Munc18-2 result in intrinsic defects in the 
erythroid lineage we cultured erythroblasts isolated from the peripheral blood mono-
nuclear cell (PBMC) fraction of one FHL-5 patient. We found that patient erythroblasts 
disintegrated when transitioning from the polychromatic to the orthochromatic phase, 
which indicates a stage-specific defect in erythropoiesis. Furthermore, we showed that 
patients cells expressed less CD235a (glycophorin A, an erythroid marker) compared 
to controls, which points to a maturation defect. Taken together, our data suggest that 
Munc18-2 has a role in RBC production and the anemia seen in FHL-5 is due to true 
intrinsic erythroid defects attributed to aberrant Mucn18-2 expression. 
In Chapter 3 we studied the role of kindlin-3 in the erythroid lineage. Kindlin-3 -/- mice 
die at birth due to severe hemorrhage associated with aberrant erythrocyte morphology 
6, nevertheless little is known about the function of kindlin-3 in human erythropoiesis. 
We investigated the RBC of six leukocyte adhesion deficiency type III syndrome (LAD-III) 
patients. LAD-III patients have mutations in FERMT3 encoding kindlin-3, a hematopoi-
etic specific regulator of integrin activation, leading to kindlin-3 deficiency resulting 
in recurrent bacterial and fungal infections and bleeding tendencies. The mild anemia 
observed in LAD-III patients has not been extensively studied as it is often attributed 
to the bleeding episodes occurring in this disease. Here we reported that all LAD-III 
patients presented with mild anemia characterized by a decrease in cell counts and 
reduced hematocrit. In addition, we found elevated numbers of erythroid progenitors in 
the peripheral blood of patients suggesting that kindlin-3 deficiency results in aberrant 
erythroid retention in the bone marrow. Recently, another group demonstrated that 
kindlin-3-mediated integrin activation governs homing of hematopoietic stem cells 
(HSC) to the bone marrow and retention of activated HSC in their bone marrow niche 7. 
They similarly reported the accumulation of HSC and progenitors in circulation in LAD-III 
patients 7. In addition, we investigated the involvement of kindlin-3 in α4β1-mediated 
erythropoiesis. We showed that when allowed to adhere to immobilized VCAM-1, LAD-
III erythroblast did not adhere in contrast to control erythroblasts. Although there are 
conflicting reports in literature regarding the role of kindlin-3 in α4β1 activation 8,9 our 
data indicate that kindlin-3 is essential for α4β1-mediated erythropoiesis.  Even though 
aberrant erythroid shape was previously reported in LAD-III patients 10, suggesting that 
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kindlin-3 plays a role in RBC morphology, no link between kindlin-3 and erythropoiesis 
in humans has been established. Our data suggest that lack of kindlin-3 in erythrocytes 
promotes defective erythropoiesis, which is in accordance with the chronic mild anemia 
observed in LAD-III patients. As mentioned, the mild anemia was often attributed to 
defective platelet function and bleeding episodes seen in those patients, as kindlin-3 
is essential for αIIbβ3 activation in platelets 11. Nevertheless, when we tested Glanzmann 
thrombasthenia-patients, who suffer from a bleeding disorder due to αIIbβ3 deficiency, 
we did not observe the anemia seen in LAD-III patients. Even though the phenotype 
we report here is less severe than in kindlin-3-/- mice, our data demonstrate a crucial 
non-redundant role of kindlin-3 in human erythrocytes. 

Immune adherence clearance 
In Chapter 4 we investigated the role of RBC in immune adherence clearance (IAC) by 
employing series of ex vivo binding and transfer assays both under static conditions and 
under physiological flow conditions. Our results confirmed that RBC are able to bind 
complement-opsonized pathogens regardless of cell wall structure such as S. aureus, C. 
albicans, E.coli,  S. Typhimurium, E. faecalis and B. subtilis and that binding is CR1 depen-
dent as blocking of CR1 on RBC completely abrogated the phenomenon. In addition, 
pathogen binding did not occur in heat-inactivated serum indicating that complement 
is crucial. Furthermore, we developed a transfer assay aiming at monitoring pathogen 
transfer from RBC to human phagocytes. We showed that all bacterial species tested 
were transferred to spleen macrophages isolated from human spleens, as well as to 
human monocytes isolated from peripheral blood. Next, by employing blocking anti-
bodies we identified CR3 (CD11b/CD18) as the phagocytic receptors involved in IAC. 
Moreover, we could confirm the involvement of CR3 in IAC by performing transfer as-
says with monocytes isolated from peripheral blood of leukocyte adhesion deficiency 
type 1 patients (LAD-1). LAD-1 is a rare autosomal recessive disorder characterized by 
an immunodeficiency due to a defect in CD18 (β2 integrin) expression which results in 
recurrent infections as the defective receptor interferes with phagocytic chemotaxis, 
respiratory burst and phagocytosis 12. Our data suggest that the recurrent infections 
occurring in LAD-1 patients might be also due to aberrant IAC resulting from defec-
tive CD18. Furthermore, there is conflicting evidence in literature illustrating how the 
pathogen is released from RBC and transferred to the macrophage in IAC – proteolytic 
cleavage of CR1 13 or vesiculation  (trogocytosis) 14,15. We confirmed that membrane shed-
ding/trogocytosis is essential as no transfer was seen once the RBC and bacteria were 
fixed in a complex. Furthermore, we showed the co-localization of RBC membrane with 
transferred bacteria inside the phagocytes, further indicating that bacteria are released 
from RBC with parts of their membrane leaving RBC intact. On the contrary, transfer still 
occurred in the presence of protease inhibitor mix, indicating proteolytic cleavage of 
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CR1 is not required as previously suggested. Intriguingly, we observed that RBC remains 
attached to the phagocyte for a brief period of time after the transfer of bacteria. This 
interesting observation and the fact that pathogen transfer was calcium dependent un-
der flow prompted us to hypothesize that activated adhesion molecules on the surface 
of RBC might promote bacterial transfer to macrophages. Blocking of CD147 (basigin) 
or ICAM-4 resulted in significant reduction in pathogen transfer. In conclusion, we show 
for the first time that RBC adhesion molecules are involved in IAC promoting patho-
gen clearance. More studies are needed to further explore the signaling mechanisms 
involved in this process.

Red cell vesiculation – signaling pathways 
During storage for transfusion purposes red cells undergo numerous changes collec-
tively termed the “storage lesion”. In most studies stored RBC are tested directly from the 
storage bag, however, RBC are subjected to different conditions in vivo once transfused, 
therefore it is likely that some changes cannot be detected when RBC are sampled 
straight from the storage bag. In Chapter 5 we investigated the changes that occur in 
RBC during long-term storage by establishing an in vitro transfusion model where we di-
luted long-stored RBC in whole blood overnight at 37oC. This way we could subsequently 
separate stored RBC due to a mismatch in minor blood group antigens between donor 
and recipient. Thus, we demonstrated that overnight incubation at 37oC of long-stored 
RBC with whole blood induced additional potassium leakage, hemolysis, PS exposure 
and vesicle shedding, all of which could not be detected when RBC were tested directly 
from the storage bag. Strikingly, in our in vitro transfusion assay we showed hemolysis 
over 1% where the international hemolysis limit is 0.8% for Europe and 1% for USA. Free 
hemoglobin in circulation can have serious implications in the recipient such as NO 
scavenging, which in turn can lead to vasoconstriction in the recipient 16,17,18 as NO is a 
strong anti-thrombotic agent and vasodilator. Furthermore, we showed that PS positive 
RBC are mostly prone to shed vesicles which were in turn PS positive, suggesting that 
vesicle shedding is a mechanism aiming at restoring a balanced lipid composition on 
the surface of RBC by bringing the RBC back to a PS negative state. In addition, our 
data can explain why PS positive RBC were not detected in transfused patients before. 
Moreover, our data challenge the concept of PS merely being an “eat-me signal” essen-
tial for clearance. Previous studies have shown that PS positive RBC are rapidly cleared 
from circulation once transfused 19,20, nevertheless it is likely that RBC have shed PS via 
vesicle shedding in circulation restoring a PS negative state.  In addition, we demon-
strated that vesicles obtained from an overnight incubation of long-stored RBC diluted 
in whole blood at 37oC could serve as a cofactor for the FVIIIa/FIXa coagulation complex 
by cleaving FX to FXa. Even though it was previously shown that vesicles obtained from 
patients suffering from paroxysmal nocturnal hemoglobinuria can support the coagula-
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tion cascade 18, here we showed for the first time that stored RBC have the capacity to 
support coagulation as well. Furthermore, as PS exposure is governed by flippase and 
scramblase, we measured the activity of both enzymes in stored RBC. We confirmed that 
long-term storage led to a decrease in flippase activity 21 and further established that 
overnight incubation of long-stored RBC led to an additional decrease in flippase activity. 
Moreover, long-stored RBC demonstrated an increase in scramblase activity. These find-
ings were consistent with the elevated PS exposure observed in long-stored RBC after an 
overnight incubation in whole blood. We further discovered that the scrambling activity 
was significantly higher in the PS positive cells compared to the PS negative cells, while 
the flippase activity was similar between the PS positive and PS negative cells. Finally, 
we showed that potassium leakage induced by the ionophore valinomycin led to a de-
crease in flippase activity in fresh RBC but had no effect on the scramblase activity.   It is 
important to point out that diminished flippase activity alone is not sufficient to induce 
PS exposure and vesicle shedding.  Thus, we propose that since RBC are stored at 4oC 
scramblase activity, which is required for PS exposure, is very low and difficult to detect, 
nevertheless, once RBC are transfused, the scramblase gets activated contributing to 
the PS exposure already primed by potassium leakage which occurs during storage. As 
discussed in Chapter 5, vesiculation is an important component of the red cell storage 
lesion due to the biochemical properties of vesicles such as - support of the coagulation 
cascade 22,23,24, NO scavenging 16,25,26 and immunomodulation 27. Moreover, RBC vesicle 
shedding is crucial during RBC ageing and clearance in vivo 28. To further elucidate 
signaling pathways occurring in RBC vesiculation we developed a screening method by 
studying the effects of compounds from two libraries of bioactive compounds on RBC 
vesicle shedding and shrinkage. We presented the results of all screens in Chapter 6. 
Using two libraries, the library of pharmacologically active compounds (LOPAC) and the 
Selleckchem Kinase Inhibitor Library we confirmed the involvement of several known 
pathways such as calcium signaling 29, caspase activity 30  and PKC (protein kinase C) 
signaling 31, but we also identified several cascades not reported before to have a func-
tion in RBC vesiculation. These include G protein-coupled receptor (GPCR) signaling via 
antagonism of β-adrenergic and P2Y receptors, the phosphoinositide 3-kinase (PI3K)-Akt 
pathway, the Jak-STAT pathway, and the Raf-MEK-ERK pathway. One of the compounds 
to induce RBC shrinkage and vesiculation was the Raf inhibitor sorafenib tosylate (Bay 
43-9006), a marketed drug approved for use against renal cell carcinoma 32, differenti-
ated thyroid carcinoma 33 and hepatocellular carcinoma 34. As side effects of the drug 
might include anemia, our findings suggest that the effects of sorafenib on RBC could 
contribute to the anemia observed in the patients. These results are in line with a previ-
ous study reporting that treatment of RBC with sorafenib leads to RBC shrinkage and PS 
exposure 35. Furthermore, the β-adrenergic receptor antagonist bromoacetyl alprenolol 
menthane also induced RBC shrinkage and vesiculation. Interestingly, β-blocker use is 
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often associated with an increased incidence of anemia in the clinic 36, thus our findings 
could, at least partially, explain the anemia seen in patients medicated with β-blockers.  
In addition, our results suggest a novel role for casein kinase 2 (CK2) in RBC shrinkage 
through modulation of the Ca2+-activated potassium Gardos channel. Blocking of CK2 in 
RBC led to consistent and significant cell shrinkage. Interestingly, blocking of the Gardos 
channel with the specific inhibitor TRAM-34 prior to inhibition of CK2 abolished the 
shrinkage. In neurons CK2 binds to the Ca2+-activated potassium channel SK2, directly 
regulating its function. As proper functioning of SK2 requires calmodulin (CaM) signal-
ing, CK2 phosphorylation of CaM abrogates SK2 channel’s sensitivity to calcium leading 
to SK2 inactivation 37. Similarly, we propose that CK2 might be co-assembling with the 
Gardos channel, thus modulating its function. Inhibition of CK2 would prevent CaM 
phosphorylation, which in turn could lead to constitutive Gardos channel activation due 
to increased Ca2+ sensitivity, ultimately resulting in cell shrinkage. Further experiments 
are required to demonstrate the direct interaction between CK2 and the Gardos chan-
nel. Furthermore, we are the first to report a potential role of Alk kinase and vascular 
endothelial growth factor receptor 2 (VEGFR-2) in RBC shrinkage and vesiculation. We 
did not identify any compounds capable of blocking the vesiculation induced by the cal-
cium ionophore ionomycin, which may suggest that ionomycin is a very potent trigger 
of vesiculation or that this agonist induces a different signaling route to induce vesicu-
lation. More research is needed to illustrate the involvement of the above-mentioned 
pathways in RBC shrinkage and vesiculation, not only in the context of red cell storage 
and clearance, but also in the context of in vivo ageing and clearance.
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Nederlandse samenvatting

Rode bloedcellen (RBC) zijn een uniek type cel. Hun belangrijkste functie is het vervo-
eren van zuurstof uit de longen naar verschillende weefsels en organen en vervolgens 
vervoeren ze koolstofdioxide van verschillende weefsels en organen weer terug naar 
de longen. RBC hebben geen celkern (dus geen DNA) en organellen, daarom kunnen ze 
niet delen. RBC zijn rood van kleur omdat ze veel hemoglobine bevatten. Hemoglobine 
is een ijzerhoudend eiwitmolecuul dat zuurstof en koolstofdioxide kan binden. De he-
moglobine vormt ca. 90% van de droge massa van RBC. RBC zijn de meest voorkomende 
menselijke cel in ons lichaam. Het lichaam van een gezonde volwassen man bevat 
gemiddeld 30 triljoen RBC, ongeveer 2,4 kg lichaamsgewicht . Rode bloedcellen worden 
geproduceerd in het beenmerg tijdens een proces dat erythropoiese wordt genoemd. 
Erytropoiese bestaat uit verschillende fasen. Uit een hematopoietische stamcel kan zich 
een pro-erytroblast ontwikkelen, waaruit een erytroblast ontstaat – en vervolgens een 
polychromatische erytroblast en daarna een orthochromatische erytroblast. Na het 
uitstoten van de celkern ontstaat de reticulocyt waaruit vervolgens de uiteindelijke 
erytrocyt ontstaat.  De belangrijkste regulator van de erytropoiese is het hormoon 
erytropoëtine (EPO). Epo stimuleert erytroblast proliferatie en wordt bij een gebrek 
aan zuurstof in het lichaam in de nieren gemaakt. RBC hebben een levensduur van 
ongeveer 120 dagen in de bloedbaan.  De belangrijkste functie van RBC is zuurstof- en 
koolstofdioxidetransport, die in een gasvormig medium (lucht) en vloeibaar medium 
(bloed) plaatsvindt. Na inhalatie van lucht, bereikt zuurstof de longen waar het wordt 
overgedragen aan bloed door passieve diffusie over het longweefsel. In de longen 
geven RBC die terugkomt van de organen koolstofdioxide af. Behalve het transport van 
zuurstof en koolstofdioxide, spelen RBC ook een rol in vaatverwijding. RBC kunnen ook 
stikstofmonoxide (NO) binden. NO wordt door endotheelcellen aangemaakt als vaatver-
wijdende stof. Verder hebben RBC een cruciale rol in de afweer tegen ziekteverwekkers 
in de bloedbaan via een proces Immune adherence clearance (IAC) wordt genoemd. 
IAC  werd voor het eerst beschreven in 1953 door Nelson die aantoonde dat RBC ziek-
teverwekkers zoals bacterien en gisten kunnen binden. Drie decennia later ontdekte 
men dat RBC ziekteverwekkers  kunnen binden via het complement systeem. Na de 
binding vervoeren RBC de ziekteverwekkers naar macrofagen in de milt en lever, waar 
de ziekteverwekkers aan de macrofagen overgedragen en de  RBC vervolgens verder 
circuleren. De milt is een uniek met veel vitale functies zoals bloed filtratie, het verwij-
deren van ziekteverwekkers uit de bloedbaan, en ijzer recycling. Het belang van de milt 
wordt geillustreerd bij kinderen die een splenectomie hebben ondergaan of die milt 
problemen hebben. Deze kinderen kunnen infecties van gekapselde bacteriën slecht 
verdragen en sommigen van hen hebben een levenslange behandeling met antibiotica 
nodig om ernstige infecties te voorkomen.
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Als RBC oud of beschadigd zijn, wordt hun celmembraan rigide. Als gevolg daarvan 
kunnen de cellen de milt niet meer passeren en voorkomt het hun terugkeer in de 
bloedbaan. Na het vastlopen in de milt vanwege hun rigiditeit worden RBC opgenomen 
door rode pulp macrofagen in de milt. Veel onderzoeken hebben vastgesteld dat RBC 
veranderen met hun leeftijd. Ze worden kleiner, compacter en minder vervormbaar door 
verlies van membraan in de vorm van blaasjes. RBC veranderen ook tijdens het bewaren 
in bloedbanken. Sommige van de waargenomen veranderingen omvatten hemolyse, 
het afsnoeren van blaasjes, een verhoging van extracellulair kalium, lactaat, en een 
vermindering van de intracellulaire 2,3-DPG, enATP concentratie, een verandering in pH 
en de vervormbaarheid van de RBC. Omdat RBC volledig afhankelijk zijn van glycolyse 
om energie te produceren, en tijdens het bewaren bij 4°C vertraagt hun metabolisme 
voorafgaand aan de transfusie. RBC transfusie is een levensreddende medische proce-
dure die al bijna 100 jaar wordt toegepast. Het gaat om bloeddonatie door gezonde 
vrijwilligers. Het gedoneerde bloed wordt gescheiden in plasma, RBC en witte bloedcel-
len, waarna de RBC opgeslagen worden in een bewaarvloeistof. RBC transfusie is nodig 
om weefseloxygenatie te verbeteren, bijvoorbeeld bij anemie of ernstig bloedverlies. 
Bloedbanken proberen RBC zo goed mogelijk te bewaren toch zijn er nog ongewenste 
veranderingen die optreden tijdens het bewaren. Deze veranderingen kunnen een 
negatief effect op de ontvanger hebben. Bijvoorbeeld, de blaasjes die gevormd worden  
tijdens het bewaren kunnen vaatvernauwing en trombose veroorzaken bij de ontvan-
ger na transfusie. Daarom is het cruciaal dat we de mechanismen die de veranderingen 
veroorzaken tijdens het bewaren leren begrijpen, zodat we deze veranderingen kunnen 
tegen gaan en complicaties kunnen voorkomen.

Dit proefschrift behandelt de rol van RBC bij gezondheid en ziekte en beschrijft de func-
ties van RBC anders dan zuurstoftransport. Ons werk beoogd  RBC wijzigingen tijdens 
het bewaren van donor bloed, immune adherence clearance en bij bepaalde genetische 
afwijkingen te onderzoeken. Het proefschrift omschrijft de signaaltransductie die 
betrokken is bij deze veranderingen en de klinische implicaties hiervan. In hoofdstuk 
2 tonen we aan dat Munc18-2 betrokken is bij erytropoëse en een rol speelt in volwas-
sen erytrocyten. RBC van FHL-5 patiënten blijken een significant kleiner gemiddeld 
celvolume te hebben. Daarnaast hebben RBC van FHL-5 patiënten een afwijkend fosfo-
lipiden metabolimse ten opzichte van RBC van gezonde mensen. Bovendien vertonen 
erytroblasten van FHL-5 patiënten een intrinsiek blokkade in hun ontwikkeling. Zo heb-
ben deze RBC verminderde CD235a expressie en een afwijkende celmorfologie. Onze 
resultaten geven aan dat de anemie waargenomen bij patiënten met FHL-5 niet wordt 
veroorzaakt door hemofagocytose, maar  het gevolg is van een intrinsiek erytroïde 
defect veroorzaakt door mutaties in Munc18-2.  
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In hoofdstuk 3 analyseerden we de RBC morfologie en erytropoëse in LAD-III patiënten. 
We beschrijven de milde anemie, abnormale RBC morfologie die deze patienten heb-
ben. Verder vonden we dat er in het bloed voorlopers van erytrocyten aanwezig zijn 
die gewoonlijk allen in het beenmerg te vinden zijn. Ook ontdekten we dat kindlin-3 
essentieel is voor celadhesie via het α4β1 integrine van erytroblasten aan VCAM-1. Onze 
resultaten suggereren dus dat kindlin-3 deficiëntie ook leidt tot chronische anemie in 
LAD-III patiënten die veroorzaakt wordt door een afwijkende adhesie en ontwikkeling 
van erytrocyten. In hoofdstuk 4 onderzochten we immune adherence clearance (IAC). 
RBC binden geopsoniseerde bacteriën via complement receptor 1 wat leidt tot de ac-
tivering van adhesie moleculen op het RBC oppervlak. Onze resultaten suggereren dat 
RBC een actieve rol spelen bij IAC en pathogenen helpen verwijderen  door macrofagen 
in de milt. In hoofdstuk 5 tonen we aan dat bewaren van RBC leidt tot kalium lekkage, 
hemolyse, fosfatidylserine expressie en het afnsoeren van blaasjes om deze verandering 
te herstellen. Deze blaasjes kunnen dan als basis dienen voor het factor VIIIa/factor IXa 
complex en daarmee de stollingcascade bevorderen. Verder, laten we zien dat de kalium 
lekkage tijdens het bewaren de erytrocyten gevoelig maakt voor het afsnoeren van de 
blaasjes. In hoofdstuk 6 beschrijven we de resultaten van twee compound screens van 
verschillende collecties van farmacologische remmers, de LOPAC (library of pharmaco-
logically active compounds) en de Selleck Chem Kinase Library, en hun effecten op RBC 
volume en het afsnoeren van blaasjes. We identificeerden nieuwe signaaltransductie 
routes die betrokken zijn bij RBC volume regulatie en het afsnoeren van blaasjes zoals 
de GPCR, PI3K-Akt (proteïne kinase B), Jak-STAT, en Raf-MEK-ERK signaaltransductie cas-
cades. Door het gebruik van specifieke remmers konden we ook aantonen dat caseïne 
kinase 2 RBC volume regelt via modulatie van het Gardos kanaal . In Hoofdstuk 7 geven 
we een overzicht van het onderzoek dat we hebben gedaan en bekijken we onze resul-
taten in een breder perspectief.
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Dankwoord 

Finally, the last chapter! I have waited for this moment for so long, I am still processing. I 
am even wondering “What will I do now without this?”. Life is strange. 

Initially, I had the idea to write something different in this section; to create an unusual 
ending. I thought of writing a poem or a short story. Now I realize, I don’t need to use a 
different format to make it special. You make it special!  I am so grateful to have you in 
my life. Thank you all! I will never forget you!

Taco, thank you for being my promoter and for providing all the insightful comments 
and support you have provided throughout the years. I will always remember your 
response to my timid “Should I stay” once I was late for a werkbespreking. Naturally, you 
started singing the Clash “Should I Stay Or Should I Go”. 

Robin! Where do I begin? Didn’t you know that Dolce & Gabbana make shoes like that? 
No, seriously, thank you for everything! From day one of my master’s internship I felt like 
I belong. Thank you for helping me make up my mind to actually go for a PhD. Without 
sounding dramatic, if it hadn’t been for you, most probably I wouldn’t be writing this 
right now. Though there were tough moments, we made it in the end! Since you have 
supported me so much, not only during the four rollercoaster years, but before (the best 
internship ever) and after, I have finally forgiven you for giving me an André Hazes CD as 
a present for my master’s graduation.

Timo, even though you were not my direct supervisor, I always felt your support and 
guidance. Thank you. You have established a great group with wonderful people. 

To the members of the Doctorate Committee, thank you for being part of my defense. I 
am looking forward to your interesting questions. 

To all co-authors and collaborators – thank you! Emile (HEP), Dr. van der Werff ten Bosch 
and Dr. Kühnle, Esther, Sander (PE), Arthur (AMC), Pasi, Cor and Roderick (NKI), thank you 
for helping us turn chapters 2, 5 and 6 into reality. 

Dirk Roos, Dirk de Korte and Rob thank you for your invaluable and useful comments 
during the numerous work discussions we’ve had. You harness so much knowledge!

Boukje and Thomas, my dear paranymphs! Thank you so much for your support! Thomp-
son, I wish you all the best with your PhD, I trust you will keep the awesomeness! You are 



one of the funniest people I know, thank you for all the laughs. Always thinking about 
you when watching the family guy episode with the whale on the beach. 

Bouk! I am so happy you joined the red cell gangsters! And several unforgettable years 
later, congratulations on your permanent contract! Robin and the rest are lucky to have 
you in the lab. And I am so lucky to have you as a friend! Thank you for everything! 

Katka, you are a great friend, scientist and a mother. I know we women can multitask, 
but you bring it to another level. You are one of the most inspirational people I know. 
Thank you for always being there!

Hanke, thank you for all the nice conversations we used to have in our office after work-
ing hours (thanks to facs) ☺. You have helped me with so many things – from figuring 
out reference manager to Fab fragments, you name it. Thank you! 

The old gang, I miss you guys! Patrick, you’ve taught me so much in the lab, I can’t even 
begin to explain. And thank you for sending all figures, files, prisms and other objects! I 
am very glad we are still keeping in touch. Looking forward to your big event this year! 
Agata, thank you for all the nice times we had in the lab, coffee places, borrels, and 
of course your wedding! Sanne, thank you for all your advice last months on formats, 
letters, timelines etc. I really appreciate it.  Julian, good luck with setting up the brewery. 
Can’t wait to try your new beer! Xi Wen, it was super fun to have you around; I really miss 
your laugh. Joris – lady in red, Hazes, hardcore, Ajax! Speaking of Ajax, thank you for 
bringing me to a real football game. And thank you for being such a good gabber! Edith, 
thank you for all laughs and smiles. En voor de leuke gesprekken. I will never forget the 
red blood cell cake, a masterpiece! Marjolein and Maaike, thank you girls for all the fun 
moments, bbqs, borrels, mojitos and for sharing the PhD frustrations we had to deal 
with (every once in a while). 

Sietse and Roel, the real doctors!  I am sure you will be great at what you do. And I know 
it first-hand (thanks, Roel, for brining me to the doctor!).

Michel, I can’t even remember all the hilarious moments we have had in the lab- freezing 
stuff in liquid nitrogen, throwing ice at Robin, hakken woensdag, pipette tip guns…
Thank you not only for the gezelligheid, but also for the valuable advice and support 
you have provided on anything from microscope to CASY. John, it was great to have you 
around. Though I am not there either, I hear everyone misses you, and I am not surprised. 
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The red cell diagnostics gurus – Martijn, Jeffrey, Fatima, Els, thank you for the million 
assays you did for me, couldn’t have made it without you. 

The BTT gurus – Eric, Richard, Mya, thank you for all the blood bags and support. Petra, 
thank you for all the help with assays, experiments and everything else. We missed you 
after you left. 

Iris, girl, we had so much fun sharing an office and a lab bench. Thank you for everything. 
Truly gezellig! 

Laura, it was fun to have you around! I will never forget your singing. It was something 
about Pele ☺. 

The lab and DNA gurus - Martin, Judy, Karin, Anton, Karin, thank you for all the sequenc-
ing, advice and lab support. Paul, your voice impression of Dinand is brilliant and need-
less to say better than the original. If you ever think of leaving the lab (but please don’t 
as the place will burn down without you), you can always become Kane’s new front man.

The FACS/confocal gurus – Erik, Mark, Simon, Floris – thank you for all the constant sup-
port and help with setup of these intriguing machines we all love and of course with 
analysis of data. The NKI FACS gurus - Frank and Anita, though for a short period of time, 
it was lovely working with you. Bedankt voor alles.

Djuna, thank you for being such a nice colleague and friend. Good luck with finishing 
your PhD and with the new chapter in your life. P.S. We are going to rock the CR1 story!

The girls - Sanne , Louise, Dieke, Ida, Christine, Maike, Margit – good luck to all of you. 
Don’t forget - impossible is nothing. 

To everyone in Sanquin that I have crossed paths with in Y,U and any other letter of the 
alphabet that is also a building – thank you for all the help, fun, reagents, borrels and 
antibodies. BIG thank you to all patients and donors!

To my old and new friends, wherever you are, thank you for being so great! 

Elida, shefe! Though long-distance relationships are hard sometimes, I am extremely 
lucky to have you in my life for 24 years (correct me if I’m wrong as you are the math 
person). Thank you for being you and for letting me be me. This means more than a lot. 
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P.S. Remember me? (Couldn’t resist)

Deni, I don’t even have to write anything here, because I know you can read my mind. 
Thank you for always being there! 

Bise, good luck with the new arrival. You are going to rock this parent thing.

To my high school sweethearts Neli, Tedi and Krassy. Even though I see you once in a 
blue moon (it actually might turn out blue moon is more frequent than that), it’s like we 
never separated. Cheers for that! 

Attention, Eliona, I miss you, that is all. Thank you for all the wonderful moments (scien-
tific and not so scientific) we’ve had together. Six cities in three countries – not bad, not 
bad at all. 

Rosie, thank you for not only being my mentor, but my friend. And thank you for moving 
to the Netherlands. Now we have to meet more often!  

To my BCCB loves – Rozi, Savinka, Peshi, Neda, Kris, Iliancho, Petia, Tsetsi –wherever you 
are, you are awesome. 

To my VU loves – Julia, Ioana, Patricia, I miss you guys! Felicia, thank you for listening to 
my PhD-related tirades. Now it’s time to celebrate. 

The Amsterdam clique – Kris, Mitaka, Mitko, Pesho, Paro, Spesho, Dan the man, Lukas, 
thank you for being around. Your passion about your hobbies (painting, climbing, lindy 
hopping, beer brewing, anime, punk, etc) is contagious. I am glad to have you in my life, 
sharing serious and fun moments together. Kris, your support (and not only during after 
school Thursdays) has been priceless. Thank you!

Evita, dear, good luck with your PhD. Almost there!

Floris and Alina, I cannot even begin to express how thankful I am you welcomed me in 
your team. Alina, thank you for teaching me so much. And thank you for all the freedom 
and flexibility, I appreciate it very much. Dolors, I am happy you joined our team as our 
new manager. Looking forward to working with you!  I am so lucky to have found a 
job in the field of science communication which happens to be my passion. What more 
can one ask for? Great colleagues? Check! To all my colleagues in Elsevier, thank you for 
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making me feel at home so quickly. I am privileged to work with such smart and fun 
people. You are great, guys!

To my family, I am extremely grateful for all the support and understanding. It’s been 
eleven years since I left home. They say home is where your heart is, thus I must have 
two hearts eleven years later. Though my family is spread on two continents (not the first 
time in our lives), we are as united as always.  One of the things you learn as you grow is, 
forgive me the cliché, distance is imaginary. Regardless of kilometers you can be close 
with the people you love. 

Elenka and Aninka, thank you for always being there, and never forget I will always be 
there too! 

To my parents, you are amazing parents and wonderful great parents. I am where I am 
because of you, thank you. To my brother, always at my side, thank you for being my 
family and my friend. Zori, my sister in law, good luck with the new adventure on the 
other side of the pond. I am sure it’s going to be amazing. To Rali and Gabi, the two rays 
of sunshine, I hope you read this book one day; who knows – you might develop an 
interest for science as well ☺. 

Mark, thank you for keeping me grounded! Thank you, Melkweg!




