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CHAPTER 1
General introduction and scope of the thesis

Parts of this introduction have been published as:
From the Cradle to the Grave: The Role of Macrophages in Erythropoiesis and
Erythrophagocytosis.
Sanne M. Meinderts*, Thomas R. Klei*, Timo K. van den Berg and Robin van Bruggen.
*These authors contributed equally
Frontiers in Immunology 2017 Feb 2;8:73.
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INTRODUCTION
Blood is one of the most vital, most expensive and culturally loaded liquids in the world.
It is almost a thousand times more expensive than oil1, another liquid with great societal
impact that can be divided into various components and is sold worldwide. The word
blood globally represents life itself. Throughout time and in numerous cultures blood
has symbolized many things including ones personality, human sacrifice or the soul. In
religion and literature blood has often received a central role and over the ages it has
been attributed many mystical powers. In the 1800’s blood transitioned from a magical
substance into a medicinal one1. Globally, approximately 108 million units of blood are
collected each year and used to save lives and improve health2. Blood transfusion serve
to treat trauma, severe anemia, blood disorders and many more serious conditions.
The principal cell in transfusion medicine is the red blood cell (RBC). This unique cell
gives blood its distinctive red color due to the large amount of iron it contains and it
is functions as oxygen carrier. After their development in the bone marrow, RBCs have
a life span of approximately 120 days3, during which they have numerous interactions
with white blood cells (WBCs) of the spleen and liver. RBC turnover is a complex process
that is regulated at different levels by many factors. With time, the plasma membrane
of the RBC is thought to undergo deleterious changes that make the cell susceptible
to clearance by phagocytes4. Around 18 x 109 RBCs are cleared each day in a healthy
individual. However, certain pathologies such as genetic RBC disorder, sepsis or hemolytic
anemia’s induce an accelerated RBC clearance which can lead to severe anemia. While
RBC transfusions can help treat these conditions, repeated transfusion poses a risk for
iron overload and alloantibody formation against donor RBC. Alloantibody formation
can lead to transfusion reactions with severe hemolysis. Moreover, it complicates future
transfusions since with increasing number of alloantibodies formed in a patient it
becomes challenging to find compatible RBC units for transfusion.
This thesis aims to contribute to our current understanding of RBC clearance, particularly
during conditions in which antibodies are formed directed against RBCs. This can
occur as a consequence of blood transfusion but also happens during pregnancy or
in autoimmune diseases. The presence of anti-RBC antibodies enhances clearance. The
first chapter of this thesis will provide background information on mechanisms of RBC
clearance in the homeostatic state as well as in pathological situations. The focus of
this thesis is antibody-mediated RBC clearance with a specific emphasis on the role of
neutrophils in this process. Secondly, this thesis considers a set of genetic markers that
might help predict the formation of alloantibodies. Basic knowledge on RBC clearance
and alloantibody formation will help put our research on antibody-mediated RBC
phagocytosis in RBC clearance into context.
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At the end of their life cycle RBC get cleared by the spleen and liver. While the liver has
an important role when it comes to complement dependent clearance, the spleen is
regarded as the primary organ to filter old or damaged RBCs out of the blood and is
particularly important in antibody-mediated RBC clearance3,5. The spleen is anatomically
divided in red pulp, which is responsible for the filtering function, and white pulp, which
is dedicated to adaptive immunity. The red and white pulp are divided by the marginal
zone.6 With its specialized structure of the venous system, the red pulp of the spleen
has the unique capacity to retain old RBC that have become less deformable3,4. The
membrane of RBCs is extremely elastic. This deformability is of great importance since
it allows RBCs to pass through capillaries that are narrower than their own diameter7,8.
Over time RBCs lose their elasticity. Red pulp macrophages located in the cords of the
red pulp phagocytize the RBCs that are too rigid to pass through the inter-endothelial
slits of the red pulp3. The high percentage of macrophages in the red pulp and the
unique structure of the spleen gives it its ability to scrutinize the integrity of RBCs4.
Decreased RBC deformability is not only a characteristic of senescent RBCs9. In many
pathological conditions such as sickle cell disease (SCD), hereditary spherocytosis
or sepsis, RBC clearance is enhanced due to rigidification of the RBC membrane10-14.
Besides stiffening of the RBC membrane several other factors have been proposed to
induce RBC clearance. These so called “eat me” signals will be discussed further on in
this chapter.

Sickle cell disease
Increased breakdown of RBCs occurs in certain pathologies. In this thesis we will
specifically study SCD which is an autosomal recessive genetic disorder that affects
the hemoglobin gene. Heterozygous individuals are carriers of sickle cell trait whereas
homozygous individual have SCD. Hemoglobin is the oxygen transporting protein that
contains iron which gives the RBC their distinctive color and function. A single point
mutation in the β-globin gene results in the substitution of a glutamic acid to a valine.
This amino acid change results in polymerization of the sickle hemoglobin under low
oxygen conditions, giving the RBC the typical rigid, sickle-shaped form. As a result, this
seemingly small change has major consequences affecting the structure, function and
rheological properties of the RBC.15 SCD primarily affects individuals originating from
Africa but the disease is also found in individuals with a Middle eastern, Mediterranean
or Indian background. Endemicity of malaria has driven this geographical distribution
since sickle cell trait provides protection against Plasmodium falciparum malaria.
Population movement has made the disease more common in northern and western
parts of the world.16 The most important clinical manifestations of the disease are
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vaso-occlusive crisis resulting in unpredictable episodes of pain, increased breakdown
of RBCs and increased risk of infection and organ damage17. The spleen is commonly
enlarged in young SCD patients since ridged sickle RBCs cause vaso-occlusion and
infractions. Later in life atrophy of the spleen progresses and can ultimately result in
autosplenectomy18. While RBCs of healthy individuals have a lifespan of ±120 days RBC
of SCD patients have a survival of 10-20 days. The accelerated breakdown of RBCs in SCD
can lead to life-threatening situations which can be treated with blood transfusions.15
However, as noted earlier, blood transfusions can lead to serious complications of which
the most detrimental problems result from alloantibody formation19.

Removal signals mediating clearance of RBC
RBC clearance can be viewed as a two component process. On the one hand RBC
deformability and mechanical retention determine if a RBC gets cleared from the
circulation, on the other hand cell biological factors are involved in RBC removal
through erythrophagocytosis in the spleen. So called “eat me” signals accumulate on
the cell membrane of the RBC over time and these signals can trigger RBC clearance by
macrophages (figure 1)20-22. There is no clear consensus about what these “eat me” signals
exactly are23. Yet, there have been several mechanisms of RBC clearance proposed. First,
it has been suggested that band 3, a highly abundant transmembrane protein, is the
main target of natural occurring antibodies (Nabs)21,24,25. Over time, band 3 is believed to
be modified mostly due to oxidative damage, which leads to the formation of epitopes
for Nabs binding24,26. Due to their low affinity and low numbers in the circulation Nabs
are not efficient opsonins. It has been proposed that erythrophagocytosis can be
enhanced by complement activation through the classical pathway after opsonisation
of RBCs with Nabs21.
In the homeostatic situation RBC removal and erythropoiesis is balanced. In pathological
situations the oxidative insults modifying band 3 can be rapid and massive leading to
accelerated RBC removal. G6PD-deficiency is an example of a genetic RBC defect that
leads to a decrease in anti-oxidant defense and hence anemia due to enhanced RBC
destruction24. In addition to RBC defects affecting anti-oxidant defense hereditary
RBC disorders such as thalassemias and hemoglobinopathies also show increased
oxidative stress27,28. Besides inadequate ROS detoxification, free heme and iron may
as well give rise to enhanced oxidative stress. Additionally, partially oxygenated
hemoglobin is susceptible to redox reactions24,29. In all these diseases high levels of
anti-band 3 antibodies and C3b are found to be bound to RBCs30,31. Moreover, increased
RBC phagocytosis is observed which can be ameliorated in many patients by a
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splenectomy32. This highlights the importance of the spleen in RBC clearance. Besides
their role in genetic RBC defects anti-band 3 antibodies are also said to be important in
RBC clearance during malarial infections 20,33,34.

FIGURE 1. “Eat me” and “don’t eat me” signals involved in interaction between macrophages and RBC
regulating clearance. RBCs and macrophages interact with each other through ligand-ligand interactions. Over time
“eat me” signals accumulate on the RBC membrane. PS exposed on the RBC membrane can directly bind Stabilin-2,
Tim-1, Tim-4 or CD300 on the macrophages and is presumed to give a pro-phagocytic signal. Moreover, bridging
molecules such as Gas-6 and Lactadherin can facilitate RBC-macrophage interaction by binding PS on RBCs and TAM
receptors or αvβ3/β5 integrins on the macrophage. Band 3 clustering and opsonisation with Nabs and complement on
the RBC enables binding to the macrophage via Fc- receptors, CR1 and CR3 and thereby facilitates phagocytosis. As a
counterbalance, CD47-SIRPα interactions inhibit phagocytosis of RBCs by the macrophage.
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A second mechanism that has been proposed to be important for RBC removal is PS
exposure at the cell surface of the RBC. In healthy RBCs PS is located on the inner leaflet
of the RBC membrane35. On the outer leaflet of the RBC PS exposure is suggested to
be an “eat me” signal that triggers phagocytosis by macrophages. PS exposure can be
induced by an increase in cytosolic Ca2+ concentration which can be a result of oxidative
stress, osmotic shock or other forms of cell stress.36 PS exposure as a signal for clearance
is not restricted to RBCs but is seen as a general removal signal of senescent or damaged
cells. In nucleated cells, PS exposure is part of the apoptotic process. Since RBCs are
non-nucleated cells, apoptosis does not occur, but the regulated process of cell death
in RBC has been given the term eryptosis37. PS-dependent apoptotic cell phagocytosis
is evolutionary conserved and not only found in mammals but also in lower organisms
such as C. elegans and Drosophila.38 Macrophages display an array of receptors for PS
including Tim1, Tim4, Stabilin-2 and CD30039-42. Furthermore, there are various bridging
molecules, which can bind to PS on the cell surface, such as lactadherin, Gas-6 and
protein S. These proteins than facilitate binding to αvβ3/5 integrins or TAM receptors
respectively on the macrophage and thereby induce clearance of PS exposing RBCs
(figure 1)43.
There is a multitude of diseases associated with PS mediated RBC clearance. Some
examples of pathologies where increased oxidative stress activates Ca2+ cation channels
and thereby induce PS exposure and eryptosis are; SCD, thalassemia, G6PD, iron
deficiency, chronic kidney disease and diabetes 36. Other diseases that are postulated
to result in eryptosis are malignancies, cytostatic drug induced anemia, hepatic failure,
heart failure and dehydration36. PS exposure induced by the malaria parasite has been
widely investigated. To ensure pathogen survival, P. falciparum activates oxidantsensitive ion channels in the RBC membrane by inducing oxidative stress. These
channels facilitate cellular uptake of nutrients, Na+ and Ca2+ and waste removal which are
crucial for parasite survival, yet a secondary concequence is PS exposure.44,45 It has been
suggested that P. falciparum prolongs RBC lifespan by sequestrating Ca2+ and digesting
hemoglobin to diminish RBC swelling and preserve osmotic stability in the RBC36,46. The
genetic resistance towards malaria infections found in sickle cell trait, thalassemia trait
and G6PD-deficient individuals has partially been attributed to the sensitivity of their
RBC to induce PS exposure and erypotosis upon infection with as a result accelerated
clearance of infected RBCs47.

CD47 mediated RBC clearance
Although there is still debate on the exact nature of “eat me” signals on RBC membrane
it has been generally accepted that CD47 is a “don’t eat me” signal that plays a crucial
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role in RBC homeostasis48,49. CD47 is a ubiquitously expressed protein that binds the
inhibitory receptor signal-regulatory protein alpha (SIRPα) present on myeloid cells. The
CD47-SIRPα interaction inhibits immune responses such as phagocytosis.50 The strong
negative signal for phagocytosis brands CD47 “a marker of self”48. Besides functioning
as a “don’t eat me” signal our group has shown that a conformational change in the
CD47 protein can switch the molecule from a “don’t eat me” to an “eat me” signal22.
This conformational change in CD47 can be induced by oxidative stress and promotes
thrombospondin (TSP-1) binding to CD47 which creates a novel binding site for SIRPα.
This alternative binding site for SIRPα induces a pro-phagocytic signal for the phagocyte.
The dual role of CD47-SIRPα in regulating RBC uptake demonstrates the complexity of
RBC clearance.22
The role of CD47 as a “don’t eat me” or as an “eat me” signal in RBC clearance in pathological
conditions is still rather unclear. Previous studies have shown that in mice CD47-SIRPα
interactions have a profound effect on disease severity of autoimmune hemolytic
anemia (AIHA), an antibody-mediated pathology51. However, in human AIHA patients
CD47 expression is normal52,53. It has been suggested that anemia in untreated Gaucher
disease (a lysosomal storage disease) can be partly explained by reduced expression
of CD47 on RBCs54,55. In SCD, CD47 expression is not significantly altered in patients
compared to healthy controls. Nonetheless, hydroxyurea, a commonly used therapy,
induces overexpression of CD47 on RBCs56. How CD47 expression is influenced in human
infection models is mostly unknown. Yi et al. showed that the absence of CD47 on RBCs
may be important for the process of detecting and mounting an immune response
against pathogen infected RBCs. They showed that the lack of CD47 on RBCs activates
dendritic cells (DCs) which in turn stimulate CD4+ T cells and antibody responses.57
Chambers et al. show that in vitro exposure of RBC to Plasmodium falciparum has no
effect on CD47 expression58. Yet interfering with the CD47-SIRPα interaction might be a
promising therapeutic strategy in the control of malaria infections. Ayi et al. show in an
in vivo mice model that disrupting the CD47-SIRPα interaction enhances phagocytosis
of infected RBCs59. Moreover, Banerjee et al. demonstrated that Plasmodium yoelii
preferentially infects RBCs expressing high levels of CD47 and that CD47-/- are highly
resistant to P. yoelii infections60. In contrast to Chambers et al. these authors do find
reduced CD47 expression on human P. falciparum infected RBCs. All in all, the role of
CD47 in pathological situation is still largely unknown. It is apparent that RBC clearance
is a complex and multifactorial process that can be influenced by numerous factors such
as, inflammation, infection, chemical substances, oxidative stress or osmotic imbalance.
Eventually, the balance between “eat me” and “don’t eat me” signals will determine if a
RBC gets cleared from the circulation or not.
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Antibody-mediated RBC clearance
In certain pathological conditions RBC clearance can be increased through the
development of antibodies directed against RBC epitopes. This happens for instance
in autoimmune disease where auto-antibodies (auto-IgG) are produced, or this occurs
upon alloantibody formation as a result of a blood transfusion or pregnancy61,62.

RBC autoimmunization
AIHA is an example of a pathology in which auto-antibodies against RBCs are formed.
AIHA is a heterogeneous disorder in which generally 4 types are characterized based on
the Ig class and optimal temperature of reactivity of the auto-antibody61,63-68. Anti-RBC
antibodies are usually detected by the direct antiglobulin test (DAT) also known as the
Coombs test. The most common form of AIHA is mediated by “warm” IgG antibodies
that bind RBCs at 37˚C61,68. IgG antibodies induce RBC clearance by promoting
phagocytosis through Fc-receptors on phagocytes, primarily in the spleen64,65,69. In the
clinic this is termed extravascular hemolysis. Certain IgG subtypes can fix complement
and subsequently give rise to additional extravascular hemolysis via C3b receptors and
intravascular hemolysis through formation of the membrane attack complex on the cell
surface of the RBC70-72. Warm AIHA accounts for 65% to 70 % of AIHA64,65. Cold agglutinin
hemolysis is mediated by IgM autoantibodies that opsonize RBCs with or without
complement fixation at low temperatures. Cold agglutinin hemolysis accounts for 2025% of AIHAs64,73. The third category of the disorder is mixed autoantibody hemolytic
anemias, which is mediated by IgG and the last serologic form of AIHA is DAT-negative
AIHA74. This last group of patients has severe hemolysis while the DAT is negative.
Additional laboratory testing can show low affinity auto-IgG or low concentrations of
auto-IgG. A rare but interesting form of AIHA is paroxysmal cold hemoglobinuria (PCH)
which is mediated by Donath-Landsteiner antibodies67,75. These are biphasic hemolytic
IgG antibodies which bind at low temperature, yet induces intravascular hemolysis at
higher temperatures.

RBC alloimmunization
Alloantibodies can be formed after exposure of alloantigens during RBC transfusion or
during pregnancy76. RBC transfusion is a common treatment for various illnesses like,
iron-deficiencies, bleeding disorders, or anemic conditions such as SCD, thalassemia,
kidney disease or cancer. A major adverse effect of repeated RBC transfusion is
the formation of alloantibodies against RBCs of the donor. In transfusion medicine
alloimmunization generally refers to the formation of non-ABO antibodies in the
circulation of the recipient77. Besides the major blood group antigens A and B a RBC
displays numerous minor blood group antigens. Untill now 35 blood group systems
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have been identified with over 600 different blood group antigens78. While ABO antigens
consist of carbohydrates other blood group antigens are mainly protein antigens.
With the exception of Rhesus (Rh) D most RBC antigens result from single amino acid
polymorphisms (SNPs) that differ between donor and recipient79,80. Whereas anti-A and
anti-B are naturally occurring antibodies that are formed without any prior exposure
to the foreign antigen, non-ABO antibody formation commonly requires exposure
to the antigen via transfusion or pregnancy76. These alloantibodies are typically IgGs
that induce RBC destruction via extravascular hemolysis81. In some cases complement
fixation accelerates the process through intravascular hemolysis. Besides the increased
RBC clearance, alloimmunization can lead to many detrimental complications such as
multiple organ failure, electrolyte perturbations, coagulopathy and sometimes death.
In addition, the formation of multiple alloantibodies provides a logistic problem
for physicians and healthcare centers since finding compatible RBCs for transfusion
becomes increasingly more difficult.76
Interestingly, it appears that alloimmunization is more common in certain clinical
circumstances and patient populations than in others. SCD patients frequently require
multiple transfusions. In this population alloimmunization occurs significantly more
often as compared to the general population. While the alloimmunization rate for the
multiple transfused general population ranges for 2% to 8%82-84, for SCD incidences have
been estimated to be around 30%. Moreover, rates have been reported between 18% to
76%62,82,84,85. This high rate can in part be explained by the high degree of polymorphisms
in RBC antigens of SCD patients who are primarily of African descent62,82. The high
immunization rate has been significantly reduced by extended matching for Rh and
Kell (K) and sometimes Fy, Jk and MNS antigens86-91. Another factor explaining the high
prevalence of alloimmunization in SCD patients could be the underlying disease state
that may render these patients more prone to form antibodies77. Nonetheless, SCD
patients seem to be a population that is particularly likely to develop alloantibodies.
In addition, it has been found that only a subgroup of patients develops alloantibodies.
These patients are referred to as responders. In contrast, frequently transfused
patients that do not develop alloantibodies are referred to as non-responders or lowresponders77. Much effort has been put into identifying clinical and/or biological markers
to characterize patients as responders or non-responders. This information could help
to reduce alloimmunization by providing responders with more extensively matched
blood to prevent antibody formation.
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Fcγ-receptor family
Essential immunoreceptors in IgG-mediated RBC clearance are the Fcy-receptors. These
receptors have been named after their binding specificity, the Fc region of antibodies.
The FcγRs are specific for IgG, which is the most abundant Ig class. These glycoproteins
are expressed by almost all immune effector cells.92,93 FcγR family members have
different affinities for IgG. FcγRI is a high affinity receptor while FcγRII and FcγRIII are
low affinity receptors. Their activation by antibody binding stimulates, amongst other
immune responses, phagocytosis and cytotoxicity in response to IgG-opsonized
particles (e.g. RBCs), differentiation and activation of antigen presenting cells and
regulation of antibody responses.94 Only one member of the FcγR family is an inhibitory
receptor namely, FcγRIIb which contains an immunoreceptor tyrosine-based inhibition
motif (ITIM) in its intracellular domain through which it can negatively regulate immune
responses such as, degranulation, proliferation, and phagocytosis95,96. FcγRIIb is highly
expressed on B cells and can also be found in lower amounts on antigen presenting cells
(APCs) such as monocytes, macrophages and DCs97,98. The other FcγRs signal through
an immunoreceptor tyrosine-based activation motif (ITAM) or via an adaptor protein99.
FcγRIIIb is a GPI-anchored protein and does not have a transmembrane domain. This
receptor is believed to function mainly as a decoy receptor100.
Besides facilitating phagocytosis FcγRs are key regulators of IgG-mediated immune
responses99. The genes encoding for the low-affinity receptors are clustered on
chromosome 1 and they are highly polymorphic101. Multiple functionally relevant
genetic variants have been described and linked to IgG-mediated diseases. Numerous
SNPs have been identified and linked to multiple autoimmune and infectious diseases
of which the FCGR2A H131A and FCGR3A V158P variations are the most studied
polymorphisms in literature.102 Besides being polymorphic FCGR2C, FCGR3A and FCGR3B
display copy number variation (CNV)101. CNV results in differential expression of the
receptor which can have functional consequences such as lower or higher binding and
uptake of immune complexes or reduced or increased ADCC101,103. Overall, it is plausible
that FcγRs are important regulators of alloimmune responses and genetic variation in
these receptors may influence alloimmunization.
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SCOPE OF THIS THESIS

i

As outlined in this introduction the process of RBC clearance is highly complex. The
research described in this thesis focuses on immune cell mediated RBC clearance in
auto- and alloimmunization reactions. Our aim was to gain further insight into the
underlying mechanism of IgG-mediated RBC clearance and potential therapeutic
strategies to prevent alloimmunization.
Part I of the thesis discusses the role of different immune cells and in particular neutrophils
in IgG-mediated RBC phagocytosis. In chapter 2 the capacity of the different immune
cells in the spleen to take up RBCs in steady-state conditions compared to conditions
where IgGs against RBCs are present is evaluated. Chapter 3 adds to our understanding
of antibody mediated RBC phagocytosis by going deeper into the role of neutrophils in
RBC phagocytosis and their capacity to acquire antigen presenting cell characterisitics
during the process. Besides immunological factors the genetic background of a patient
can also determine the development and/or course of allo or autoimmunization
reactions. Part II of this thesis provides insight into genetic determinants that influence
the susceptiblity of SCD patients to develop alloantibodies. In chapter 4 the FCGR gene
cluster is evaluated for associations between genetic variation of FCGR genes and RBC
alloimmunization in SCD. In chapter 5 more extensive genotyping with the use of
next generation sequencing is used to asses associations between genetic variations
in the TLR signaling pathways and RBC alloimmunization in a cohort of SCD patients.
Moreover, variations in genes previously associated with antibody-mediated diseases
were analyzed with respect to the risk of alloimmunization.
The general discussion of this thesis is presented in chapter 6. Here the main results are
reviewed and prospects and recommendations for future research are given.
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ABSTRACT
Red blood cell (RBC) clearance is known to occur primarily in the spleen, and is
presumed to be executed by red pulp macrophages. Erythrophagocytosis in the spleen
takes place as part of the homeostatic turn-over of RBCs to remove old RBCs. It can
be strongly promoted by immunoglobulin G (IgG) opsonization of RBCs, a condition
that can occur as a consequence of auto- or allo-antibody formation. The purpose
of our study was to investigate which phagocytes are involved in IgG-mediated
RBC clearance in the human spleen. We developed a highly specific in vitro assay to
monitor RBC phagocytosis in total human splenocytes. Surprisingly, we have found
that whereas homeostatic clearance of RBCs is primarily a task for splenic macrophages,
neutrophils and to a lesser extent also monocytes can be a major factor in clearance
of IgG-opsonized RBCs. Erythrophagocytosis by neutrophils is strongly dependent
on the degree of opsonization of the RBC. Additionally, the process is enhanced after
blocking the “don’t eat me” signal CD47 on the opsonized RBCs, which binds SIRPα, a
myeloid inhibitory receptor that restricts phagocytosis. Moreover, RBC isolated from
AIHA patients, opsonized by auto-IgGs, were shown to be readily phagocytosed by
neutrophils. Finally, priming of neutrophils by inflammatory mediators such as TNFα
and LPS further increases the magnitude of erythrophagocytosis. Collectively, our data
suggest that neutrophils contribute significantly to the phagocytosis of antibodyopsonized RBC, especially under inflammatory conditions. This indicates a hereto
unanticipated contribution of neutrophils in RBC phagocytosis, especially under
pathological conditions such as allo- or auto-immunization.

KEY POINTS
•
•

In steady-state where no IgGs against RBCs are present macrophages are the
primary phagocytes of RBCs
In conditions where RBCs are IgG-opsonized neutrophils can have a major effect on
RBC clearance
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31

INTRODUCTION
The spleen is the biggest lymphoid organ of the body and acts primarily as a blood
filter. It is the main site of RBC clearance.30 Erythrophagocytosis is important for RBC
turnover and believed to be executed by the red pulp macrophages or Kupffer cells in
the liver.10,30 .10,30,30 The mechanism of RBC clearance under homeostatic conditions is not
fully understood and there is no consensus about the removal signals on the RBC that
trigger phagocytosis by macrophages.10 In general, it is accepted that an accumulation
of “eat me” signals triggers phagocytosis of the RBC at the end of its lifespan.8,10,45
Additionally, CD47 is an important regulator of RBC homeostasis by functioning as a
“don’t eat me” signal.8,36,38-40,44,45 CD47 on red cells inhibits phagocytosis of erythrocytes by
binding the inhibitory myeloid receptor signal regulatory protein alpha (SIRPα). CD47SIRPα interactions negatively control effector functions such as phagocytosis.8,36,38-40,44
CD47 acts as a molecular switch for erythrophagocytosis. Through a conformational
modification the protein can change from a “don’t eat me” signal to an “eat me” signal.8
In a general sense, the balance between “eat me” and “don’t eat me” signals seem to
determine if a RBC is cleared from the blood stream.
Auto-antibody formation against RBCs can occur in conditions such as autoimmune
hemolytic anemia (AIHA), or upon allo-antibody formation as a result of blood
transfusion. IgG-opsonization of RBCs promotes phagocytosis of the RBC through Fcreceptor activation on phagocytes.
Studies investigating RBC clearance have mainly focused on the role of macrophages.
In this study we have investigated the role of different populations of human spleen
leukocytes in phagocytosis of antibody-opsonized RBCs. Surprisingly, we found that,
depending on the conditions, neutrophils have a prominent role in phagocytosis
of opsonized RBCs. So far, there have been no studies on erythrophagocytosis by
neutrophils in humans. However, there are several case reports of patients with
hemolytic conditions such as AIHA in which circulating neutrophils are identified that
carry internalized RBC1,9,11,26,28,31,32,41. Nevertheless, this phenomenon has remained
unexplained, as it seems highly unlikely that neutrophils capture RBC in the blood
stream where the shear force is markedly high. Furthermore, it is not known whether
neutrophils, under these and other conditions, have a substantial contribution to
erythrocyte clearance in humans. If so, this would certainly contrast with the current
dogma that neutrophils do not play a major role in the clearance of IgG-opsonized RBC.
Here, we demonstrate in vitro and in vivo that neutrophils from the spleen can make a
significant contribution to phagocytosis of IgG-opsonized RBC.
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METHODS
Antibodies
Information on antibodies used for phagocytosis assays can be found in supplemental
figure 2. The following antibodies were used for opsonization of human RBCs: AntiRhD (human polyclonal antibody, RheDQuin, Sanquin, Amsterdam), Anti-glycophorin
A (anti-GPA, CD235a, mouse monoclonal IgG1, Sanquin Reagents), Isotype control
monoclonal mouse IgG1 (ThermoFisher, Ref: MG100), anti-CD47 (mouse monoclonal
IgG1, clone B6H12, generously provided by Dr. E. Brown, University of California, San
Francisco)25, anti-CR1 (rabbit polyclonal antibody, kind gift from Prof. Dr. M. R. Daha,
Leiden University Medical Center, the Netherlands), Anti-CD147 (mouse monoclonal
IgG2a, conjugate PE, clone 8D12, eBioscience), anti-CD55 (mouse monoclonal IgG1,
conjugate FITC, Pelicluster), anti-CD59 (mouse monoclonal IgG2a, conjugate FITC,
Pelicluster). B6H12 F(ab′)2 fragments were generated by pepsin digestion. Antibody
opsonization was measured using goat-anti-human (conjugate Alexa-488, Invitrogen),
goat-anti-mouse (conjugate Alexa-488, Invitrogen) or goat-anti-rabbit (conjugate
Alexa-488, Invitrogen). Complement deposition was measured using iC3b antibody
(Quidel) or C3 antibody (clone anti-C3-19, a kind gift from Dr. Diana Wouters, Dept. of
Immunopathology, Sanquin, Amsterdam). Monocytes or macrophages were identified
by anti-CD14 (conjugate FITC, Santa Cruz Biotechnology) and anti-CD163 (conjugate PE,
Trillium Diagnostics) staining.

Patient material
Blood samples of 6 AIHA patients were provided by the treating physician or by
the diagnostic department of Sanquin Amsterdam (excess of blood for diagnostic
procedures 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).
Patients were selected based on the clinical diagnosis and a positive Coombs test for
IgG at time of sample collection. Patients were tested negative for IgM and IgA. RBCs
of the patients were used in the phagocytosis assay with neutrophils isolated from two
healthy donors.
Human-spleen-tissueSplenocytes were isolated as previously described33. Splenic
material was obtained 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 donors was
collected during transplantation surgery as part of the standard diagnostic procedure
for HLA-typing. Excess splenic material for diagnostic procedures was used in an
anonymous fashion and used for research purposes.

IgG-mediated erythrophagocytisis by neutrophils
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FIGURE 1. Magnetic sorting of RBC phagocytosing cells from the human spleen. The following assay was
used to investigate erythrophagocytosis by cells of the human spleen in vitro. RBCs were biotinylated and coupled to
magnetic beads. RBCs were opsonized and stained with the membrane dye DiD. Cells of the spleen were isolated and
incubated with the RBCs for 1 hour. RBCs were lysed and the remaining spleen cells were put over a MACS column.
Cells elutriated from the column were analyzed by flow cytometry and cytospin (original magnification 50 X; stain,
May-Grünwald Giemsa).

Isolation of RBC
RBCs were isolated as previously described8 from blood from healthy RhD+ 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.

Isolation of human neutrophils and monocytes
Neutrophils or monocytes were isolated as previously described23,34. All blood was
obtained after informed consent and according to the 1964 Declaration of Helsinki.

Human spleen phagocytosis assay
RBCs were biotinylated by incubating cells in 6 μg/ml Biotin (Thermo Scientific) at 37°C
for 30 minutes and then washed and incubated with streptavidin MicroBeads (Miltenyi
Biotec) for 30 minutes at 4°C. RBCs were washed and stained with DiD lipophilic
membrane dye (1:100 for 108 RBCs, 20 min, 37°C, Life Technologies). The RBCs were
incubated for 1 hour at 37°C with cells isolated from the spleen (1:2 ratio, 80x106 RBCs
+ 40x106 splenocytes) under various conditions. After incubation of the RBCs with the
splenocytes for 1 hour at 37°C in N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid
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(HEPES) medium23 remaining RBCs were lysed using an isotonic ammoniumchloride
buffer for 10 minutes at 4°C followed by a second lysis step of 5 minutes at 4°C. After
washing the phagocytitic cells were selected using a LS magnetic activated cell sorting
(MACS) column (Miltenyi Biotec) analyzed by cytospin followed May-Grunwald Giemsa
staining and flowcytometry using Canto II or LSRII + HTS, BD (BD Biosciences) equipped
with FACSDiva Software (BD Biosciences)(for gating strategy see supplemental figure 1).

Human blood neutrophil phagocytosis assay
RBCs were stained with DiD lipophilic membrane dye (Life Technologies). Subsequently,
RBCs were incubated with neutrophils isolated from blood for 1 hour at 37°C (10:1
ratio, 5x106 RBCs + 0.5x106 neutrophils). Next, RBCs were lysed using an isotonic
ammoniumchloride buffer for 10 minutes at 4°C followed by a second lysis step of 5
minutes at 4°C. Cells were washed and resuspended in stop buffer containing 0.5%
(wt/vol) paraformaldehyde, 1% (wt/vol) bovine serum albumin, and 20 mM NaF in
phosphate-buffered saline. Phagocytosis was measured using flow cytometry.

Mice
Male and female CD47-deficient (CD47KO) mice on the Balb/c background27, SIRPαmutant mice (lacking most of the SIRPα cytoplasmic domain) on the C57BL/6
background18,35 and their respective homozygous wild-type (Wt) littermates were used.
Mice were kept in accordance with local guidelines, maintained in a specific pathogenfree barrier facility, and experiments were performed in compliance with relevant
Swedish and institutional laws and guidelines and approved by the Umeå research
animal ethics committee (A14-12).

Phagocytosis experiments in mice in vivo
RBCs were isolated from the blood of Wt or CD47KO mice, labeled with PKH26 and IgGopsonized with the anti-murine RBC monoclonal antibody (mAb) 34-3C (mouse IgG2a;
kindly provided by Dr Shozo Izui, University of Geneva, Switzerland) at 1 µg/1x108 RBCs,
as previously described40. After washing, 150 µl RBCs at 10% hematocrit was injected
intravenously into a lateral tail vein of anesthetized mice (isofluorane). At 90 minutes,
mice were euthanized, blood was harvested by heart puncture into heparin (5000 IU/
ml), and spleens were removed and kept on ice. Whole blood was incubated with Fcblock (mAb 2.4G2), followed by addition of APC-conjugated anti-mouse Gr-1 and FITCconjugated anti-mouse CD11b at room temperature for 15 minutes. After washing and
RBC lysis, samples were analyzed by flow cytometry (FACS Callibur, BD Biosciences) to
quantify the fraction of PKH26+ Gr-1hi CD11b+ neutrophils. Single cell suspensions were
prepared from spleens by mechanical disruption, as previously described22. Following
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incubation in Fc-block, splenocytes were labeled with mAbs against Gr-1 and CD11b
followed by Fluorescence activated cell sorter (FACS) analysis of the Gr-1hi CD11b+
neutrophil population, as described for neutrophils from whole blood.

Phagocytosis experiments in mice in vitro
Bone marrow neutrophils were isolated from femurs of 2-4 months old mice, using a
Percoll gradient as previously described29, and were resuspended at 5 x 106/ml in cold
Hank balanced salt solution (HBSS) containing Ca2+ and Mg2+ (HBSS++). RBCs were isolated
from the blood of Wt or CD47KO mice and opsonized with 5 µg mAb 34-3C/1x108 RBC as
described in the previous section. Neutrophils were incubated with IgG-opsonized RBCs
at a 1:20 ratio for 60 minutes at 37°C. Following lysis of non-ingested RBCs using ice cold
sterile H2O, cells were resuspended in PBS/1% human serum albumin (Octapharma) and
cytospun onto glass slides at 200 g for 5 minutes. The slides were stained with MayGrünwald/Giemsa and mounted using DPX (BDH Prolabo). A phagocytosis index was
calculated by counting ingested RBCs in 200 to 300 neutrophils per slide, and expressed
as number of RBCs/100 neutrophils.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.02. For comparison of
phagocytosis levels the one-way ANOVA-test was used followed by Sidak post-hoc test
for correction of multiple comparison. ****P < .0001; ***P < .001; **P < .01; *P < .05

RESULTS
Unopsonized RBCs are primarily phagocytosed by macrophages
We wanted to identify, in an unbiased fashion, the relevant phagocytic cells in the
human spleen that engulf IgG-opsonized RBCs. To examine this we developed an in
vitro assay to monitor RBC phagocytosis in total human splenocytes (figure 1). Instead
of isolating specific subsets of phagocytic cells, such as the red pulp macrophages, we
used all nucleated cells from the spleen. As a result the different subsets of splenocytes
are present in their different natural ratios in our phagocytosis assay. Approximately, 2%
of the cells isolated from human spleen (n=9) are macrophages (high autofluorescence),
7% are monocytes (side scatter low [SSClo] forward scatter high [FSChi]), 19% are
neutrophils (SSChi-FSCint) and 51% are lymphocytes (SSClo-FSClo; supplemental figure 1,
figure 2A).
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FIGURE 2. IgG-opsonization of RBCs induces phagocytosis by neutrophils and monocytes. (A) Percentages
of cell types in the spleen (n=9). (B) RBCs were unopsonized, anti-RhD opsonized or anti-GPA opsonized. Splenocytes
and RBCs were incubated for an hour and the phagocytic fraction was obtained using MACS. The absolute number of
phagocytes are shown. Anti-GPA opsonization causes a drastic increase of phagocytosis. (C) The absolute number of
splenocytes that take up RBCs per cell type. Neutrophils are the primary phagocytes in case of anti-GPA opsonization
(n=5 to 12).
In our phagocytosis assay we evaluated the heterogeneous splenocyte population for
their phagocytic capacity with magnetic RBCs. After incubation RBC were lysed and the
remaining cells were selected by magnetic sorting and analyzed (figure 1). This allowed
us to extract the phagocytes that had taken up a magnetic RBC. First, we determined
phagocytosis of unopsonized RBCs representative for homeostatic erythrophagocytosis
(figure 2B, C, supplemental figure 3). Using unopsonized RBCs as targets, analysis by
flow cytometry showed that the phagocytes isolated in this manner contained 81.6%
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macrophages, 14.3% neutrophils and 4% monocytes, consistent with the idea that
splenic macrophages represent the primary phagocytes for homeostatic turnover of
RBCs in vivo10,30.

RBC opsonization leads to phagocytosis by spleen neutrophils and
monocytes
We next determined the effect of IgG-opsonization of RBCs on phagocytosis. Using
anti-RhD, which causes a low level of opsonization (figure 3A), there was a slight but
significant increase of phagocytosis by monocytes (figure 2B,C, supplemental figure
3). Compared to the unopsonized condition there was no substantial increase in
phagocytosis in the total number of phagocytes. Of note, there was a shift towards the
monocytes within the phagocytic fraction, now representing 34% of the phagocytic
fraction, which occurred at the expense of the phagocytosis by macrophages, suggesting
that anti-RhD opsonization selectively promoted monocyte phagocytosis (figure 2B).
However, using anti-GPA, which leads to a very high level of opsonization (figure 3A),
we observed a significant increase in the total number of RBCs that were phagocytosed.
In absolute terms the phagocytosis by neutrophils was most notably enhanced (up to
65,7% of the phagocytic cells) and monocyte phagocytosis was too, albeit to a lesser
extent, by opsonization with the anti-GPA antibody. Thus, opsonization of RBCs leads to
a gradual recruitment of first monocytes (at low opsonizing levels) and later neutrophils
(at higher levels) to the pool of spleen erythrophagocytic cells (supplemental figure 4A).
This indicates that there are different thresholds for erythrophagocytosis among the
different phagocytes, and that antibody opsonization is a particularly powerful trigger
for lowering the threshold in neutrophils.

Phagocytosis of IgG-opsonized RBCs by neutrophils is dependent on the
degree of opsonization
Since neutrophils are the most abundant phagocyte in the spleen their contribution to
RBC phagocytosis can be quite substantial once they participate in the process. Therefore
we subsequently explored factors that are of potential influence on RBC phagocytosis
by neutrophils. First, we investigated how the degree of opsonization influences RBC
phagocytosis by neutrophils. Therefore we opsonized RBCs with increasing amounts
of anti-GPA and determined the effect on phagocytosis by neutrophils from blood
(figure 3B,C). The results indicate that with increasing amount of antibody deposited
on the RBC, phagocytosis by neutrophils increases as well. An isotype control did not
induce phagocytosis (supplemental figure 4B). The effect of antibody opsonization was
not restricted to anti-GPA antibodies. Using antibodies directed against various other
RBC antigens phagocytosis by neutrophils was found to correlate with the degree of
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antibody binding (supplemental figure 5A,B). We also determined the effect of different
IgG subclasses on RBC phagocytosis by neutrophils. Using monoclonal IgG1, IgG2 or
IgG3 anti-RhD for RBC opsonization we found that the IgG subclass of anti-RhD does
not influence RBC phagocytosis (supplemental figure 5C). Our anti-GPA is from murine
origin so we next investigated if other mouse monoclonal IgG1 antibodies could be as
potent in inducing phagocytosis of RBC by neutrophils. Phagocytosis of RBCs opsonized
with anti-CD44 or anti-CD55 showed a far lower level of phagocytosis compared to
RBCs opsonized with anti-GPA (supplemental figure 5D). This coincided with the lower
level of opsonization of these two antibodies (supplemental figure 5E) which suggests
that not antibody origin but rather the level of opsonization is the determining factor
for RBC phagocytosis by neutrophils.

FIGURE 3. Erythrophagocytosis by neutrophils is strongly dependent on the degree of opsonization of
the RBC. (A) Anti-GPA shows a much higher fluorescence intensity (MFI) compared to anti-D after secondary antibody
staining (n=3). (B) Phagocytosis by neutrophils depends on the degree of opsonization; extent of phagocytosis
explained as MFI of anti-GPA opsonized RBCs (left) or % of phagocytic neutrophils (right) (n=10). Error bars denote the
standard error of the mean. (C and D) Cytospins of the phagocytic fraction using C. anti-RhD opsonized RBCs (original
magnification 50 X; stain, May-Grünwald Giemsa) and (D) anti-GPA opsonized RBCs (original magnification 50 X; stain,
May-Grünwald Giemsa). These images where blindly chosen and are representative for 5 different experiments.
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Blocking of CD47 increases erythrophagocytosis by neutrophils and
monocytes
Antibody-dependent phagocytosis of RBCs is mediated through Fc-receptor signaling.
To counterbalance pro-phagocytic signals RBCs display the “don’t-eat-me” signal CD47
on their cell membrane. Interaction of CD47 with the inhibitory myeloid receptor
SIRPα inhibits phagocytosis5,36,38. Using F(ab’)2 blocking antibodies against CD47 we
determined the role of CD47 in IgG-mediated phagocytosis of RBCs in the spleen.
For these studies we used low opsonizing anti-RhD that by itself does not induce
erytrophagocytosis. The data show that merely blocking CD47 is not enough to induce
RBC phagocytosis by neutrophils. However, the combination of anti-RhD opsonization
and blocking of CD47 enhances phagocytosis by neutrophils (figure 4A,C). With a
conventional phagocytosis assay using stained RBCs instead of magnetic RBC the same
results were obtained (supplemental figure 6A). Moreover, CD47 blocking was able to
further augment phagocytosis of anti-GPA opsonized RBCs (supplemental figure 6B). In
conclusion, CD47 blocking is able to lower the threshold for neutrophil phagocytosis,
which enables them to phagocytose RBCs opsonized with low levels of IgG. Thus, IgGopsonization and CD47 are major counterbalancing determinants for phagocytosis,
and by lowering the threshold for phagocytosis through CD47 blocking neutrophils can
also be engaged in erythrophagocytosis.

Neutrophils of the blood and spleen phagocytose IgG-opsonized Wt or
CD47 deficient RBCs in vivo
Our in vitro experiments indicate an important role for human neutrophils in IgGmediated RBC clearance in the spleen. To establish the potential of neutrophils to
phagocytose IgG-opsonized RBCs in vivo, we used a murine model. For this, labeled
IgG-opsonized RBCs were injected intravenously into Wt Balb/c mice and neutrophils
in blood and spleens were analyzed for RBC uptake at 90 minutes after injection, using
flow cytometry (figure 5 A,B, supplemental figure 7). Since murine neutrophils were
found to phagocytose IgG2a-opsonized, but not IgG1-opsonized, RBCs in vitro (data
not shown), an IgG2a antibody was used to opsonize RBCs in the present study. Our
results showed that IgG-opsonized RBCs were taken up by neutrophils in the spleen
(supplemental figure 7B) and were also found, albeit to a much lesser extent, in
neutrophils in the blood. Additionally, erythrophagocytosis was substantially enhanced
when RBCs lacked CD47 (figure 5 A,B). Collectively, these data show that neutrophils can
significantly contribute to erythrophagocytosis, also in vivo, and thus support our in vitro
findings with human splenocytes. To further pinpoint if the ability of CD47 to regulate
neutrophil phagocytosis required SIRPα signaling in neutrophils, we investigated in vitro
phagocytosis of IgG-opsonized RBCs by neutrophils from Wt or SIRPα-mutant mice. In
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SIRPα-mutant mice, the extracellular SIRPα-domain is expressed while the cytoplasmic
signaling domain is deleted18,35. While phagocytosis of CD47KO RBCs by Wt neutrophils
was about 4-times more efficient than that for equally opsonized Wt RBCs, CD47KO and
Wt RBCs were phagocytosed equally by SIRPα-mutant neutrophils (figure 5C). These
data therefore show that the phagocytosis-inhibitory function of CD47 on RBC requires
SIRPα-signaling in neutrophils.
Figure 4.

B

Neutrophils

3×10 5

ns

ns

ns

ns

2×10 5

2×10 5

1×10 5

1×10 5
0
s

F(
hD
ab
')2
hD
C
,F
D
(a
47
b'
)2
C
D
47

0

an
tiR

F(
hD
ab
')2
hD
C
,F
D
(a
47
b'
)2
C
D
47

an
tiR

an

tiR

un
op

s

0

Macrophages

*

3×10 5

un
op

1×10 5

*

4×10 5

ns ****

tiR

2×10 5

5×10 5

an

ns

ns *

#phagocytic cells

3×10 5

Monocytes

*

un
op
s
an
tian
Rh
F
ti(a
D
b'
Rh
)2
D
CD
,F
(a
47
b'
)2
CD
47

C

an
F(
ab
tiRh
')2
CD
D,
F(
47
ab
')2
C
D4
7

op
s

an

un

tiRh
D

# phagocytic cells

A

#phagocytic cells

40

FIGURE 4. Erythrophagocytosis is greatly enhanced after blocking the “don’t eat me” signal CD47 on the
opsonized RBCs in vitro. (A) CD47-SIRPα interaction was blocked on unopsonized and IgG coated RBCs with F(ab’)2
CD47. Splenocytes and RBCs were incubated for an hour and the phagocytic fraction was obtained using MACS. Absolute
amount of phagocytic cells are shown (n=7 to 10). (B) Cytospins of the phagocytic fraction using anti-D opsonized RBCs
with CD47 blocking. These images where blindly chosen and are representative for 5 different experiments (original
magnification 50 X; stain, May-Grünwald Giemsa). (C) F(ab’)2 fragments of anti-CD47 do not significantly increase
RBC phagocytosis by neutrophils. However, F(ab’)2 CD47 in combination with anti-RhD opsonization does significantly
increase RBC phagocytosis (n=7 to 10). Error bars denote the standard error of the mean. Stars represent highly
significant differences (*P < .05, ****P < .0001). ns, nonsignificant differences.
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FIGURE 5. The CD47-SIRPα-interaction regulates neutrophil phagocytosis of syngeneic RBCs in vivo. (A
and B) Neutrophil uptake of IgG-opsonized Wt or CD47-deficient RBCs in vivo. PKH26-labeled IgG-opsonized RBCs
were injected intravenously into Wt recipient mice and neutrophils in blood or spleen were analyzed for RBC uptake
at 90 minutes after injection, using flow cytometry (n=4 to 5). (C) Phagocytosis of equally IgG-opsonized CD47 Wt or
CD47-deficeint (CD47KO) RBCs by Wt or SIRPα mutant bone marrow neutrophils in vitro in the presence of 1 µM fMLF.
Error bars denote the standard error of the mean. Stars represent highly significant differences (****P < .0001). ns,
nonsignificant differences.

RBCs of AIHA patients are more readily phagocytized by neutrophils
compared to RBCs of healthy individuals
To further address whether neutrophils may play a role in erythrophagocytosis in
AIHA, we tested whether RBCs of AIHA patients (n=6) could be phagocytosed by
neutrophils (figure 6). To compare different patients tested on different occasions we
used RBCs of healthy controls opsonized with anti-RhD or anti-GPA as a reference for
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IgG-induced phagocytosis, and normalized the data of each patient to the phagocytic
response seen with anti-GPA on the same day. All patients showed a positive Coombs
test (direct antiglobulin test) for IgG, but with varying levels of total IgG observed by
flow cytometry (supplemental figure 8A). Furthermore, the IgG’s were shown to be of
different specificities (supplemental figure 8D). Nevertheless, in 4 out of 6 patients, the
overall opsonization appeared sufficient to induce neutrophil erythrophagocytosis, and
in 3 out of 6 patients the level of phagocytosis was close to that seen with anti-GPA
opsonized healthy control RBCs (figure 6). This was striking since the level of opsonization
with anti-GPA appeared substantially higher (figure 3A) than that with the endogenous
autoantibodies of AIHA patients. As expected, based on the data in the previous two
sections, blocking of CD47 could further enhance neutrophil phagocytosis of AIHA
RBCs, but not of RBCs from a healthy control in 2 out of 3 cases (supplemental figure 8E).
Taken together, these data show that the prophagocytic signals are certainly sufficient,
in the majority of AIHA patients tested here, to induce neutrophils to phagocytose RBC
from AIHA patients.

Neutrophil priming enhances erythrophagocytosis
In 20-80% of the cases AIHA is secondary to an underlying illness such as an infection,
a lymphoproliferative disorder or an autoimmune disease6,42. In idiopathic as well as in
secondary AIHA the production of proinflammatory cytokines has been reported to
be increased4,13,14,16. We hypothesized that the immunological status of the patient can
be of influence on the degree of erythrophagocytosis by neutrophils. For this reason
we investigated the effect of neutrophil priming on erythrophagocytosis. Neutrophil
priming prior to incubation with unopsonized RBCs or anti-RhD opsonized RBCs did
not have any effect on phagocytosis (figure 7A,B). Yet, depending on the stimulus,
phagocytosis of anti-GPA opsonized RBCs was significantly increased after stimulating
neutrophils (figure 7C). FSL-1 (ligand for Toll-like receptor 2 [TLR2] and TLR6), TNFα
(TNFR1 agonist) and LPS (TLR4 agonist), all induce phagocytosis of IgG-opsonized
RBC by neutrophils (figure 7A). Priming with C5a (C5aR agonist), interferon γ (INFy)
or interleukin-8 (IL-8) did not increase phagocytosis. Neutrophil priming using LPS in
combination with CD47 blocking resulted in augmented phagocytosis of IgG-opsonized
RBC by neutrophils (figure 7D). While Bian et al. showed this same effect in vivo in mice
for multiple stimuli 7, in our assay other stimuli did not have this effect. Overall, our
data demonstrate that various inflammatory mediators can lower the threshold for
phagocytosis of IgG-opsonized RBCs by neutrophils.
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FIGURE 6. RBCs of AIHA patients show increased phagocytosis compared to RBC from healthy individuals.
(A) RBCs of a AIHA patient with auto-IgG antibodies and RBCs of a healthy control were labeled with DiD and incubated
with neutrophils of two to three healthy donors. Erythrophagocytosis of patient I, III and VI RBCs was comparable
to erythrophagocytosis of anti-GPA opsonized RBCs frol a healthy control. Phagocytosis of RBC of patient II and V by
neutrophils is not significantly increased compared to RBCs of a healthy control. Phagocytosis of RBC of patient IV by
neutrophils is increased compared to RBCs of a healthy control. Error bars denote the standard error of the mean. Stars
represent highly significant differences (*P < .05, ***P < .001, ****P < .0001). ns, nonsignificant differences. (B)
Results of the Coombs test (direct antiglobulin test). All patients were tested positive for IgG and negative for IgM and
IgA in the Coombs test performed by diagnostics. Patient II and IV showed low positivity for complement and remaining
patients were tested negative for complement. (+ : positive, - : negative, (+) : low positivity). Error bars denote the
standard error of the mean.
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Figure 7. Neutrophil priming enhances erythrophagocytosis. (A-C) Stimulation of human neutrophils isolated
from the blood. Stimuli can enhance phagocytosis of anti-GPA opsonized RBCs but not of unopsonized RBCs or anti-RhD
opsonized RBCs. (D) CD47 blocking combined with neutrophil priming using LPS enhances phagocytosis by neutrophils.
Other stimuli do not have this effect. Error bars denote the standard error of the mean. Stars represent highly significant
differences (****P < .0001). ns, nonsignificant differences.
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DISCUSSION
In this study we took an unbiased approach to investigate phagocytosis of IgGopsonized RBCs in the human spleen. The aim of the study was to examine the role
of different phagocytes in the process of RBC clearance in the presence of antibodies.
The spleen is the primary site for IgG-mediated RBC clearance while IgM-associated
extravascular hemolysis occurs predominantly in the liver16. For our study the spleen is
therefore the organ of interest.
Using magnetic RBC we have developed a unique assay to investigate the role of different
cell types in RBC phagocytosis in the human spleen (Figure1). Previous methods for
studying erythrophagocytosis have difficulties differentiating between RBC uptake,
RBC adherence and trogocytosis. By lysing remaining RBC after incubating RBCs with
splenocytes and subsequently selecting for magnetic splenocytes we efficiently obtain
the cells that have taken up RBCs. In line with the current literature we found that
under steady-state conditions (in the absence of anti-RBC antibodies) macrophages are
responsible for RBC clearance.10,15 For IgG-opsonized RBCs, as in AIHA, the mechanism of
RBC clearance appears different. Namely, neutrophils, and to a lesser extent monocytes,
can contribute significantly to IgG-opsonized RBC clearance in our in vitro assay, but
also in a murine model of AIHA. These data fit with the current opinion that tissue
resident macrophages, such as the red pulp macrophages, have a homeostatic function
in clearance while infiltrating myeloid cells take over this function under pathological
conditions 3,17,24.
The threshold for neutrophils to phagocytose RBCs seems to be much higher than that
of macrophages (while monocytes have an intermediate one). Different factors were
shown to determine if the threshold to phagocytose IgG-opsonized RBC by neutrophils is
reached. First, erythrophagocytosis by neutrophils was found to be strongly dependent
on the degree of opsonization of the RBC. Second, activation of the neutrophils, which
can be increased by different stimuli, such as ligands for TLRs (FSL-1 and LPS) and TNF,
increases phagocytosis of IgG-opsonized RBC. Lastly, RBC phagocytosis by neutrophils
is under negative control by the inhibitory CD47-SIRPα pathway.
Our data indicate that once the threshold for RBC phagocytosis by neutrophils has been
reached, neutrophils may become an important factor in the process of RBC clearance.
To investigate the possibility that neutrophils participate in the clearance of RBCs in
AIHA, we studied phagocytosis by neutrophils using RBCs from AIHA patients. RBCs
from AIHA patients were more readily phagocytosed than RBCs of healthy controls.
This is despite the fact that in vivo IgG-opsonization of patient RBCs is always lower

2

46

Chapter 2

than that of in vitro opsonized RBCs. An explanation for this may be that RBCs of
AIHA can have additional “eat me” signals besides the IgG-opsonization that enhance
phagocytosis by the neutrophils, such as complement. Even though the Coombs tests
for complement deposition were negative or low in all cases, in some patients C3
fragments were detectable by flow cytometry (supplemental figure 8B). It could also
be that the specificity of the antibody has an effect on the type of immune activation.
Anti-GPA is highly potent in inducing phagocytosis since GPA is the most abundant
protein of the cell surface of the RBC membrane. Besides the abundance of the epitope
the density may also affect phagocytosis. Additionally, the glycosylation status of the
antibody may also be of influence. Low IgG-Fc-fucosylation has been shown to enhance
platelet phagocytosis by neutrophils and monocytes via increased binding to FcγRIIIa/
b21. Moreover, low IgG-fucosylation has been found to correlate with hemoglobin levels
and disease severity in hemolytic disease of the fetus and newborn20,43.
This project has focused of FcγR-mediated phagocytosis, yet in vivo antibody-mediated
RBC clearance can also be promoted by complement, which induces phagocytosis via
complement receptors12. Both Fcγ and complement receptor-mediated phagocytosis
are regulated by CD47-SIRPα interactions37. It would be interesting to investigate the
role of neutrophils in complement receptor mediated RBC clearance.
In vitro, RBC phagocytosis by neutrophils can further be potentiated by inflammatory
mediators, indicating that in AIHA the inflammatory status of the patient may also
contribute to the severity of RBC clearance and hence anemia. Indeed, there is a large
body of evidence that AIHA can be induced by an underlying disease in the patient which
may lower the threshold of the neutrophils to phagocytose IgG-opsonized RBC, and
thus exacerbate the hemolytic anemia. It is important to keep in mind that during these
pathological conditions the cellular composition of the spleen can change2,46 which
subsequently may influence phagocytosis. Additionally, intravenous immunoglobin
administration, a common therapy in AIHA can change cellular distribution in the
spleen which may affect erythrophagocytosis19.
Overall, our data show that neutrophils residing in the spleen can contribute significantly
to the destruction of IgG-opsonized RBC. We have identified IgG levels on the RBC
as well as the presence of inflammatory mediators to be important factors to drive
phagocytosis of IgG-opsonized RBC by neutrophils. Therefore, in a clinical setting where
antibody opsonization of RBCs and inflammatory mediators are present, neutrophils
may strongly contribute to RBC clearance. Due to their abundance, the impact of
erythrophagocytosis by neutrophils may be of great significance in conditions such as
AIHA or blood transfusion reactions.
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SUPPLEMENTAL FIGURE 1. Gating strategy of human splenocytes. (A) Macrophages (green) were characterized
as autofluorescent cells within the life gate and checked for CD163 positivity. Neutrophils (red), monocytes (blue) and
lymphocytes (yellow) were gated within the non-fluorescent population based on forward and side scatter. (B) Control
stainings of the macrophage gate using anti-CD163 and of the monocyte gate using anti-CD14. When sorting cells with
flow cytometry we obtain a pure population of (A) neutrophils, (B) macrophages or (C) monocytes when analyzing
with cytospin. These images where blindly chosen and are representative for 3 different experiments.
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SUPPLEMENTAL FIGURE 2. Antibodies used for opsonization in phagocytosis assays. Table showing the
orgin, poly- vs. monoclonality of the antibodies and subclass specificity of the antibodies used for opsonization in our
phagocytosis assays.

SUPPLEMENTAL FIGURE 3. IgG-opsonization of RBCs induces phagocytosis neutrophils and monocytes.
The percentage of splenocytes that take up RBCs per cell type. Neutrophils are the primary phagocytes in case of antiGPA opsonization (n=5 to 12). Error bars denote the standard error of the mean. Stars represent highly significant
differences (**P < .01; ***P < .001; ****P < .0001). ns, nonsignificant differences.
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SUPPLEMENTAL FIGURE 4. Neutrophils and monocytes have a different threshold for RBC phagocytosis.
(A) Phagocytosis by neutrophils or monocytes depends on the degree of opsonization. The threshold for RBC
phagocytosis is higher for neutrophils while monocytes readily take up RBCs at low opsonization conditions (n=4). (B)
Magnetic RBCs were unopsonized, opsonized with an IgG1 isotype control or opsonized with anti-GPA. Neutrophils and
RBCs were incubated at 1:10 ratio for an hour after which RBCs were lysed using an isotonic ammoniumchloride buffer
for 10 minutes at 4°C followed by a second lysis step of 5 minutes at 4°C. Next the phagocytic fraction was obtained
using magnetic activated cell sorting. The absolute number of neutrophils that have taken up a RBC are shown (n=4).

54

Chapter 2

SUPPLEMENTAL FIGURE 5. Effects on phagocytosis of subclass of the opsonizing antibody. (A and B)
Antibodies directed against various RBC antigens show different levels of opsonization and this correlates with the
ability to induce phagocytosis by neutrophils. (C) The IgG subclass does not influence RBC phagocytosis by neutrophils.
Using polyclonal or monoclonal anti-RhD of IgG1, IgG2 or IgG3 subclass does not show differences in level of
phagocytosis by neutrophils. As a positive control high opsonization with anti-GPA (monoclonal IgG1) shows high levels
of phagocytosis. Error bars denote the standard error of the mean. (D and E) Monoclonal mouse IgG1 antibodies show
different levels of opsonization and this correlates with the ability to induce phagocytosis by neutrophils.
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SUPPLEMENTAL FIGURE 6. CD47 blocking enhances phagocytosis of IgG-opsonized RBCs by neutrophils
of the blood. (A) Neutrophils from the blood show increased phagocytosis of RBC when anti-RhD opsonization is
combined with CD47 blocking. (B) Phagocytosis of anti-GPA opsonized RBCs can also be augmented by blocking CD47.
Error bars denote the standard error of the mean. Stars represent highly significant differences (**P < .01, ***P < .001,
****P < .0001). ns, nonsignificant differences.
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SUPPLEMENTAL FIGURE 7. Gating strategy for phagocytosis experiments in mice in vivo. (A) Neutrophils
were gated based on forward and side scatter followed by a selection for CD11b+, Gr-1+ cells. Transfused RBCs were
labeled with the fluorescent dye PKH26 before opsonization and transfusion. (B) Cytospins showing RBC phagocytosis
by murine neutrophils. Cells were spun onto glass slides before and after lysis of RBC. These images where blindly
chosen and are representative for 4 different experiments.
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SUPPLEMENTAL FIGURE 8. Opsonization of RBC from AIHA patients. (A) Antibody opsonization of patient RBCs
measured with flow cytometry using a goat-anti-human antibody. (B and C) Complement deposition on patient RBCs
measured using an antibody directed against (B) iC3b or (C) C3-19. (D) Bilirubin, lactate dehydrogenase (LDH) and
hemoglobin (Hb) levels of the AIHA patients. (E) CD47 blocking increased phagocytosis of patient II and III RBCs but not
of RBCs from a healthy control. CD47 blocking did not further increase phagocytosis of patient IV. Error bars denote the
standard error of the mean. Stars represent highly significant differences (*P < .05, **P < .01, ***P < .001, ****P <
.0001). ns, nonsignificant differences. (C) Results of the Coombs test (direct antiglobulin test). All patients were tested
positive for IgG and negative for IgM and IgA in the Coombs test performed by diagnostics. Patient II and IV showed low
positivity for complement and remaining patients were tested negative for complement. (+ : positive, - : negative, (+)
: low positivity). Error bars denote the standard error of the mean.
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ABSTRACT
Neutrophils are particularly well known for their anti-microbial function. While
historically they are regarded as strictly a phagocyte of the innate immune system, over
time it has become clear that neutrophils are versatile cells with numerous functions
including innate and adaptive immune regulation. We have previously described
a role for human neutrophils in antibody-mediated red blood cell (RBC) clearance.
Under homeostatic conditions neutrophils do not take up RBCs. Yet, when RBCs are
IgG opsonized which can occur in allo- or autoimmunization reactions, neutrophils can
effectively phagocytose RBCs. In the present study we show that human neutrophils
acquire an antigen presenting cell (APC) phenotype following RBC phagocytosis.
Subsequent to RBC phagocytosis neutrophils expressed MHC class II and costimulatory
molecules such as CD40 and CD80. Moreover, in classical APCs the respiratory burst
is known to regulate antigen presentation. We found that the respiratory burst in
neutrophils is reduced after IgG-mediated RBC phagocytosis. Additionally, following
RBC phagocytosis neutrophils were demonstrated to elicit an antigen-specific T cell
response, using tetanus toxoid (TT) as an antigen to elicit a autologous TT-specific CD4+
T cell response. Lastly, while the “don’t eat me” signal CD47 is known to have a powerful
restrictive role in the activation of immunity against RBCs in dendritic cells, CD47 does
not seem to have a significant effect on the antigen presenting function of neutrophils
in this context. Overall, these findings reveal that besides their classical anti-microbial
role, neutrophils show plasticity in their phenotype.

Keypoints
•
•

RBC phagocytosis by neutrophils induces expression of MHC class II and
costimulatory molecules and inhibits the respiratory burst
Neutrophils can induce tetanus toxoid-specific T cell activation and proliferation
after RBC phagocytosis
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INTRODUCTION
Neutrophils are innate immune cells that are the first responders in tissue injury and
infection1,2. They were conventionally regarded as terminally differentiated cells with
an anti-microbial function. Over the years it has become clear that the function of
neutrophils extends well beyond the classical role of an innate immune cell3. It has
been established that neutrophils possess a broad assortment of cytokines and effector
molecules4,5. In addition, neutrophils have been shown to be involved in an extensive
range of effector functions and can activate and regulate the innate and adaptive
immune system3.
In a previous study we have described a role for neutrophils in antibody-mediated
RBC clearance6. Since the spleen is the major filter of the blood and the primary organ
responsible for RBC clearance we focused on RBC clearance in this organ. We found
that whereas homeostatic RBC clearance is mainly a task for splenic macrophages,
neutrophils can become the primary phagocyte in the clearance of IgG-opsonized RBCs.
These findings suggest a role for neutrophils in auto- or alloimmune reactions against
RBCs after the formation of the primary antibody. In the current study we explored the
consequences of RBC phagocytosis on immune functions of the neutrophil.
Increasing evidence indicates that neutrophils can contribute to adaptive immunity
by influencing antigen specific responses. They can have an indirect effect on antigen
presentation by activating dendritic cells (DCs)7 and they may even directly activate
T cells by transporting and presenting antigens themselves3,8-10. In this study we have
explored the potential of human neutrophils to act as APCs following IgG-mediated
RBC phagocytosis.
To present antigens to T cells, APCs need to express MHC-II. Additionally costimulatory
molecules are necessary for T cell activation and proliferation. Therefore we first
examined the potential of neutrophils to express MHC-II and costimulatory molecules.
Next, we have investigated the respiratory burst that results from RBC phagocytosis.
In professional APCs the extent of reactive oxygen species (ROS) production helps
to regulate the level of antigen degradation and thereby the efficiency of antigen
presentation11-13. Ultimately, we have investigated the ability of neutrophils to induce a
specific T cell response.
Under homeostatic conditions 2.5 x 1011 RBCs become senescent and get cleared from
the circulation each day14. Virtually all cells including RBCs express CD47 as a marker
of “self”15. CD47 acts as a molecular switch for erythrophagocytosis16 and additionally,
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CD47-SIRPα interactions negatively control various immune effector functions17. Yi et
al. have demonstrated that reduced expression of CD47 activates DCs and contributes
to auto- or alloimmunity against RBCs18. We have previously found that CD47-SIRPα
interactions acts as an inhibiting signal in erythrophagocytosis by neutrophils. Whether
the lack of CD47 on RBCs can also promote the induction of antigen-specific CD4+ T cell
responses when using neutrophils as APC is as yet unclear.
In this study we show for the first time that the phagocytosis of IgG-opsonized RBCs
causes human neutrophils to acquire APC characteristics such as the expression of
MHC-II and costimulatory molecules. Moreover, we demonstrate that the respiratory
burst is greatly reduced in neutrophils that phagocytose opsonized RBCs compared to
neutrophils taking up microbes. Additionally, using tetanus toxoid (TT) as an antigen,
these neutrophils were proven to elicit an autologous TT-specific CD4+ T cell response.
This T cell response is not affected by CD47 on the RBCs taken up by the neutrophils.
Overall, our findings show that neutrophils are versatile cells with a plastic phenotype.

METHODS
Isolation of RBC
RBCs were isolated as previously described16 from healthy donor blood, after obtaining
informed consent. Studies on human blood samples were approved by the Sanquin
Research institutional medical ethical committee, in accordance with the 1964
Declaration of Helsinki.

Isolation of human neutrophils
Neutrophils (PMNs) were isolated as previously described19. All blood was obtained
after informed consent and according to the 1964 Declaration of Helsinki.

Antibodies
Anti-glycophorin A (anti-GPA, CD235a, mouse monoclonal IgG1, Sanquin Reagents) was
used to opsonize RBCs. GPA is the most prevalent protein on the RBC membrane and
therefore a good target for opsonization. In our previous paper this antibody was found
to be highly potent in inducing phagocytosis by neutrophils6.
F(ab’)2 anti-CD47 (mouse monoclonal IgG1, clone B6H12, generously provided by Dr.
E. Brown, University of California, San Francisco) was used to block CD47 on RBCs.
Antibodies used for FACS analysis; anti-CD3 pacific blue (Life Technologies), anti-CD4
APC (Becton, Dickinson & company), anti-CD8 PE (Biolegend), anti-CD19 APC (BD
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Pharming), anti-CD14 PE-Cy7 (BD Pharming), anti-HLA-DR pacific blue (Biolegend),
anti-HLA-DR FITC (Biolegend), anti-CD40 brilliant violet 510 (Biolegend), anti-CD40
FITC (Biolegend), anti-CD80 FITC (Biolegend), anti-CD83 APC (BD Pharmingen) antiCD86 FITC (R&D systems), anti-CD25 BV510 (BD Biosciences), anti-CD38 PE-Cy7 (BD
Biosciences), isotype FITC (Pelicluster), isotype APC (Sanquin), isotype PE (Pelicluster)
isotype PE-Cy7 (BD Biosciences) and isotype BV510 (BD Biosciences).

Phagocytosis assay
RBCs were stained with DiD lipophilic membrane dye (Life Technologies). Subsequently,
RBCs ± anti-GPA (RBC and RBC-ops) and ± F(ab’)2 anti-CD47 were incubated with
neutrophils isolated from blood for 1 hour or overnight at 37°C (10:1 ratio, 5x106 RBCs +
0.5x106 neutrophils). Next, RBCs were lysed using an isotonic ammoniumchloride buffer
(isotonic NH4Cl-KHCO3-EDTA solution) for 10 minutes at 4°C followed by a second lysis
step of 5 minutes at 4°C. Cells were washed and resuspended in stop buffer containing
0.5% (w/v) PFA, 1% (w/v) BSA and 20mM NaF in PBS. Phagocytosis was measured using
flow cytometry using a Canto II flow cytometer (BD Biosciences) equipped with FACSDiva
Software (BD Biosciences). For measurement of HLA-DR, CD40 and CD80 expression the
same procedure was performed with unstained neutrophils. Neutrophils in the various
conditions were cultured overnight with 10 ng/ml G-CSF (PeproTech) and HLA-DR,
CD40 and CD80 expression was measured with flow cytometry on fresh neutrophils and
after overnight incubation. Represented MFI shows MFI of stained neutrophils – MFI of
neutrophils with isotype control.

Phagocytosis assay; magnetic selection
RBCs were incubated in 15 μg/ml Biotin (Thermo Scientific) in PBS at 37°C for 30 minutes
and then washed and incubated with streptavidin MicroBeads (Miltenyi Biotec) for
30 minutes at 4°C. Hereafter, RBCs were opsonized with anti-GPA (30 minutes, 4°C).
The magnetic RBC-ops were washed and added to freshly isolated neutrophils (10:1
ratio, 45 minutes at 37°C in hepes medium). Next, RBCs were lysed using an isotonic
ammoniumchloride buffer for 5 minutes at 4°C followed by a second lysis step of
5 minutes at 4°C. After washing the phagocytic cells were selected using a LS MACS
column (Miltenyi Biotec). The phagocytic and non-phagocytic fraction were incubated
overnight (37°C, hepes medium with 10 ng/ml G-CSF) and analyzed for MHC-II and
costimulatory molecule expression using flow cytometry using Canto II (BD Biosciences)
equipped with FACSDiva Software (BD Biosciences). Represented MFIs show MFI of
stained neutrophils – MFI of neutrophils with isotype control.
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qPCR
The QIAamp RNA isolation kit (Qiagen) was used for all RNA isolation according to the
manufacturers protocol. For the generation of cDNA, the SuperScript III First Strand
Synthesis System for RT-PCR (Invitrogen) was used according to the manufacturers
protocol. RT-PCR was performed on the Light Cycler system (Roche), using the following
amplification conditions: 2 minutes at 95°C, 5 seconds at 98°C, 10 minutes at 60°C
followed by 15 minutes at 72°C. Primers for HLA DR and GUS (control) were as followed:
HLA-DR ex 1 FW: CTC AGG AAT CAT GGG CTA ACA AAG; HLA-DR ex 2-3 RV: TAC CTC TGG
AGG TAC ATT GGT GAT; GUS FW: GAA AAT ATG TGG TTG GAG AGC TCA TT; GUS RV: CCG
AGT GAA GAT CCC CTT TTT A. The PCR product was checked by Sanger sequencing
(Abiprism 3700 genetic analyzer) and with Blast control on specificity.

DC culture
DCs were obtained from the culture of CD14 microbead (Miltenyi) isolated monocytes.
The monocytes were seeded at a density of 1x106/ml in a 6-well culture plate in
Cellgro DC medium (Cellgenix) containing 800U/ml IL-4 (Cellgenix) and 1000U/ml GMCSF (Cellgenix) . After a 7 day incubation at 37°C, immature DCs were harvested and
stimulated for 48 hours with LPS (1µg/ml) in medium with 1% FCS. FACS analysis for
MHC-II and costimulatory molecule expression was performed using a Canto II (BD
Biosciences) equipped with FACSDiva Software (BD Biosciences). Represented MFIs
show MFI of stained neutrophils – MFI of neutrophils with isotype control.

NADPH oxidase activity
The respiratory burst was measured with the Amplex Red (10-acetyl-3,7dihydroxyphenoxazine) Hydrogen Peroxidase Assay kit (Molecular Probes) as described
previously20. Neutrophils were incubated ±RBCs or RBC-ops. To inhibit catalase activity
of RBCs the assay was performed in the presence of NaN3 (2mM, Merck). To control
for the ability to produce ROS, the different neutrophil incubations were additionally
incubated with either zymosan (1 mg/mL; Sigma-Aldrich) or phorbol 12-myristate
13-acetate (PMA, 100 ng/mL; Sigma-Aldrich, St Louis, Mo). Fluorescence was measured
at 30-second intervals for 30 minutes with the Infinite 200 PRO (Tecan, Mannedorf,
Switzerland). Maximal slope of H2O2 release was assessed over a 2-minute interval to
determine the NADPH oxidase activity. Intracellular H2O2 production was measured by
dihydrorhodamine-1,2,3 (DHR)-labeled RBCs or zymosan (29 mM, Sigma Chemicals) as
described in detail previously21.
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Nitroblue tetrazolium (NBT) assay
Neutrophils were cultured in Hepes medium19 with 1 mg/ml G-CSF overnight at 37°C ±
RBCs or RBCs-ops or for 5 minutes with PMA. After incubation NBT (Sigma) in PBS (5mg/
ml) was added to the cell suspensions and incubated at 37 °C for 30 minutes. Cytospins
were prepared using ~100,000 cells and fixed using methanol. KernEchtRood (Merck)
was added to slides for 5-10 minutes, then rinsed and inspected under a microscope.

Western blot
Lysates of fresh neutrophils and overnight incubated neutrophils ± RBC or RBCops ± F(ab’)2 anti-CD47) were made and subjected to 10% sodium dodecyl-sulfate–
polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes
(Schleicher & Schuell). Membranes were washed and blocked with 5% nonfat milk
(Elk, Campina). As primary antibody anti-HLA-DR (mouse IgG, Biolegend) or anti-CD40
(mouse IgG, Novis) were used. As loading control the housekeeping protein GADPH
(Rabbit IgG, Merck Millipore) or actin (Sigma) were detected (2% milk protein/TBS-T
overnight at 4°C). As secondary antibody goat anti–mouse-IgG IRDye 800CW or goat
anti–rabbit-IgG IRDye 680RD (LI-COR Biosciences) were used. Quantification of protein
expression was performed on an Odyssey Infrared Imaging system (LI-COR Biosciences).

Autologous TT-specific T cell assay
PBMCs were isolated from whole blood using density gradient centrifugation over
isotonic Percoll (Pharmacia Uppsala, Sweden) with a specific gravity of 1.076 g/mL
(2,070 rpm, 20 minutes, 21°C). Next, MACS isolation was used to isolate T cells (Pan
T cell isolation kit human, Miltenyi Biotech). Purity of isolated T cells and neutrophils
was established with cytospin and flow cytometry (S2 and S3). T cells were incubated
with neutrophils ± RBC or RBC-ops (T cell : neutrophils : RBC; 5:1:10 ratio) and 10µg/
ml tetanus toxoid (TT) (Statens Serum Institute). As a positive control autologous T
cell depleted PBMCs (+10µg/ml TT) were used to stimulate the T cells (T cell : PBMC;
5:1). As a negative control T cells alone and/or T cells with RBCs (5:10 ratio, 10µg/ml
TT) were used. In addition, to establish an antigen specific effect all conditions were
also evaluated without TT. On day 4 T cells were re-stimulated with neutrophils ± RBC
or RBC-ops. Activation of T cells was measured on day 1, 4 and 8 by measuring the
percentage of CD25, CD38 or HLA-DR positive CD4+ or CD8+ cells by flow cytometry
(Canto II, BD Biosciences). To measure T cell proliferation T cells were CFSE labeled (cell
trace, Invitrogen) at day 0. Proliferation of T cells was measured on day 8 by measuring
the percentage of CFSE dim CD4+ or CD8+ cells by flow cytometry. (Canto II, BD
Biosciences). The gating strategy is explained in supplemental figure 4. HLA-DR was
blocked using HLA-DR blocking antibody (Biolegend).
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Luminex
25 µL of medium from each condition of the TT-specific T cell assay was analyzed
using a custom Bio-Plex Pro human cytokine 13-plex panel antibody kit according to
the manufacturer’s protocol (BioRad). As a readout system we used a Bio-Plex protein
array system (BioRad) using both supplied high-calibration and low-calibration curves,
according to the manufacturer’s instructions.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 7. For comparison of
phagocytosis, protein expression, H2O2 production and proliferation the one-way
ANOVA-test was used followed by Sidak post-hoc test for correction of multiple
comparison. For the comparison of the expression levels of the activation markers
a two-way ANOVA-test was used followed by Tukey test for correction of multiple
comparison. ****P < .0001; ***P < .001; **P < .01; *P < .05

RESULTS
RBC phagocytosis by neutrophils induces MHC-II and costimulatory
molecule expression
We have previously shown that only opsonized RBCs (RBC-ops) and not unopsonized
RBCs are phagocytosed by neutrophils6. To investigate whether neutrophils can act as
APCs following RBC phagocytosis we first confirmed our previous findings using flow
cytometry and cytospin analysis (figure 1A and B, S1). Professional APCs express MHC-II
and co-stimulatory molecules in order to present antigens. Therefore, we measured MHCII (HLA-DR) and co-stimulatory molecule (CD40 and CD80) expression on neutrophils
following RBC phagocytosis. Freshly isolated neutrophils showed no to low expression
of HLA-DR, CD40 and CD80. In contrast, these markers were upregulated on neutrophils
20 hours after RBC phagocytosis (figure 1C-E). These results were confirmed for HLA-DR
and CD40 by western blot (figure 6D and E). Previously, IFNγ, TNFα and GM-CSF were
shown to induce HLA-DR expression on neutrophils22,23. Here we found that the levels
of HLA-DR but not CD40 or CD80 upregulation on neutrophils was significantly greater
after incubation with RBC-ops when compared to neutrophils stimulated with IFNγ,
TNFα or GM-CSF (figure 1F-H).
Approximately 45% of the neutrophils incubated with RBC-ops phagocytozed RBCs
(figure 1A). To selectively analyze the subset of neutrophils that had phagocytozed
a RBC we developed a highly specific assay using magnetically labeled RBCs (figure

APC features of Neutrophils

67

Figure 1
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FIGURE 1. Neutrophils upregulate MHC-II and costimulatory molecules following RBC phagocytosis. (A
and B) RBC phagocytosis by neutrophils was measured by incubating neutrophils ± DiD labelled unopsonized RBCs
(RBC) or anti-GPA opsonized RBCs (RBC-ops) for 45 min. Subsequently, RBC were lysed and the percentage of RBC
phagocytosing neutrophils was measured by flow cytometry. (A) Around 45% of neutrophils phagocytose RBC-ops
(mean ± SEM, N=5). (B) Phagocytosis of RBC-ops by neutrophils was confirmed by cytospin. These images where
blindly chosen and are representative for 5 different experiments. (C-E) Surface expression of HLA-DR (MHC-II), CD40
and CD80 on freshly isolated neutrophils (T=0) and neutrophils cultured for 20 hours (T=20) with or without RBCs or
RBC-ops. (F-H) Surface expression of HLA-DR, CD40 and CD80 on freshly isolated neutrophils (T=0) and neutrophils
stimulated with RBC-ops, IFNγ, TNFα or GM-CSF and cultured for 20 hours (T=20). The data represent the mean
fluorescence intensity (MFI) values of HLA-DR, CD40 and CD80 (mean ± SEM, N=5-7). Stars above bars represent
significant differences compared to T=0 control and stars above represent ⊓ significant differences between the
indicated bars (****P < .0001; ***P < .001; **P < .01*, P < .05, ns= non-significant).
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FIGURE 2. MHC-II and costimulatory molecules are specifically upregulated on neutrophils that have
phagocytized RBCs. (A) Schematic overview showing magnetic selection of the neutrophils that have phagocytosed
RBC-ops. RBCs were biotinylated and coupled to magnetic streptavidin-beads. RBCs were opsonized and incubated
with neutrophils for 1 hour. Next, RBCs were lysed and phagocytosing neutrophils were obtained by magnetic selection.
(B) Cytospins of the non-phagocytosing and phagocytosing neutrophils after magnetic separation. These images were
blindly chosen and are representative for 5 different experiments (C-G) Surface expression of HLA-DR, CD40 and CD80
on non-phagocytosing and phagocytosing neutrophils. Data represent the mean fluorescence intensity (MFI) values
of HLA-DR, CD40 and CD80 (mean ± SEM, N=4-10). (H) Relative levels of mRNA for HLA-DR in neutrophils ± RBCops measured by qPCR. Data are normalized for GUS expression (mean ± SEM, N=4). Stars above the bar represent
significant differences compared to T=0 control and stars above ⊓ represent significant differences between the
indicated bars (****P < .0001, **P < .01; *P < .05, ns= non-significant).
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2A). Using magnetic selection we separated non-phagocytizing neutrophils from
phagocytosing neutrophils (Figure 2B) and we measured MHC-II and costimulatory
molecule expression on both subsets using flow cytometry. HLA-DR, CD40 and CD80
were significantly upregulated on phagocytosing neutrophils but remained negative
on non-phagocytosing neutrophils compared to the control (figure 2C-E). Moreover,
due to the selectivity of this assay the MFI for the markers is greatly increased compared
to the standard flow cytometric assay used in figure 1C-H. In addition, we determined
CD86 and CD83 expression on the different sets of neutrophils (figure 2F and G). These
markers showed no or very low expression on freshly purified blood neutrophils, as well
as on non-phagocytosing or phagocytosing neutrophils. Finally, we found that mRNA
levels for HLA-DR were also significantly upregulated in phagocytosing neutrophils
(figure 2H). These results show that neutrophils selectively acquire characteristics of an
APC following IgG-opsonized RBC phagocytosis.
To get more insight into the potential of neutrophils to perform a role as APC, we
compared MHC-II and costimulatory molecule expression of RBC-ops stimulated
neutrophils with immature and mature monocyte derived DCs and monocytes (figure
3). Mature DCs express considerable higher levels of HLA-DR (288 times higher), CD40
(17.9 times higher) and CD80 (92.4 times higher) than neutrophils incubated with RBCops. CD40 is significantly higher on immature DCs and a trend of higher expression
on immature DCs can be seen for HLA-DR and CD80 (HLA-DR; 179 times higher, CD40;
2.6 times higher and CD80; 5.8 times higher). Due to large variation in expression of
HLA-DR and CD80 between donors, expression levels for these proteins on immature
DCs are not significantly enhanced compared to neutrophils incubated with RBC-ops.
Interestingly, HLA-DR, CD40 and CD80 expression on neutrophils incubated with RBCops is comparable to the expression of these molecules on non-activated monocytes.

The respiratory burst is almost absent in neutrophils during RBC
phagocytosis
As a rule, phagocytosis by neutrophils leads to the induction of a respiratory burst.
To examine the consequence of RBC phagocytosis by neutrophils, we measured the
respiratory burst following erythrophagocytosis. Surprisingly, the respiratory burst
following RBC-ops uptake, quantified by measuring extracellular H2O2 production,
was not enhanced compared to control neutrophils or neutrophils incubated with
unopsonized RBCs (figure 4A). Phagocytosis of yeast-derived zymosan particles or the
addition of PMA, both potent inducers of the respiratory burst, showed that neutrophils
in all three conditions were capable of producing ROS (figure 4A). Similar results were
obtained with the DHR assay, a FACS based method that detects intracellular H2O2
production (figure 4B). When no burst was measurable for neutrophils incubated with
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RBC-ops when tested 180 minutes after the start of the phagocytosis assay PMA was
added to confirm that neutrophils in all 4 conditions were able to produce a respiratory
burst.
Since its improbable that the burst is completely absent we finally used a NBT assay
to see if we could detect a respiratory burst following RBC phagocytosis. Superoxide
reduces NBT which results in a dark blue precipitate. Hereby the respiratory burst can be
visualized but not properly quantified. And indeed, neutrophils incubated with RBC-ops
showed a slight but consistent blue precipitate in the NBT assay while control neutrophils
and neutrophils incubated with unopsonized RBCs did not (figure 4C). Collectively,
these findings indicate that the respiratory burst following RBC phagocytosis is greatly
reduced3 in neutrophils but not absent.
Figure
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FIGURE 3. Mature dendritic cells have far greater expression levels of MHC-II and costimulatory molecules.
Surface expression of HLA-DR, CD40 and CD80 on freshly isolated neutrophils (T=0), neutrophils + RBC-ops cultured for
20 hours (T=20), monocytes, immature or mature DCs. Data represents the mean fluorescence intensity (MFI) values of
HLA-DR, CD40 and CD80 (mean ± SEM, N=3-5). Stars above the bar represent significant differences compared to T=0
neutrophils and stars above ⊓ represent significant differences between the indicated bars (****P < .0001; **P <
.01; *P < .05, ns= non-significant).
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Neutrophils can activate T cells and induce antigen-specific proliferation
following RBC phagocytosis
We found that neutrophils acquire APC characteristics following RBC phagocytosis. We
next wanted to investigate if these neutrophils are also capable of stimulating T cells
in an antigen-specific manner by studying the upregulation of the activation markers
CD25, CD38 and HLA-DR on T cells over time and by measuring antigen-specific T cell
proliferation using an autologous TT-specific T cell assay (figure 5A). Furthermore, we
investigate the capacity of neutrophils to process and present antigens since TT requires
intracellular processing for presentation. We incubated fresh neutrophils ± RBC or RBCops ± TT with (CFSE labelled) T cells. T cells alone and/or T cells with RBCs were taken
along as a negative control. T cell depleted PBMCs were added as an APC source to the T
cells and served as a positive control. To establish that measured T cell proliferation is TT
specific all conditions were also evaluated without TT. Since neutrophils are short living
cells the T cells co-cultured with neutrophils were re-stimulated with fresh neutrophils
on day 4. On day 1, 4 and 8 the expression levels of CD25, CD38 and HLA-DR were
measured with flow cytometry (figure 5B, C and S5). Our results showed that CD25 is
upregulated on CD4+ T cells on day 8 after co-incubation of T cells with neutrophils
and RBC-ops. The positive control (T cells incubated with PBMCs) already shows CD25
upregulation on CD4+ T cells on day 4. CD38 and HLA-DR are upregulated on CD4+
at day 8 in both the positive control, as in the condition where T cells are incubated
with neutrophils and RBC-ops. On CD8+ T cells, CD25 is not significantly upregulated
by neutrophils + RBC-ops and only slightly upregulated by PBMCs on day 8 (S5A). CD38
and HLA-DR are upregulated on day 8 by neutrophils + RBC-ops and by PBMCs but
expression is lower compared to CD4+ (S5B and C). These results show that neutrophils
are capable of specifically activating T cells following RBC phagocytosis.
Using the same assay we determined the capacity of neutrophils to induce TT-specific
T cell proliferation (figure S4). We found that neutrophils incubated with RBC-ops
are capable of inducing CD4+ T cell proliferation with a mean proliferation of 7.7%,
comparable to proliferation induced by PBMCs (figure 5D). Both neutrophils +RBCops and PBMCs induce minimal CD8+ T cell proliferation (figure S5G) . CD4+ T cell
proliferation induced by neutrophils is MHC-II restricted as demonstrated by using
a blocking antibody for HLA-DR (figure 5E). Lastly, after 8 days IFN-γ secretion is
significantly enhanced when T cells are incubated with neutrophils +RBC-ops and TT
compared to T cells incubated with RBCs (figure 5F).
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FIGURE 4. Phagocytosis of RBCs by neutrophils induces a strongly diminished respiratory burst. (A) Release
of H2O2 was measured by Amplex Red assay for neutrophils incubated ± RBC or RBC-ops. No burst was measured in the
three conditions (mean ± SEM, N=10-12). To control for the ability to produce a respiratory burst neutrophils from all
three conditions were stimulated with zymosan, or PMA (mean ± SEM, N=10-12). (B) Release of intracellular H2O2
production was measured using a DHR assay with neutrophils incubated ± RBC or RBC-ops. Neutrophils incubated
with zymosan served as a positive control. Addition of PMA at 180 minutes showed neutrophils in all conditions were
capable of producing ROS (mean ± SEM, N=4-13). Stars above data points represent significant differences for zymosan
compared to control ( **P < .01; *P < .05). (C) Respiratory burst was visualized using NBT, which produces a blue
precipitate in presence of intracellular ROS. Neutrophils were incubated +RBC or RBC-ops. Neutrophils + PMA served
as a positive control and neutrophils alone served as a negative control. Images are representative for 3 individual
experiments.

FIGURE 5. Neutrophils can activate T cells following RBC phagocytosis. (A) Schematic overview of the
autologous TT-specific T cell assay. On day 0 (CFSE labelled) T cells were incubated with neutrophils ± RBCs or RBC-ops
TT. On day 4 T cells were re-stimulated with neutrophils ± RBCs or RBC-ops and ± TT. Flow cytometry was used as read
out on day (1,4 &) 8. (B) T cell activation was measured by flow cytometry by determining the percentage of CD25+,
CD38 or HLA-DR positive CD4+ T cells after 1,4 and 8 days. Results are shown for T cells incubated with neutrophils ±
RBCs or RBC-ops and + TT. All conditions are with TT. T cells + RBCs served as a negative control and T cells + PBMCs as
positive control (mean ± SEM, N=3). (C) Histograms showing CD25, CD38 and HLA-DR staining on CD4+ T cells on day
1, 4 and 8 of a representative donor. As a positive control for CD25, CD38 and HLA-DR staining T cells stimulated with
anti-CD3 and anti-CD28 were used. An isotype control was used as negative control. (D) CD4+ T cell proliferation was
measured by flow cytometry by determining the percentage of CFSE low T cells after 8 days. Percentage proliferation
is shown for T cells incubated with neutrophils ± RBCs or RBC-ops and ± TT. T cells ± RBCs served as a negative control
and T cells + PBMCs as positive control (mean ± SEM, N=8). (E) The experiment was repeated with the addition of a
MHC-II blocking antibody to show that neutrophil induced T cell proliferation is MHC-II restricted (mean ± SEM, N=6).
(F) Graph showing IFN-γ levels in the medium at day 8 (n=6) . Stars above the bar represent significant differences
compared to T cells +RBCs day 1 and stars above ⊓ represent significant differences between the indicated bars
(****P < .0001; ***P < .001; **P < .01; *P < .05). Nonsignificant results have not been indicated.
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CD47 blocking on RBCs does not enhance the induction of TT-specific
CD4+ T cell proliferation
CD47 is a molecule that helps the immune system to discriminate self from non-self.
This “don’t eat me” signal has a powerful restrictive role in the activation of DCs18. To
investigate if this is also the case for neutrophils, we blocked CD47 on RBCs and RBCsops using a F(ab’)2 fragment against CD47 prior to incubation with neutrophils. As we
have previously found, CD47 blocking augments phagocytosis of RBC-ops6 (figure 6A).
However, the increase in phagocytosis does not seem to affect antigen presentation by
neutrophils. CD4+ T cell proliferation was not significantly enhanced when neutrophils
had taken up RBCs when CD47 was blocked although a trend is seen (figure 6B).
Additionally, CD47 blocking on RBC-ops does not seem to alter expression levels of
HLA-DR, CD40 and CD80 on neutrophils after phagocytosis of these RBCs (figure 6C).
Western blot does show a slight increase in HLA-DR and CD40 expression which could
be explained by the fact that here we also measure intracellular protein. Overall, CD47
blocking on RBC increases phagocytosis by neutrophils but does not seem to have a
significant effect on the subsequent antigen presenting function of neutrophils.

FIGURE 6. CD47 blocking on RBCs enhances the induction of TT-specific CD4+ T cell proliferation. (A) RBC
phagocytosis by neutrophils was measured by incubating neutrophils ± DiD labelled + RBCs or RBC-ops, ± F(ab’)2 CD47
for 45 min. Subsequently, RBC were lysed and the percentage of RBC phagocytosing neutrophils was measured by flow
cytometry. Comparing the RBC-ops condition with the RBC-ops- F(ab’)2 CD47 condition, RBC phagocytosis increases
from 45% to 73% (mean ± SEM, N=5). (B) % of proliferation measured for T cells incubated with neutrophils + RBCs
or RBC-ops, ± F(ab’)2 CD47 and ± TT. T cells served as a negative control and T cells + PBMCs as positive control (mean
± SEM, N=8). (C) Surface expression of HLA-DR, CD40 and CD80 on non-phagocytosing and phagocytosing neutrophils
(mean ± SEM, N=4). (ns= non-significant). (D) Western blot analysis for HLA-DR expression performed on neutrophils
± RBCs or RBC-ops and ± F(ab’)2 CD47. Fluorescence intensity of the bands was quantified using Odyssey Imaging
system and normalized for GAPDH expression. (E) Western blot analysis for CD40 expression performed on neutrophils
± RBCs or RBC-ops and ± F(ab’)2 CD47. Fluorescence intensity of the bands was quantified using Odyssey Imaging
system and normalized for actin expression. Stars above the bar represent significant differences compared to T=0
control neutrophils and stars above ⊓ represent significant differences between the indicated bars (**; *P < .05,
ns= non-significant).

APC features of Neutrophils

75

Figure 6

A

B
100
80

***

40

**

ns

5

ns

20

Control
TT

10

60

0
RBC
RBC-ops
F(ab')2CD47

ns

15

**

0
+

+

-

-

-

-

+

+

-

+

-

+

RBC
RBC-ops
Neutro
F(ab')2CD47
PBMC

-

+

+

-

-

-

-

-

-

+

+

-

-

+
-

+
+

+
-

+
+

-

-

-

-

-

-

+

ns

1500

Mean MFI CD80

2000
ns

1000
500

E

800

3

ns

ns

600
400
200

+

-

+

ph
ag
oc
yt
os
is
Ph
ag
oc
yt
os
is

-

N
o

N
o

D

1000

0
F(ab')2CD47

+

Relative HLA-DR
expression to GAPDH

-

0.3

T=0

*

T=20

ns
**

0.2

ns

0.1
0.0

RBC
RBC-ops
F(ab')2CD47

Relative CD40
expression to actin

+

ph
ag
oc
yt
os
Ph
is
ag
oc
yt
os
is

-

ph
ag
oc
yt
os
is
Ph
ag
oc
yt
os
is

0
F(ab')2CD47

N
o

Mean MFI HLA-DR

C

2.5

ns
ns

ns

-

-

+

-

+

-

-

-

-

+

-

+

-

-

-

-

+

+

T=0

*

T=20

ns
**

2.0
1.5

ns

1.0

ns

0.5
0.0

RBC
RBC-ops
F(ab')2CD47

ns
-

-

+

-

+

-

-

-

-

+

-

+

-

-

-

-

+

+

76

Chapter 3

DISCUSSION
In the current study, we investigated whether neutrophils can contribute to adaptive
immunity after acquiring antigen presentation capacity following RBC phagocytosis.
We established that neutrophils express MHC-II and costimulatory molecules after
RBC uptake and found a reduced respiratory burst in neutrophils that phagocytose
RBCs. These neutrophils can induce autologous TT-specific CD4+ T cell activation and
proliferation to a similar extent as PBMCs. Additionally, we found that CD47-SIRPα
interaction may have some restricting activity for HLA-DR upregulation on neutrophils.
However, this negative feedback signal does not seem to have a significant effect on T
cell activation and proliferation.
It has previously been shown that human neutrophils acquire APC characteristics under
the influence of stimuli such as GM-CSF, IFNγ or IL-422-24. A few studies have also shown
that stimulated neutrophils can induce antigen-specific T cell proliferation, for instance
by presenting bacterial or viral antigens24-27. In the current study we show for the first
time that the phagocytosis of IgG-opsonized endogenous material drives neutrophils
towards a functional APC phenotype.
Evidence for an in vivo role of neutrophils as APCs has also been described in literature.
For instance clinical studies have demonstrated that IFN-γ and GM-CSF stimulate
upregulation of HLA-DR expression28,29. Moreover, in patients suffering from autoimmune
diseases such as Wegener’s granulomatosis and rheumatoid arthritis neutrophils show
elevated levels of MHC-II, CD80 and CD86 compared to healthy controls30. In mice,
neutrophils have been shown to act as antigen-presenting cells (APCs) in a chronic
colitis model31. Furthermore, at inflammatory sites murine neutrophils can differentiate
into APCs that rapidly clear bacteria and present bacterial antigens to T cells32. Recently,
Vono et al. used rhesus macaques to demonstrate that antigen-positive neutrophils in
draining lymph nodes are capable of antigen presentation and induction of CD4+ T cell
proliferation after vaccination27.
We found that neutrophils induce T cell proliferation to a comparable extent as
PBMCs. In the PBMC mixture monocytes and B cells fulfil the role of APC. Vono et al.
have compared human neutrophils with classical APCs (CD16+ monocytes, CD14+
monocytes, plasmacytoid DCs and myeloid DCs) in respect to inducing specific T
cell proliferation and found a lower but consistent ability for neutrophils to induce
proliferation using a CMV pp65 specific or influenza HA specific assay27. Other studies
have compared neutrophils with monocytes in a TT-specific assay. The outcome of these
studies varied with some studies showing a lower capacity to induce proliferation25
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while others showed neutrophils to be superior to monocytes24. Moreover, there is
opposing evidence suggesting neutrophils can have an inhibiting effect on T cell
activation and proliferation. A suppressive role of neutrophils has been well-defined in
cancer. Here, neutrophils, also known as granulocytic-myeloid-derived suppressor cells
(g-MDSCs), are able to supress anti-tumour immune responses by inhibiting cytotoxic
T-cell function33,34. Besides neutrophils, immature and mature monocytes (m-MDSCs)
can also act as suppressors of anti-tumour immune responses33.
These seemingly contradicting effects of neutrophils on adaptive immune responses
suggest a regulatory role. Increasing evidence is found supporting the presence of
multiple neutrophil phenotypes35-38. These different phenotypes could arise through
specific differentiation programs in the bone marrow or they may be induced
by extracellular signals such as cytokines and chemokines34. Depending on the
environmental conditions neutrophils can exhibit different regulatory functions.
For instance, they produce cytokines and chemokines vital for the initiation of an
inflammatory response2, yet, they can also secrete anti-inflammatory factors that resolve
inflammation3. Neutrophils can induce DC maturation and activation7,39,40, however
an inhibitory effect on DCs has also been described41-45. The wide range of functions
demonstrates not only an effector role but also a regulatory role for neutrophils.
Neutrophils and professional APCs such as macrophages, monocytes and DCs share a
common origin. While developing from a common precursor the various myeloid cells
differentiate and acquire distinct and often complementary characteristics such as
different tissue localization, different capacities to fight pathogens and different levels
of cytokine production. The combination of complementary and overlapping features
of myeloid cells helps to fine tune effector functions and results in sophisticated
orchestration of the innate and adaptive immune system.46 While neutrophils will
most likely be unable to replace or take over APC functions of professional APCs these
abundant cells may still be crucial as APC in specific situations.
We have previously shown that CD47-SIRPα interaction restricts RBC phagocytosis by
neutrophils6. In the current study we have found that this negative feedback system
does not have a significant effect on the induction of neutrophil-activated antigenspecific CD4+ T cell responses. While not significant, we do find a slight enhancement
in T cell proliferation when blocking CD47. Flow cytometry showed that the expression
of HLA-DR, CD40 and CD80 does not increase. While an increase of CD40 and CD80
when CD47 is blocked is found on western blot, suggesting an intracellular pool of the
proteins.
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In this study we determined the role of neutrophils in IgG-mediated RBC clearance
which may give us insight into the role of neutrophils in RBC alloimmunization. We have
investigated the situation in which the allo-antibody is already present. Therefore, our
work does not clarify the role of neutrophils in the formation of a primary allo-antibody.
However, we show that once an anti-RBC antibody is formed neutrophils participate in
RBC clearance and subsequently acquire APC characteristics. While DCs are most likely
more potent APCs and crucial for the initial phase of alloimmunization, neutrophils could
be involved in sustaining the alloimmune reaction. Moreover, our findings support a
role for neutrophils in the formation of secondary antibodies. While neutrophils express
relatively low amounts of MHC-II and co-stimulatory molecules their abundance can
compensate for this and increase their impact as an APC.
Nonetheless, in vivo studies should be performed in future research to establish the
exact contribution of neutrophils in alloimmunization. Moreover, it should be noted
that we have used a mouse IgG1 antibody for RBC opsonisation. Antibody specificity,
subclass, and/or glycosylation may affect the ability of the phagocytosing neutrophils
to function as an APC.
In conclusion, this paper primarily highlights the plasticity of neutrophils which
were previously thought of as terminally differentiated cells with an anti-microbial
function. Additionally, our results suggest an unexpected role for neutrophils in RBC
alloimmunization. Overall, neutrophils appear to have a more prominent role in adaptive
immune responses such as alloimmunization than previously anticipated.
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SUPPLEMENTAL FIGURE 1. Gating strategy for phagocytosis assay. RBC phagocytosis by neutrophils was
measured by incubating neutrophils ± DiD labelled unopsonized RBCs (RBC) or anti-GPA opsonized RBCs (RBC-ops) for
45 min. Next, RBC were lysed and the percentage of RBC phagocytosing neutrophils was measured by flow cytometry.
Forward and side scatter of the neutrophils and the histogram showing % of DiD positive neutrophils is shown for a
representative donor.
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with neutrophils ± RBCs or RBC-ops and no TT. (D) CD8+ T cell proliferation was measured by flow cytometry by looking
at % of CFSE low T cells after 8 days. % of proliferation measured for T cells incubated with neutrophils ± RBCs or RBCops and ± tetanus toxoid (TT). T cells ± RBCs served as a negative control and T cells + PBMCs as positive control (mean
± SEM, N=8).Stars above the bar represent significant differences compared to T cells +RBCs day 1 and stars above
⊓ represent significant differences between the indicated bars (****P < .0001; ***P < .001; **P < .01; *P < .05).
Nonsignificant results have not been indicated.

PA R T I I
Genetic markers for alloimmunization
in sickle cell disease

4

CHAPTER 4
Non-classical FCGR2C haplotype is associated
with protection from red blood cell
alloimmunization in sickle cell disease

Sanne M. Meinderts*, Joep W.R. Sins*, Karin Fijnvandraat, Sietse Q. Nagelkerke, Judy Geissler,
Michael W. Tanck, Christine Bruggeman, Bart J. Biemond, Anita W. Rijneveld, Jean-Louis H.
Kerkhoffs, Sadaf Pakdaman, Anoosha Habibi, Robin van Bruggen, Taco W. Kuijpers, France
Pirenne‡, and Timo K. van den Berg‡
*These authors contributed equally
‡
These senior authors contributed equally
Blood, 2017 Nov 9;130(19):2121-2130

94

Chapter 4

ABSTRACT
Red blood cell (RBC) transfusions are of vital importance in patients with sickle cell
disease (SCD). However, a major complication of transfusion therapy is alloimmunization.
The low-affinity Fc gamma receptors (FcγRs), expressed on immune cells, are important
regulators of antibody responses. Genetic variation in FCGR genes has been associated
with various auto- and alloimmune diseases. The aim of this study was to evaluate the
association between genetic variation of FCGR and RBC alloimmunization in SCD. In
this case-control study, DNA samples from 2 cohorts of transfused SCD patients were
combined (France and the Netherlands). Cases had a positive history of alloimmunization,
having received ≥1 RBC unit. Controls had a negative history of alloimmunization, having
received ≥20 RBC units. Single nucleotide polymorphisms and copy number variation of the
FCGR2/3 gene cluster were studied in a FCGR-specific multiplex ligation-dependent probe
amplification assay. Frequencies were compared using logistic regression. Two-hundredseventy-two patients were included (130 controls, 142 cases). The non-classical open
reading frame in the FCGR2C gene (FCGR2C.nc-ORF) was strongly associated with a
decreased alloimmunization risk (OR 0.26, 95% CI 0.11-0.64). This association persisted
when only including controls with exposure to ≥100 units (OR 0.30, CI 0.11-0.85), and
appeared even stronger when excluding cases with Rh or K antibodies only (OR 0.19,
CI 0.06-0.59). In conclusion, SCD patients with the FCGR2C.nc-ORF polymorphism have
over a threefold lower risk for RBC alloimmunization compared to patients without this
mutation. This protective effect was strongest for exposure to antigens other than the
immunogenic Rh or K antigens.

Key points
•
•

Variation in the Fc gamma receptor gene cluster is associated with protection from
RBC alloimmunization in patients with SCD.
This association appears to be strongest for alloimmunization to antigens other
than the immunogenic Rh or K.

FCGR2/3 genetic variation in alloimmunization in sickle cell disease

95

INTRODUCTION
Red blood cell (RBC) transfusions are of vital importance in patients with sickle cell
disease (SCD). However, an important and frequent complication of transfusion therapy
is alloimmunization.3 The development of alloantibodies against foreign RBC antigens
complicates donor matching procedures and significantly limits the availability of
matching blood for future transfusions. In addition, alloimmunized patients are at risk
of developing delayed hemolytic transfusion reactions (DHTR), a potentially lethal
complication that is often characterized by hemoglobinuria and severe vaso-occlusive
crisis (VOC) with a high frequency of secondary acute chest syndrome (ACS).4,5
Alloimmunization occurs significantly more frequently in SCD patients as compared
to the general population with incidences ranging from 18-76% with ABO and RhD
matching only.6,7 This high alloimmunization rate in SCD patients can partly be explained
by the differences in RBC antigens between donors, primarily of European descent, and
recipients, primarily of African descent.8 Extended antigen matching for Rhesus (Rh)
phenotype and Kell (K) has significantly reduced the rate of alloimmunization, whereas
additional antigen matching for Fy, Jk and MNS appears to be even more effective.9-14
Unfortunately, extended matching is not always applied due to limited availability of
matching units and the high costs involved.14 Moreover, phenotypic matching does not
always prevent alloimmunization against these highly immunogenic antigens.15,16 A
study by Chou et al. demonstrated that 58% of chronically transfused SCD patients were
alloimmunized despite phenotypic matching for Rh phenotype and K, due to the high
genetic variation in RH genes in both the SCD population and the African American
donors, as used in this study.16
Interestingly, only a subgroup of patients appears to develop alloantibodies after
transfusion.6,17,18 It is yet unclear why some patients develop alloantibodies (responders)
whereas others remain tolerant despite high transfusion exposures (non-responders).
A better understanding of the pathophysiology of RBC alloimmunization may help to
identify these high risk patients and could add to the detection of targets for preventive
strategies, ultimately promoting a more safe and cost-effective application of transfusion
therapy in SCD.19
The basic concept of alloimmunization involves the uptake of transfused allogenic RBC
antigens by antigen-presenting cells, presentation of antigen by the HLA class II complex
to CD4+ T helper cells and subsequent B cell activation with antibody production.20,21
However, the occurrence of an actual antibody response is determined by a complex
interplay of both genetic predisposition and circumstantial factors at time of
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transfusion, such as the extent of antigenic incompatibility between donor and host, the
immunogenicity of a specific alloantigen and the level of systemic inflammation.3,22-25 As
for genetic predisposition, the HLA class II genotype of a patient is a potential predictor
of the alloimmunization status, both in SCD as in general transfused populations.22,26-30
In addition, polymorphisms in immunoregulatory genes have been implicated in RBC
alloimmunization (TRIM21, CD81).31,32
This is the first study to assess the association between RBC alloimmunization in SCD
and the genes encoding for low-affinity Fc gamma receptors (FcγRs) for IgG. FcγRs are
glycoproteins, expressed mainly by immune effector cells such as antigen-presenting
cells, macrophages and monocytes. They allow these cells to bind to the Fc portion of
IgG, attached to circulating antigen, facilitating activation of the cell or presentation of
antigenic peptides. FcγRIIb and FcγRIII are believed to mediate antigen internalization
and presentation to T cells.33 Evidence supporting this importance of FcγRs in antigen
uptake and presentation is provided in studies that show that a single amino acid
mutation in the FcγRIIb or FcγRIII cytoplasmic tail prevents antigen internalization and
presentation.34 FcγRIIb appears to play an important role in the regulation of B cells
and antibody producing plasma cells.35 The receptor has been proposed to maintain
peripheral tolerance for B cells36, a theory that is supported by the fact that FcγRIIb
knockout mice lose peripheral B cell tolerance, produce auto-antibodies and develop
auto-immune disease.37-39 Furthermore, FcγRIIb regulates affinity maturation and
memory B cell development.40,41 Moreover, FcγRs can shape the antibody repertoire by
modulating B cell receptor-mediated cell activation and proliferation.36,42 These effects
emphasize the crucial role of FcγRs in the formation of alloantibodies.
The family of FcγRs includes the high affinity FcγRI and the low affinity FcγRII and FcγRIII,
comprising of various subclasses (FcγRIIa, FcγRIIb, FcγRIIc, FcγRIIIa and FcγRIIIb). These
low affinity FcγRs provide both pro- and anti-inflammatory regulation of immune
responses and are encoded by the genes FCGR2A, FCGR2B, FCGR2C, FCGR3A and
FCGR3B.35 Polymorphisms in these genes are common and may affect the function
of these proteins, thereby affecting the balance between activating and inhibitory
signaling pathways. Various polymorphisms in FCGR genes have been associated
with the occurrence of certain auto- and alloimmune diseases, such as idiopathic
thrombocytopenic purpura, systemic lupus erythematosus and inhibitor development
in hemophilia A.43-46
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The aim of this study was to evaluate whether polymorphisms in the FCGR2 and FCGR3
gene are associated with RBC alloimmunization in a cohort of SCD patients. A secondary
aim of this study was to assess if variation within these genes confers susceptibility for
the occurrence of a DHTR.

METHODS
A detailed description and additional methods are available in the supplemental methods.

Patients
For this observational, case-control study, we combined two longitudinal cohorts
of transfused SCD patients with retrospective data on transfusion exposure and
alloimmunization status: one from the Netherlands (STAR cohort, N=342)6 and one
from France (SCDTRANSFU cohort, N=250, including 75 identified DHTR cases3).
Patients from both cohorts were included in this study if a) a DNA sample was available,
and b) they had a negative history of alloimmunization with a minimum transfusion
exposure of ≥20 RBC units (controls), or a positive history of alloimmunization, with
a minimum transfusion exposure of ≥1 RBC unit (cases). A minimum of 20 units was
applied in negative patients to assure that patients had sufficient transfusion exposure
to potentially form any alloantibodies (non-responders).6 In addition, as there was
agreed upon a maximum number of samples to be shipped for the French cohort, a
small fraction of patients from the French source population were excluded, based on
their chronological entry in the French dataset.
The institutional review boards of all participating centers approved the study. This
study was conducted in accordance with the Declaration of Helsinki.

Data collection and definitions
In the primary analysis of this study, we assessed the association between polymorphisms
in the FCGR2 and FCGR3 genes, and RBC alloimmunization. Cases were defined here as
all patients with a clinically significant alloantibody. Controls were defined as all patients
with a negative history of alloimmunization, with a minimum transfusion exposure of
≥20 RBC units. Patients with exclusively one of the following antibodies were excluded
from this analysis: auto-antibodies, cold antibodies and naturally occurring antibodies
such asanti-A1, anti-IH, anti-H, anti-A1, anti-I, anti-Lea, anti-Leb and anti-P1. Anti-M was
defined as naturally occurring if demonstrated upon first antibody screening with no
history of prior transfusion exposure. Transfusion and laboratory policies can be found
in the supplemental methods.
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To test the robustness of our findings a sensitivity analysis was performed using a more
strict definition for non-responders, excluding controls with <100 units transfusion
exposure. In addition, a second sensitivity analysis was performed to assess the effect
of immunization against the highly immunogenic Rh and K antigens (RhD, C, c, E, e
and/or K) on the association between FCGR polymorphisms and alloimmunization.
We hypothesized that the genetic constitution of a patient is less important for the
formation of Rh and K specific alloantibodies, since these antibodies are so readily
formed.22,23,47 To test this hypothesis, we categorized alloimmunized patients (cases)
in two subgroups: the first group contained patients with exclusively Rh or K specific
antibodies, the second group contained patients with at least one antibody other
than Rh or K. Associations between FCGR polymorphisms and alloimmunization were
assessed and compared between these two subgroups.
Lastly, we performed a separate analysis in the French cohort to assess associations
between FCGR polymorphisms and the occurrence of DHTR. DHTR information was
solely available for patients from the French cohort. In this analysis, cases were defined
as all patients with a positive history of DHTR. Controls were defined as patients with a
negative history of DHTR, with a minimum transfusion exposure of at least 20 RBC units,
irrespective of the alloimmunization status. DHTR was defined by signs of accelerated
hemolysis (including hemoglobinuria, lactic dehydrogenase) with a more severe anemia
than was present before transfusion, and development of symptoms suggestive of a
VOC and/or acute chest syndrome, appearing ≥3 days after transfusion.48

Statistical analysis
The allele frequencies of single nucleotide polymorphisms (SNPs) and copy number
variation (CNV) were compared between alloimmunized and non-alloimmunized,
and DHTR and non-DHTR patients, using single variant logistic regression, adjusted
for cohort (French or Dutch) as covariate and assuming an additive genetic effect (in
case of variants with more than two genotypes). Comparisons were expressed in odds
ratios (OR), 95% confidence intervals (CI) and corresponding P-values. In our primary
analysis, we applied a Bonferroni correction to adjust for multiple testing. A P-value
<0.0038 (0.05/13 variants) was considered statistically significant here. In all subsequent
sensitivity analyses, a P-value of <0.05 for significance was applied. Expression levels
of FcγRs were analyzed using GraphPad Prism 7.02. For comparison of MFIs the oneway ANOVA-test was used followed by Sidak post-hoc test for correction of multiple
comparison. ****P < .0001; ***P < .001; **P < .01; *P < .05
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RESULTS
Study population
Our source study population was composed of transfused SCD patients from a cohort
from France (N=325), and a cohort from the Netherlands (N=342, figure 1). Of these,
272 patients (130 controls and 142 alloimmunized cases) were eligible for this study
and formed our primary study population. Baseline characteristics of this primary study
population are described in table 1. Patients in the French cohort were slightly older,
had a higher cumulative transfusion exposure and had a higher proportion of patients
of African ethnicity, as compared to the Dutch cohort, which consisted mostly of
patients of Latin-American origin (mainly Surinam and former Dutch Caribbean islands).
An overview of all clinically significant alloantibodies, and the number of alloantibodies
per patient is demonstrated in supplemental table 1 and 2 respectively.

TABLE 1. Patient characteristics for the primary study population (N=272)
France
N=168

The Netherlands
N=104

32 (27-40)

28 (21-38)

91 (54)

62 (60)

HbSS / HbSβ0

163 (97)

91 (88)

HbSC / HbSβ

5 (3)

13 (12)

Africa

143 (85)

26 (25)

Latin-America

N (%) or median (IQR)
Age at last follow-up in years
Female sex
Hemoglobin genotype
+

Ethnicity *
18 (11)

71 (68)

Asia

0 (0)

3 (3)

Other

2 (1)

4 (4)

72 (13-179)

27 ( 9-77)

Cumulative transfusion exposure - units
* Ethnicity was unknown in 5 patients in the French cohort (N=163)
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France
N=169

The Netherlands
N=113

Controls, ≥20 units (N=77)
Cases (N=92)

DHTR subgroup France
Controls, ≥20 units (N=106)
Cases (N=51)

Controls, ≥20 units (N=53)
Cases (N=60)

Total cohort
N=282
Controls, ≥20 units (N=130)
Cases (N=152)

Primary study population
N=272

Cases with naturally
occurring or auto‐
antibodies only
(N=10)

Controls, ≥20 units (N=130)
Cases (N=142)
Controls with
<100 units exposure
(N=69)

Sensitivity analysis I
Controls, ≥100 units (N=61)
Cases (N=142)

Sensitivity analysis II
Controls, ≥20 units (N=130)
Cases, Rh/K only (N=40)
Cases, other antibodies (N=102)

FIGURE 1. Flow chart of patients included in the study. Our source study population was composed of transfused
SCD patients from a cohort from France (FR, N=325), and a cohort from the Netherlands (NL, N=342). Of these, 310
patients were eligible for this study (DNA sample available, alloimmunized cases or controls with ≥20 units exposure).
An additional 38 cases were excluded as they exclusively had either auto-antibodies or naturally occurring antibodies
(patients excluded FR N=29; NL N=9). The remaining 272 patients (130 controls and 142 alloimmunized cases) formed
our primary study population. We performed 2 sensitivity analyses, I) excluding controls with <100 units transfusion
exposure (patients excluded FR N=36, NL N=33); II) dividing cases into patients with exclusively antibodies with Rh or
K specificity, and patients with at least one antibody other than Rh or K. A separate analysis was performed to assess
the association of FCGR polymorphisms with the occurrence of delayed hemolytic transfusion reactions (DHTR). Data on
the history of DHTR status was only available in a subset of the FR cohort (N=157; 28 patients were excluded from due
to unknown DHTR status, and 12 controls were excluded as they had <20 units exposure).
* Excluded other: as there was agreed upon a maximum number of samples of the French cohort to be shipped, a small
fraction of patients from the French source population were excluded, based on their chronological entry in the dataset.
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FCGR gene CNV or polymorphism, and susceptibility to alloimmunization
We have analyzed the low-affinity FCGR2/3 genes, of SCD patients with or without
alloimmunization by genotyping CNV and SNPs by MLPA.
The FCGR2/3 gene locus contains 4 distinct CNV regions (CNR)49, as shown in figure 2.
Table 2 shows the frequencies of the tested CNRs. CNV was found most frequently in
CNR1 (FCGR2C/FCGR3B) where 56 patients showed a change in copy number. Copy
number changes in the four CNRs were not significantly associated with susceptibility
to alloimmunization in our study population.
In addition, polymorphisms in the FCGR2/3 locus were analyzed for association
with alloimmunization (table 2). Single variant logistic regression revealed a highly
significant association for FCGR2C.nc-ORF (OR 0.26, CI 0.11-0.64, P=0.003). This OR
indicates a protective effect of this polymorphism for alloimmunization. Only seven
of the 142 (5%) alloimmunized patients had this polymorphism, against 21 of the 130
(16%) non-immunized control patients. This association was consistent in our sensitivity
analysis when including only controls with a transfusion exposure of ≥100 units (figure
1; OR 0.30, CI 0.11-0.85, P=0.023). Other polymorphisms were not associated with
alloimmunization.
Interestingly, when excluding cases with exclusively antibodies against the relatively
immunogenic Rh and K antigens, the protective association of the FCGR2C.nc-ORF
polymorphism with alloimmunization appeared to be even stronger (figure 1 and table
3A; OR 0.19, CI 0.06-0.59, P=0.004). In contrast, when only including these cases with
exclusively Rh or K specific antibodies in our analysis, the association was not significant
anymore (OR 0.50, CI 0.14-1.81, P=0.292).
Despite the clear protective association, 7 patients with the FCGR2C.nc-ORF
polymorphism in the total study population still formed alloantibodies. Table 3B
demonstrates that of these 7 patients, 3 patients developed only antibodies with Rh
specificity within 1-9 units of RBC transfusions. Two patients primarily developed a Rh
antibody, and subsequently formed additional alloantibodies. The remaining 2 patients
developed anti-Jsa (KEL 6) or anti-Kpa (KEL 3) antibodies, which both belong the Kell
antibody system.50 These are both low incidence antigens and therefore the likelihood
of exposure to the antigens by transfusion is low.

4

CNR1
CNR2
CNR3
CNR4

FCGR2A

HSPA6

FCGR3A

FCGR3A‐V158F
158V: ↑ affinity IgG

FCGR2C

FCGR2C‐nc.ORF
pseudogene

FCGR2C‐ORF/STOP
ORF: expression
STOP: pseudogene

HSPA7

FCGR3B

FCGR3B‐NA1/NA2/SH
Haplotypes encoding
variants of HNA1

FCGR2B

FCGR2B‐I232T
↓ signaling capacity

FCGR2B‐promotor 2B.1/2B.4
Haplotype in promotor
influencing FCGR2B expression

3’

FIGURE 2. Schematic overview of the FCGR2/3 locus. Nine SNPs and haplotypes are indicated with orange boxes. Orange bars depict the approximate extent of CNRs in which
duplication or deletion can occur. CNR: copy number variable region; SNP: single nucleotide polymorphism; HNA: human neutrophil antigen.

5’

FCGR2A‐Q27W
Unknown function

FCGR2A‐ins170L
↑affinity IgG

FCGR2A‐H131R
131H: ↑affinity IgG
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0 (0%)

0 (0%)

CNR3

CNR4

3 (2%)

53 (41%)

21 (16%)

0 (0%)

6 (5%)

2 (2%)

22 (17%)

0 (0%)

0 (0%)

18 (14%)

0 (0%)

23 (18%)

0 (0%)

128 (99%)

128 (98%)

105 (81%)

2

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

1 (1%)

1 (1%)

9 (7%)

3

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

1 (1%)

4

4 (3%)

34 (24%)
57 (40%)
2 (1%)

102 (72%)
72 (51%)
139 (99%)

7 (5%)

20 (14%)

56 (39%)

66 (46%)
138 (97%)

60 (43%)

0 (0%)

77 (54%)
14 (10%)

43 (30%)
128 (90%)

58 (41%)

22 (15%)

1 (1%)
0 (0%)

0 (0%)
0 (0%)

135 (95%)

0 (0%)

2 (1%)

0 (0%)

13 (9%)

6 (4%)

21 (15%)

0 (0%)

0 (0%)

138 (97%)

137 (96%)

111 (78%)

18 (13%)

3 (2%)
0 (0%)

2

1

0

0 (0%)

0 (0%)

0 (0%)

2 (1%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

3 (2%)

3 (2%)

10 (7%)

3

Cases/alloimmunized patients, n (%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

4

Text in bold indicates significant values. CNR: copy number region, FcγR: Fc gamma receptor, OR: odds ratio, CI: confidence interval, n.a.: not applicable

127 (98%)

FCGR2B haplotype 2B.4

35 (27%)

93 (72%)

71 (55%)

FCGR3B-SH

44 (34%)

FCGR2B-232T

63 (49%)

109 (84%)

FCGR2C.nc-ORF

FCGR3B-NA1

5 (4%)

59 (45%)

53 (41%)

125 (96%)

FCGR3A-158V

18 (14%)

62 (48%)

0 (0%)

0 (0%)

1 (1%)

15 (12%)

1

FCGR2C-ORF

45 (35%)

112 (86%)

FCGR2A-131H

FCGR2A-27W

Allele frequencies

0 (0%)

0 (0%)

CNR1

CNR2

Copy number region

0

Controls/no alloimmunization, n (%)

0.64

1.16

1.07

0.89

0.26

0.75

0.91

0.69

1.27

n.a.

1.55

1.27

0.76

OR

0.10-3.91

0.72-1.87

0.68-1.69

0.64-1.23

0.11-0.64

0.20-2.87

0.65-1.29

0.33-1.46

0.76-2.14

n.a.

0.25-9.44

0.28-5.68

0.47-1.24

95% CI

0.628

0.537

0.772

0.471

0.003

0.675

0.598

0.334

0.358

n.a.

0.635

0.758

0.271

P

TABLE 2. Copy numbers and allele frequencies of FCGR2/3 genetic variation in 130 control patients (>20 transfused units, no alloantibodies) and 142 alloimmunized
patients
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TABLE 3. The influence of highly immunogenic Rhesus or Kell alloantibodies on the association between
the FCGR2C.nc-ORF polymorphism and alloimmunization
A.

OR

CI

P

N (control/cases)

Controls vs alloimmunized cases, Cases, exclusively Rh or K antibodies*
FCGR2C.nc-ORF

0.50

0.14-1.81

0.292

130/40

Controls vs alloimmunized cases, Cases, at least 1 antibody other than Rh or K
FCGR2C.nc-ORF

0.19

0.06-0.59

0.004

130/102

Text in bold indicates significant values. OR: odds ratio, CI: confidence interval.
* RhD, C, c, E, e and/or K antibodies

B.

Alloimmunized cases
FGCR2C.nc-ORF

Antibody

Units to first
antibody

Patient nc-1

Anti-C

1

Patient nc-2

Anti-Jsa

31

Patient nc-3

Anti-E

2

Patient nc-4

Anti-E

9

Patient nc-5

Primary: Anti-E/M/Jkb
Following: anti-S, anti-Fya, anti-H

>3

Patient nc-6

Anti-Kpa

16

Patient nc-7

Primary: Anti-E
Following: anti-Knops- auto (RH4-RH6-RH5)- FY5MNS1-MNS3-LE1-LE2-YT2-Htl-ASP

2

Lastly, we also evaluated if the association was consistent in both the French and the
Dutch subcohort of patients. In the French subcohort, the association was strongly
present (N=165, OR 0.13, CI 0.04-0.47, P=0.002), while the association did not persist
in Dutch patients (N=104, OR 0.82, CI 0.21-3.23, P=0.77). Yet, patients in the Dutch
subcohort had a higher exposure to units matched only for AB0 and RhD antigens, as the
study observation window of this cohort was wider. Therefore, the proportion of cases
with exclusively Rh or K antibodies was significantly higher in the Dutch subcohort
compared to the French subcohort (respectively 26/51 cases [51%]; and 14/91 cases
[15%], P<0.001).
Overall, these data indicate that the protective effect of FCGR2C.nc-ORF appears to be
strongest for alloimmunization against antigens other than Rh or K, and is therefore
most relevant if extended matching for Rh and K antigens is performed.
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FCGR gene CNV and SNPs and susceptibility to DHTR
An important clinical complication of alloimmunization is DHTR. Besides their role
in the formation of alloantibodies, FcγRs are especially known for their capacity to
induce antibody-mediated phagocytosis or antibody-mediated cellular toxicity (ADCC)
associated with hemolysis once an alloantibody is present.51 Therefore, we have analyzed
the low-affinity FcγR genes of SCD patients to investigate the presence of a potential
association with DHTR after alloimmunization. The history of DHTR status was available
in 157 patients of the French cohort (figure 1). One-hundred-six of these patients did
not have a history of DHTR and served as controls. Fifty-one patients did develop DHTR
and were defined as cases. Although a trend of association was found again for FCGR2C.
nc-ORF (OR 0.48, CI 0.15-1.51, P=0.210), single variant logistic regression analysis did
not show any significant associations between FcγR polymorphisms or CNV, and DHTR
(supplemental table 3).

Functional consequence of the FCGR2C.nc-ORF polymorphism
To explain the association between this polymorphism in a non-expressed gene (Figure
3) and alloimmunization, we assessed FcγR expression profiles of patients with the
FCGR2C.nc-ORF polymorphism and compared this to patients with FCGR2C-stop or
FCGR2C-ORF, by use of flow cytometry (figure 4, supplemental table 4). First, we looked
at FGCR2C expression. Since the extracellular domain of FcγRIIb and FcγRIIc are identical,
we used an antibody that recognizes FcγRIIb/c. We have analyzed NK-cells which do not
express FcγRIIb but can express FcγRIIc. In parallel to what can be found in Caucasian
donors1,52, no expression of FcγRIIc was found in patients with FCGR2C-stop or FCGR2C.
nc-ORF (figure 4A).
Alternatively, the FCGR2C.nc-ORF polymorphism could be linked to a functional
unknown polymorphism elsewhere in the FCGR gene locus. To investigate differential
FcγR expression due to a potential unknown polymorphism linked to the FCGR2C.ncORF polymorphism, we next assessed FCGR2A, FCGR2/B/C and FCGR3A/B expression
on neutrophils, monocytes, B cells and T cells among patients with FCGR2C.nc-ORF,
FCGR2C.nc-stop or FCGR2C-ORF. The large spread seen for FcγRIII can be attributed to
CNV in tested patients. Interestingly, FcγRIIb/c expression was significantly lower on B
cells in FCGR2C.nc-ORF patients compared to FCGR2C.nc-stop patients (figure 4B). When
adding healthy (Caucasian) controls with FCGR2C.nc-ORF or FCGR2C.nc-stop, we still
find a lower FcγRIIb/c expression on FCGR2C.nc-ORF individuals (figure 5A). In addition,
FcγRIIa expression was lower on monocytes in FCGR2C.nc-ORF patients compared
to FCGR2C.nc-stop patients (Figure 4C). However, when we add healthy (Caucasian)
controls with FCGR2C.nc-ORF or FCGR2C.nc-stop, the difference in FcγRIIa expression is
no longer present (figure 5B). Lastly, no significant differences in FcγR expression were
found on other cell types (figure 4A-D).
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S1
EC1

Exon 3

STOP: ‐‐AGCCCTAGTGGA‐‐
ORF: ‐‐AGCCCCAGTGGA‐‐

Exon 2

Exon 1

Silent gene
Gene expression

EC2

Exon 4

TM

Exon 5

Exon7

Intron7

C2

Exon 7

nc‐ORF: ‐‐TTGAG ATGAGTA‐‐
ORF:
‐‐TTGAG GTGAGTA‐‐

C1

Exon 6

3’

Silent gene
Gene expression

C3

Exon 8

c.798+1A>G (rs76277413):
ORF vs. nc‐ORF
(splice site mutation)

FIGURE 3. Schematic overview variants in the FCGR2C gene that influence its expression. Due to a premature stop codon, the FCGR2C gene is a non-expressed
pseudogene in FCGR2C-stop individuals. A SNP in exon 3 can lead to an open reading frame (ORF) which results in expression of the gene (FCGR2C-ORF variant). An additional
splice site mutation near exon 7 can generate another stop codon which in turn results in no expression of FcγRIIc.1,2 This last variant is the FCGR2C.nc-ORF polymorphism. The
FCGR2C.nc-ORF variant is a combination of the exon 3 SNP and the splice site mutation at exon 7. SNPs are indicated with orange boxes. STOP: stop codon; ORF: open reading frame.
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FIGURE 5. FcγRII expression on B cells and monocytes of SCD patients and healthy controls. (A) FcγRIIb/c
expression on B cells on cells expressing the FCGR2C.nc-ORF variant (patients, n=6; healthy donors, n=6) or
FCGR2C-stop variant (patients, n=4; healthy donors, n=10) (B) FcγRIIa expression on monocytes expressing the
FCGR2C.nc-ORF variant (patients, n=4; healthy donors, n=5) or FCGR2C-stop variant (patients, n=6; healthy
donors, n=12)
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DISCUSSION
This is the first study investigating the association between polymorphisms in the
FCGR2/3 gene cluster and alloimmunization against RBC antigens. In a combined
cohort of French and Dutch patients with SCD, the FCGR polymorphism FCGR2C.nc-ORF
was strongly associated with a lower risk of alloimmunization, conferring a more than
threefold lower risk for patients with this polymorphism. The protective effect appeared
to be strongest when cases with exclusively Rh or K alloantibodies were excluded.
These findings suggest that FCGR2C.nc-ORF is involved in the pathophysiology of RBC
alloimmunization in SCD, especially for immunization against antigens other than Rh
and K.
Current efforts to prevent alloimmunization have been frustrated by the lack of screening
methods to prospectively identify patients at high risk of developing alloantibodies. The
identification of FCGR2C.nc-ORF as a protective biomarker for alloimmunization may
ultimately contribute to the development of appropriate screening tests and targeted
prevention of alloimmunization in the near future.
However, our findings do not have implications for alloimmunization against Rh or K
antigens. Despite phenotypic matching this still remains a significant, clinical problem
due to genetic variation within RH genes.15,16 Yet, when molecular analysis of genetic
RH variants becomes more readily available, FCGR2C.nc-ORF may be of great clinical
significance as a protective biomarker for alloimmunization beyond Rh or K.
We did not find a significant association between FCGR2/3 polymorphisms and DHTR.
It must be noted that DHTR is a multifaceted complication of alloimmunization that
is often difficult to diagnose since the symptoms mimic VOC.53 Moreover, the exact
mechanism of DHTR is still unclear. It is hypothesized that the pathology is facilitated
by FcγR-mediated phagocytosis or ADCC. However, DHTR has also been reported in the
absence of detectable alloantibodies.3 Phagocytosis could furthermore be mediated
by complement receptors, or hemolysis may be induced via complement activation54.
Therefore, DHTR is a complex process that most likely cannot solely be attributed to
FcγRs.
The protective effect of FCGR2C.nc-ORF was strongest when we excluded cases with
only Rh or K antibodies. Moreover, in patients with the protective FCGR2C.nc-ORF
haplotype that paradoxically did form alloantibodies, the majority primarily formed
antibodies of Rh or K specificity, beyond any other RBC antigen-specific antibodies.
These data suggest that alloimmunization against the highly immunogenic Rh or K
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antigens appears to be less dependent on the immunogenetic background of a patient,
supporting the clinical relevance of antigen matching for these antigens in patients
with SCD. This would also explain why the protective association did not persist in the
Dutch subcohort of patients, as the proportion of patients with only Rh or K antibodies
was significantly higher here. Alternatively, the lack of association in Dutch patients
could also be explained by differences in genetic background due to different ethnical
origins of French and Dutch patients with SCD.
The protective marker for alloimmunization that we have identified, lies within the
FCGR2C gene. FCGR2C expression depends on a combination of three minor alleles
(figure 3).1,55 When expressed, FcγRIIc is an activating receptor on NK cells, B cells,
monocytes and neutrophils that can induce innate immune responses such as ADCC.1
Moreover, FcγRIIc counterbalances the inhibitory FcγRIIb on B cells and is thought to
enhance antibody responses to immunization,55 which suggests a pivotal role for this
gene in (allo)immunization. However, FCGR2C.nc-ORF is a polymorphism in a nonexpressed gene. It is unlikely that this polymorphism is of any direct functional effect.
Instead, it may act as a marker for a linked functional variation located elsewhere within
the relevant region of chromosome 1. FCGR2C polymorphisms in non-coding variants of
the gene have previously been associated with HIV-1 vaccine protection.56 In a followup study by Peng et al., it was suggested that these FCGR2C polymorphisms (present
in introns) were associated with expression of FcγRIIa and Fc receptor-like A (FCRLA).57
FCRLA is a FCGR homologue that can be selectively expressed on B cells and is suggested
to be involved in B cell development.58
In our phenotype analysis, we found a reduced expression of FcγRIIb on B cells in patients
with FCGR2C.nc-ORF. While this may perhaps somehow provide a clue for a functional
explanation of the observed protective effect against RBC alloimmunization, it appears
rather counter-intuitive in the context of the well-established negative regulatory role
of FcγRIIb during BCR signaling in B cell activation59, and although alternative functions
for FcγRIIb could perhaps also be imagined, such concepts would remain merely
speculative. Alternatively, it is possible that FCGR2C.nc-ORF is linked to an unknown
polymorphism in the promotor region of FCGR2B, thereby indirectly affecting FcγRIIb
expression on B cells. However, additional genotype and phenotype analysis of a larger
number of FCGR2C.nc-ORF and FCGR2C.stop patients will be required to further explore
this hypothesis.
FCGR2C.nc-ORF and its potential linkage did not seem to induce differential expression
of FcγRII or FcγRIII on neutrophils, monocytes, T cells or NK cells (figure 3). We have
not been able to check FcγR expression on freshly isolated tissue dendritic cells or
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macrophages which, together with B cells, are the principal antigen presenting cells.
Moreover, since the extracellular domain of FcγRIIc is identical to FcγRIIb60, we cannot
discriminate between these two receptors with flow cytometry using blood cells other
than NK cells.49 Although previously reported in SLE patients to be relevant on B cells,
we have not observed any FcγRIIc expression in these cells either.61 In addition, due to
their high degree of homology, our antibodies cannot discriminate between FcγRIIIa
and FcγRIIIb (the latter being solely expressed on neutrophils). It is therefore possible
that our phenotype analysis was not sensitive enough to identify subtle differences in
FcγR expression. Besides inducing differential expression of FcγRs, a polymorphism can
also alter the affinity of the receptor for IgG. This type of functional variation will not be
detected with our phenotype analysis but requires extensive genotype analysis in order
to find new variants and subsequent affinity studies.
Previous studies have highlighted the ethnic variation in the FCGR2/3 gene locus.55,62-72
While Africa holds the most genetically diverse populations, it is striking that the
FCGR2C gene seems to be less polymorphic in our SCD population compared to
Caucasians.62 FCGR2C is expressed in approximately 18-33% of Caucasians62,73, while it is
rarely found in African individuals.62 In our cohort, 3% of the patients had the FCGR2CORF variant. This frequency may have been too low for us to detect associations for this
variant with alloimmunization. It would be interesting to assess this association in a
larger SCD cohort, since FCGR2C-ORF has been found to be associated with idiopathic
thrombocytopenic purpura, an antibody-mediated auto-immune disease.73 Of note,
compared to the Caucasian population we find a high percentage of FCGR2C.nc-ORFs
in our cohort. We have previously reported that approximately 20% of individuals with
and ORF in exon 3 are FCGR2C.nc-ORF1. In this cohort 75.7% of patients with the exon 3
ORF are FCGR2C.nc-ORFs.
We may have missed weak associations of genetic variations that are less common in
our study due to our limited sample size. Therefore, this study does not exclude the
possibility that other FCGR polymorphisms can be associated with alloimmunization,
although they did not reach significance in the current study. Secondly, our study is
specific to alloimmunization in patients with SCD with originally an African background.
These results can therefore not directly be extrapolated to other transfused populations,
and should be subject of future study. Lastly, due to the retrospective nature of this study
we cannot fully rule out that patients have only been transfused at the study institution.
Also, patients in the Dutch cohort were exposed to different matching policies over time.
Yet, the effects on the primary outcomes of this study are estimated to be limited, as this
was a case-control study. Patients were selected based on their outcome (alloimmunized
or not), and a minimal transfusion exposure for non-alloimmunized controls.
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In conclusion, we have found a protective association between FCGR2C.nc-ORF and
RBC alloimmunization in SCD. This association was strongest for immunization against
antigens other than the highly immunogenic Rh or K. These findings suggests that
the FCGR2/3 genes are of less importance in the formation of Rh and K alloantibodies,
emphasizing the importance of extended matching for these RBC antigens. Future
studies are needed to understand the functional and immunological mechanism behind
the protective effect of FCGR2C.nc-ORF on alloimmunization. This may ultimately add to
the development of preventive strategies.
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SUPPLEMENTAL METHODS
Patients
The STAR cohort from the Netherlands consisted of patients from three SCD
Comprehensive Care Centers in the Netherlands: the Academic Medical Center in
Amsterdam, the Erasmus MC, University Medical Center in Rotterdam and the Haga
Ziekenhuis in The Hague.
The French SCDTRANSFU cohort consisted of patients at the Henri Mondor Hospital in
Créteil, France.

Data collection and definitions
The following data were available for both the Dutch and French study cohorts: date
of birth, gender, ethnicity, sickle cell genotype, total transfusion exposure at the end
of follow-up (number of RBC units), history of antibody formation. Information on the
occurrence of a DHTR was only available for the French cohort.
In the primary analysis of this study, we assessed the association between polymorphisms
in the FCGR2 and FCGR3 genes, and RBC allo-immunization. Cases were defined here as
all patients with a clinically significant allo-antibody. Controls were defined as all patients
with a negative history of allo-immunization, with a minimum transfusion exposure of
at least 20 RBC units. Patients with exclusively one of the following antibodies were
excluded from this analysis: auto-antibodies, cold antibodies and naturally occurring
antibodies such as anti-A, anti-B, anti-A1, anti-IH, anti-H, anti-A1, anti-I, anti-Lea, antiLeb and anti-P1. Anti-M was defined as naturally occurring if demonstrated upon first
antibody screening with no history of prior transfusion exposure.
To test the robustness of our findings in the primary analysis, we performed the
following sensitivity analyses. Firstly, a more strict definition for controls was applied
where only non-immunized patients with a transfusion exposure of at least 100 units
served as controls. A second sensitivity analysis was performed to assess the effect
of immunization against the highly immunogenic Rh and K antigens (RhD, C, c, E, e
and/or K) on the association between FCGR polymorphisms and allo-immunization.
We hypothesized that the genetic constitution of a patient is less important for the
formation of Rh and K specific allo-antibodies, since these antibodies are so readily
formed.1-3 To test this hypothesis, we categorized allo-immunized patients (cases) in
two subgroups: the first group contained patients with exclusively Rh or K specific
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antibodies, the second group contained patients with at least one antibody other
than Rh or K. Associations between FCGR polymorphisms and allo-immunization were
assessed and compared between these two subgroups.
Lastly, we performed a separate analysis in the French cohort to assess associations
between FCGR polymorphisms and the occurrence of DHTR. DHTR information was
solely available for patients from the French cohort. In this analysis, cases were defined
as all patients with a positive history of DHTR. Controls were defined as patients with a
negative history of DHTR, with a minimum transfusion exposure of at least 20 RBC units,
irrespective of the allo-immunization status. DHTR was defined as described previously.4

Transfusion and laboratory policies
For the Dutch cohort, patients may have been exposed to different transfusion policies.5
RBC transfusions administered before 2004 were only matched for AB0 and RhD for
SCD patients. In 2004, extended phenotyping for Rh phenotype and K was introduced
nationally. Per 2011, this policy was extended to Fya, and if possible, Jkb, S and s.
In the French cohort, all patients received Rh phenotype and K matched RBCs. Once
a patient developed an antibody here, extended matching for Fy, Jk and MNS was
applied, if resources were available. In both study cohorts, matching was extended
to the antigen against which the antibody was produced. None of the patients in this
study were part of a genotypic matching program.
In both cohorts patients were routinely screened for allo-antibodies before transfusion,
using a 3-cell panel. Screening was repeated at least every 72 hours if further transfusions
were required. Gel column agglutination methods were used to assess both RBC antigen
phenotype and potential antibodies. In case of a positive allo-antibody screening, a
standard panel was used to specify the allo-antibody.

DNA extraction
Genomic DNA was isolated from whole blood according to manufacturer’s instructions
using the Gentra Puregene kit (Qiagen, Hilden, Germany).

Multiplex ligation-dependent probe amplification (MLPA)
CNV and SNPs in the low-affinity FCGR genes FCGR2A, FCGR2B, FCGR2C, FCGR3A and
FCGR3B were routinely determined with an FCGR-specific MLPA assay (MRC-Holland,
Amsterdam, The Netherlands). The MLPA assay was performed according to the
manufacturer’s protocol, essentially as previously described.6-8 In short, specific MLPA
probes recognizing the FCGR2A, FCGR2B, FCGR2C, FCGR3A and FCGR3B genes were
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designed. To effectively investigate CNV at least 3 probes per gene were designed.
Moreover, specific probes for the following polymorphisms and haplotypes were used:
FCGR2A (131H/R), FCGR2A (27Q/W), FCGR2B (232I/T), FCGR2C (exon 3 ORF/STOP), FCGR3A
(158V/F) and FCGR3B (NA1/NA2/SH). Probes were added for the splice site mutation at
the border of exon 7 intron 7 in FCGR2C (rs76277413 c.798 +1 A > G), to distinguish
the non-expressed non-classical FCGR2C-ORF variant from the classical FCGR2C-ORF.9
The assay also contained non-specific probes for the promoter regions of FCGR2B and
FCGR2C for which the polymorphisms make up the promoter haplotypes 2B.1, 2B.2 and
2B.4 as described by Su et al.10 allocations of these haplotypes as described in Tsang et
al.11

Flow cytometry
Peripheral blood mononuclear cells (PBMCs) were isolated from fresh heparinized
whole blood from SCD patients with the FCGR2C.nonclassical-ORF or FCGR2C.stop
polymorphism by lysis of red blood cells by an isotonic ammonium-chloride buffer. To
define leukocyte populations, the following monoclonal antibodies were used: anti-CD3
(clone SK7, PE-Cy7 labeled, BD pharmingen), anti-CD14 (clone M5E2, PE-Cy7 labeled,
BD pharmingen), anti-CD19 (clone HIB19, APC labeled, BD pharmingen) and anti-CD56
(clone B159, APC labeled, BD Pharmingen). Fcγ-receptors expression was measured
by use of the following monoclonal antibodies: anti-CD64 (clone 10.1, FITC labeled,
BD pharmingen), anti-CD32a,b,c (clone AT10, FITC-labeled, Bio-connect), anti-CD32b,c
(clone 2B6, Alexa Fluor 488 labeled, a generous gift from MacroGenics) and anti-CD16
(clone 3G8, FITC labeled, BD pharmingen). Non-specific binding and background
fluorenscence were corrected for by subtracting the median fluorescence intensity
(MFI) of relevant isotype controls with the same fluorescent label from the MFI of the
FcγR specific antibodies. Cells were analyzed using a FACS CANTO II (BD Biosciences)
equipped with FACSDiva Software (BD Biosciences).
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SUPPLEMENTAL TABLES
SUPPLEMENTAL TABLE 1. Overview of clinically significant antibodies per cohort
France (N=168)

The Netherlands (N=104)

Specificity

N

(%) *

N

(%) *

Allo-immunization

91

(100)

51

(100)

D

14

(15)

2

(4)

C

32

(35)

16

(31)
(35)

E

28

(31)

18

c

2

(2)

0

(0)

e

3

(3)

1

(2)

Ce

5

(5)

0

(0)

K

6

(7)

5

(10)

Fy(a)

29

(32)

9

(18)

Fy(b)

5

(5)

0

(0)

Jk(a)

6

(7)

3

(6)

Jk(b)

25

(27)

8

(16)

M

9

(10)

2

(4)

S

34

(37)

11

(22)

s

1

(1)

0

(0)

Fy3

15

(16)

2

(4)

Fy5

2

(2)

0

(0)

Cw

8

(9)

6

(12)

Js(a)

5

(5)

1

(2)

Lu(a)

6

(7)

1

(2)

Kp(a)

15

(16)

1

(2)

N

4

(4)

1

(2)

U

1

(1)

0

(0)

Yt(b)

4

(4)

0

(0)

Mi

0

(0)

2

(4)

Co(b)

0

(0)

1

(2)

HTLA

4

(4)

0

(0)

Do(a)

3

(3)

2

(4)

Do(b)

2

(2)

0

(0)

Kn(a)

3

(3)

0

(0)

High incidence antigens, unspecified

5

(5)

0

(0)

Low incidence antigens, unspecified

21

(23)

0

(0)

* Proportion of patients with the corresponding allo-antibody as compared to the total number of allo-immunized cases
(N=91)
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SUPPLEMENTAL TABLE 2. Number of clinically significant antibodies per patient in allo-immunized cases,
per cohort
France (N=91)

The Netherlands (N=51)

Number of allo-antibodies per
patient

N

(%)

N

(%)

1

21

(23)

30

(59)

2

18

(20)

12

(24)

3-5

39

(43)

7

(14)

>5

13

(14)

2

(4)

0 (0%)

0 (0%)

14 (13%)

45 (42%)
3 (3%)

37 (35%)

46 (43%)

92 (87%)

52 (49%)

103 (97%)

96 (86%)

43 (41%)

67 (63%)

54 (51%)

104 (98%)

FCGR2A-27W

FCGR3A-158V

FCGR2C-ORF

FCGR2C.nc-ORF

FCGR3B-NA1

FCGR3B-SH

FCGR2B-232T

FCGR2B haplotype 2B.4
0 (0%)

6 (6%)

2 (2%)

20 (19%)

0 (0%)

0 (0%)

9 (8%)

0 (0%)

15 (14%)

0 (0%)

103 (98%)

104 (98%)

83 (78%)

2

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

1 (1%)

2 (2%)

9 (8%)

3

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

4

3 (6%)
4 (8%)

28 (55%)
12 (24%)
20 (39%)
0 (0%)

17 (33%)
36 (71%)
27 (53%)
51 (100%)

0 (0%)

4 (8%)

0 (0%)

1 (2%)
4 (8%)

50 (98%)

0 (0%)

6 (12%)

0 (0%)

9 (18%)

0 (0%)

51 (100%)

51 (100%)

41 (80%)

2

47 (92%)

3 (6%)
19 (37%)

21 (41%)

21 (41%)
48 (94%)

0 (0%)

0 (0%)

26 (51%)

0 (0%)
0 (0%)

0 (0%)

7 (14%)

0 (0%)

0 (0%)

1

0

0 (0%)

0 (0%)

0 (0%)

2 (4%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

3 (6%)

3

Cases/allo-immunized patients, n (%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

4

DHTR: Delayed Hemolytic Transfusion Reaction, FcγR: Fc gamma receptor, CNR: copy number region, OR: odds ratio, CI: confidence interval, n.a.: not applicable

2 (2%)

42 (40%)

16 (14%)

52 (49%)

39 (37%)

FCGR2A-131H

Allele frequencies

CNR4

0 (0%)

0 (0%)

CNR2

CNR3

0 (0%)
1 (1%)

0 (0%)

14 (13%)

1

CNR1

Copy number region

0

Controls/no allo-immunization, n (%)

0.00

0.92

0.89

1.08

0.48

0.69

1.03

0.41

0.83

n.a.

1.00

0.00

0.86

OR

SUPPLEMENTAL TABLE 3. Copy numbers and allele frequencies of FcyR II and III in 106 control patients (no DHTR) and 51 patients with DHTR

0.00-inf

0.47-1.80

0.48-1.66

0.69-1.69

0.15-1.51

0.07-6.77

0.62-1.71

0.11-1.50

0.42-1.65

n.a.

.05-19.19

0.00-inf

0.41-1.79

95% CI

0.988

0.815

0.716

0.736

0.210

0.747

0.904

0.178

0.597

n.a.

1.000

0.988

0.687

P
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SUPPLEMENTAL TABLE 4. FCGR2C allele frequencies in patients used for phenotype analysis
Patient #

FCGR2C.nc-ORF

FCGR2C-stop

FCGR2C-ORF

FCGR2C.nc-ORF patients
1043

1

1

0

1008

1

1

0

2035

1

1

0

1048

1

2

0

2051

1

2

0

SCD1

1

2

0

0

1

0

FCGR2C-stop patients
1001
1003

0

2

0

1065

0

2

0

1064

0

2

0

1178

0

2

0

2001

0

2

0

2083

0

1

0

2110

0

2

0

SCD2

0

2

0

2036

0

1

1

2077

0

1

1

FCGR2C-ORF patients

5

CHAPTER 5
Identification of genetic biomarkers for
alloimmunization in sickle cell disease

Sanne M. Meinderts, Jorn Gerritsma, Joep W.R. Sins, Martin de Boer, Karin van Leeuwen, Bart
J. Biemond, Anita W. Rijneveld, Jean-Louis H. Kerkhoffs, Anoosha Habibi, Robin van Bruggen,
Taco W. Kuijpers, Ellen van der Schoot, France Pirenne*, Karin Fijnvandraat*, Michael W.
Tanck* and Timo K. van den Berg*
*These senior authors contributed equally
Accepted for publication in British Journal of Hematology 2019

130

Chapter 5

ABSTRACT
Most sickle cell disease (SCD) patients rely on blood transfusion as main treatment
strategy. However, frequent blood transfusion poses the risk of alloimmunization; a
severe complication that can lead to potentially lethal transfusion reactions. On average
30% of SCD patients will alloimmunize while other chronically transfused patient
groups remain tolerant despite exposure to a high number of transfusions. A promising
strategy to reduce alloimmunization in SCD is prophylactic matching. However, this
is costly and time consuming and should be reserved for SCD patients most at risk of
developing alloantibodies. Identification of genetic markers may help to predict which
patients are at risk to form alloantibodies. The aim of this study was to evaluate whether
genetic variations in the Toll-like receptor pathway or in genes previously associated
with antibody-mediated conditions are associated with RBC alloimmunization in a
cohort of SCD patients. In this case-control study, cases had a documented history of
alloimmunization while controls had received ≥20 RBC units without development
of alloimmunization. We used a customized SNP panel to genotype 690 SNPs in 275
(130 controls, 145 cases) patients. Frequencies were compared using multiple logistic
regression analysis. In our primary analysis no SNPs were found to be significantly
associated with alloimmunization after correction for multiple testing. However, in
a secondary analysis with a less stringent threshold for significance we found 19
moderately associated SNPs. With respect to effect size and frequency of the SNP
variations in TLR1, TANK, STAM, IFNAR1 and STAT4 showed most potential as markers for
alloimmunization in SCD.

Key points
•
•

Our candidate SNPs show no large effect associations with alloimmunization in
SCD
19 SNPs associated with the TLR gene pathway are moderately associated with
alloimmunization in SCD
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INTRODUCTION
Sickle cell disease (SCD) is a genetic disorder that is caused by a mutation in the beta
globin gene. The resulting abnormality of the oxygen transporting protein hemoglobin,
causes sickling of red blood cells (RBCs) during low oxygen tension in the tissue of a
patient. As a consequence the disease is characterized by painful crises, anemia,
increased risk of infection and stroke. Blood transfusion is one of the most important
treatment modalities in treatment and prevention of complications in these patients1.
However, frequent blood transfusion poses the risk of alloimmunization; the formation
of alloantibodies against transfused RBCs. Alloimmunization is a severe complication
that can lead to transfusion reactions such as delayed hemolytic transfusion reactions
(DHTR), which are potentially lethal2. In addition, finding compatible units for
alloimmunized patients can be challenging and time-consuming3.
Compared to the general population, the rate of alloimmunization in SCD is exceptionally
high with a frequency of approximately 30% and reports ranging from 18% to 76%
with ABO and Rhesus (Rh) D antigen matching only4,5. The antigenic differences
between recipients of primarily African descent and donors with generally a Caucasian
background is an influential factor herein6. Antigenic matching for Rh phenotype and
Kell (K) and additional matching for Fy, Jk, and MNS has reduced the frequency of
alloimmunization in SCD patients7-12. Nonetheless, phenotypic matching is costly and
even with extensive matching SCD patients are still prone to develop alloantibodies.
The latter can only in part be explained by the high degree of polymorphisms in the
immunogenic Rh gene locus in individuals from African descent13,14. A promising
strategy to reduce alloimmunization in SCD is prophylactic matching including the
use of genotype-matched RBCs15,16. In order to reduce costs and make this logistically
feasible the strategy should be reserved for SCD patients most at risk of developing
alloantibodies.
It appears that alloimmunized patients (responders) represent a genetically distinct
group that is more prone to RBC sensitization17. On average 30% of SCD patients will
alloimmunize while the remaining patients stay tolerant to donor RBC, despite equally
high transfusion exposure (non-responders)3. To predict which patients belong to the
responder group, before they are immunized identification of (genetic) biomarkers for
alloimmunization is necessary. We have previously reported that a mutation in FCGR2C
is associated with a decreased risk of alloimmunization18. Others groups have found that
certain HLA types or variations in TRIM21, CD81, TNFα, IL1B and CTLA-4 are potential
risk factors for alloimmunization in SCD19-28.
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It is anticipated that additional variations in genes controlling inflammatory responses
will be associated with protection or increased risk of alloimmunization, since the
inflammatory status of the recipient can trigger the innate immune system to convert a
tolerogenic event into an immunogenic one29-31. Patients that suffer from acute illness,
autoimmune disease or an inflammatory disorder show higher rates of alloimmunization
in response to RBC transfusion32,33. Of interest, SCD patients display a high degree of
inflammation and innate immune activation due to chronic hemolysis34,35. Moreover,
there is evidence suggesting a higher frequency of certain inflammatory or autoimmune
conditions in the African population as a whole30,36-40. These findings may partly be
explained by environmental factors, nonetheless, there is also a genetic component.
For instance, polymorphisms in immunomodulatory genes such as CTLA-4, PD1 and
cytokine genes, resulting in stronger immune responses, are more frequently found in
the African population41-43.
Many other polymorphisms in immunomodulatory genes are known to play a role in
immune regulation and are associated with different antibody-mediated diseases39,44,45.
The Toll-like receptor (TLR) genes and genes involved in the signaling pathway of TLRs are
of particular interest. TLRs are pattern recognition receptors that function to recognize
pathogen associated molecular patterns (PAMPs)46. In humans this evolutionary
conserved receptor family consists of 11 members all recognizing different PAMPs from
viruses, fungi, protozoan parasites and bacteria47. TLRs are expressed on immune cells
such as B cells, certain T cells, dendritic cells (DCs), granulocytes and macrophages48,49,
and also on non-immune cells like fibroblasts and epithelial cells48. Previous studies
have shown a link between TLR gene polymorphisms and numerous autoimmune
diseases45,50. Until now it is unknown if TLRs are involved in alloimmunization in humans.
Nonetheless, it is well documented that in mouse models stimulation of certain TLRs
promotes alloimmunization29,51-53.
The aim of this study was to evaluate whether genetic variations in the TLR pathways
are associated with RBC alloimmunization in a cohort of SCD patients. In addition to the
genes of the TLR pathways we have investigated variations in genes previously reported
to be associated with antibody-mediated conditions. In our analyses we have included
single nucleotide polymorphisms (SNPs) associated with, among others, antibodymediated graft rejection, antibody-mediated autoimmune disease and antibody
response in vaccination (supplemental table 1).
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METHODS
Patients
The cohort used for this study has been previously described18. In short, for this
observational, case-control study two longitudinal cohorts of transfused SCD patients
with retrospective data on transfusion exposure and alloimmunization status were
combined. The first cohort from the Netherlands (STAR cohort, N=342)5 and the second
from France (SCDTRANSFU cohort, N=325)54. Patients were included in this study if a)
a DNA sample was available, and b) they had a negative history of alloimmunization
with a minimum transfusion exposure of ≥20 RBC units (controls), or a positive history
of alloimmunization, with a minimum transfusion exposure of 1 RBC unit (cases). The
institutional review boards of all participating centers approved the study. This study
was conducted in accordance with the Declaration of Helsinki.

Transfusion and laboratory policies
As previously described18, patients of the French cohort, all received ABO, Rh phenotype
and K matched RBCs. When patients developed an alloantibody, extended matching for
Fy, Jk and MNS was applied when feasible. For the Dutch cohort, patients may have been
exposed to different transfusion policies.55 Before 2004 SCD patients received RBCs that
were only matched for AB0 and RhD. In 2004, extended matching for Rh phenotype and
K was introduced nationally. In 2011, Fya matching was included, and if possible, Jkb, S
and s matching as well. In both study cohorts, matching was extended to the antigen
against which the antibody was produced. None of the patients in this study were part
of a genotypic matching program.
In both cohorts routine screening for alloantibodies was performed before each
transfusion, using a 3-cell panel. If further transfusions were required screening was
repeated at least every 72 hours. To assess RBC antigen phenotype and potential
antibodies gel column agglutination methods were used. In case of a positive
alloantibody screening, a standard panel was used to specify the alloantibody.

DNA extraction
Genomic DNA was isolated from whole blood according to manufacturer’s instructions
using the Gentra Puregene kit (Qiagen, Hilden, Germany).

Candidate gene and SNP selection and genotyping
A targeted custom AmpliSeq panel was designed containing 849 SNPs. SNPs were
selected based on their involvement in the TLR signaling pathway. In addition, SNPs
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found in genes previously associated with antibody-mediated diseases were added
to our SNP array. Primers were designed 200 bp down- and upstream of the SNP
location. In total two primer pools were used with primers designed for respectively
437 and 425 amplicons. Sequencing was performed using Ion S5 with Torrent Suite
5.4 software (ThermoFisher Scientific). For 65 SNPs no reads were detected resulting in
784 SNPs being genotyped (supplemental table 1). A hotspot file was created in order
to incorporate all additional variants that were present in the amplicons. In total 3763
variants were genotyped.

Quality control
SNPs with a minor allele frequency below 1% were excluded (MAF >1%). In addition,
SNPs and samples with more than 5% missing data were excluded (call rate >95%).
Hardy-Weinberg equilibrium (HWE) was tested in controls for each SNP, this was not an
exclusion criteria.

Statistical analysis
Statistical analysis was performed in R software, version 3.4.4, using the GenABEL
package. As SCD patients can be genetically diverse, we modeled their genetic
heterogeneity (and cryptic relatedness) using the first two principal components (PCs)
as covariates in our model.
The primary objective of this study was to determine whether there is an association
between SNPs in candidate genes and alloimmunization in SCD. Hence, we used
logistic regression assuming an additive genetic model for the minor allele and
with adjustment for sex and the two PCs in our primary analysis. Comparisons were
expressed in odds ratios (OR), 95% confidence intervals (CI) and corresponding P-values.
Bonferroni correction was applied to adjust for multiple testing. As some analyzed SNPs
are in linkage disequilibrium, the formula of Ji and Li was used to assess the number of
independent SNPs56. A total of 307 independent SNPs were identified. Thereby a P-value
<0.00016 was considered statistically significant here. Results were visualized using
Manhattan plots.
Multiple regression analysis with the use of backward selection was used to identify all
independent SNPs on each chromosome.
Quanto (version 1.2.4) was used to conduct a power analysis. ORs between 2 (if MAF
=50%) and 4 (if MAF =1%) could be detected with 80% power at a significance of
P<0.00016 (in accordance with the Bonferroni correction) assuming an additive risk
model.
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RESULTS
Study population
This study was performed on DNA samples of transfused SCD patients from a French
(N=325) and a Dutch cohort (N=342). 275 patients (130 controls, 145 cases) were eligible
for this study and formed our study population (figure 1). Baseline characteristics of
the studied population are shown in table 1. An overview of all clinically significant
alloantibodies are shown for each patient in supplemental table 2. The high genetic
variability within SCD patients can influence the statistical analysis. Using principal
component analysis we modeled the genetic heterogeneity of our study population.
Supplemental figure 1 shows that our cases and controls show similar heterogeneity
and can therefore be compared with one another. Similarly, when tested for cohort or
sex the compared groups showed equal heterogeneity.

Genotyping results and quality control
Of the 849 selected SNPs in our panel (Supplemental table 1) 65 failed genotyping by
sequencing. 23 SNPs showed a call rate <95% and 71 SNPs had a MAF<1% in our cohort;
these SNPs were excluded from the analysis. 9 SNP were not in HWE but kept in the
analysis. A total of 690 SNPs in 115 genes passed the quality control and were used in
the statistical analysis (figure 2).

TABLE 1. Patient characteristics for the primary study population (N=275)
N (%) or Median (Q1-Q3)

Alloantibody + (n=145)

Alloantibody - (n=130)

33 (27-44)

31 (25-39)

91 (63)

64 (49)

HbSS/HbSβ0

132 (91)

125 (96)

HbSC/HbSβ+

13 (9)

5 (4)

Africa

88 (62)

83 (64)

Latin America

48 (34)

42 (33)

2 (1)

1 (1)

Age at last follow-up in years
Female sex
Hemoglobin genotype

Ethnicity*

Asia
Other
Cumulative transfusion exposure units
(total or until 1st antibody formation)
*Ethnicity was unknown in 5 patients

4 (3)

2 (2)

10 (5-29)

127 (47-248)
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Figure 1
France
SCDTRANSFU cohort
N=325

The Netherlands
STAR cohort
N=342

No DNA sample: (N=58)
Control <20 units (N=168)

No DNA sample: (N=46)
Control <20 units (N=50)
Excluded other*: (N=32)

France
N=197

Controls, ≥20 units (N=77)
Cases (N=120)

The Netherlands
N=116

Controls, ≥20 units (N=53)
Cases (N=63)

Cases with naturally
occurring antibodies only
(N=29)

Cases with naturally
occurring antibodies only
(N=9)

Study population
N=275

Controls, ≥20 units (N=130)
Cases (N=145)

FIGURE 1: Flow chart of patients included in the study. The study population consisted of transfused SCD patients
from a Dutch (N=342) and French (N=325) cohort. 313 samples were selected for this study based on the availability
of a DNA sample, alloantibody positivity of patient (cases), or a negative alloimmunization status and an exposure of
≥20 units of RBC. Additionally 38 cases were excluded since they exclusively had either auto-antibodies or naturally
occurring antibodies (patients excluded FR N=29; NL N=9). This resulted in a study population of 275 SCD patients.
* Excluded other: as there was agreed upon a maximum number of samples of the French cohort to be shipped, a small
fraction of patients from the French source population were excluded, based on their chronological entry in the dataset.
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849 Candidate SNPs

No amplicon (N=65)

784 SNPs for Quality
Control

No Call <95% (N=23)
MAF <1% (71)

690 SNPs for
Statistical analysis

FIGURE 2: SNP quality control. 849 candidate SNPs were selected for our screening panel based on their involvement
in the TLR signaling pathways or a previous association of the particular gene with antibody-mediated diseases. 65
SNPs did not produce an amplicon, therefore 784 were eligible for the quality control. 23 SNPs were excluded based on
a call rate <95% and 71 SNPs were excluded based on a MAF <1%. A total of 690 SNPs in 115 genes passed the quality
control and were used in the statistical analysis.

No large-effect SNPs associate with susceptibility to alloimmunization
To determine whether SNPs in TLR genes, TLR gene pathways or genes previously
associated with antibody-mediated diseases are associated with alloimmunization in
SCD we compared the genotypes of non-immunized control patients (non-responders)
with the genotype frequencies of immunized cases (responders). Single SNP logistic
regression revealed no SNPs or clusters of SNPs at or below our chosen threshold
for statistical significance which was calculated using the Bonferroni correction
(P<0.000161), as is depicted in the Manhattan plot in figure 3. The results for this analysis
can be found in supplemental table 3. From this we can conclude that our candidate
SNPs show no large effect associations with alloimmunization in SCD.
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FIGURE 3: Manhattan plot for candidate SNP associations with alloimmunization in SCD patients. The
x-axis of the Manhattan plot displays the chromosomal position, and the y-axis expresses the ‑log10 P-value for
each individual SNP. The black dotted horizontal line correspond to the significance level after Bonferroni correction
(P=0.00016). The red dotted horizontal line indicates the threshold used to select signals for follow-up in a secondary
analysis (P=0.05).

19 SNPs show moderate association with susceptibility to
alloimmunization.
While some pathologies are strongly affected by a single large-effect SNP most complex
traits are moderately affected by multiple genetic variations. To identify such moderate
effect SNPs we used a less conservative threshold for significance (P<0.05) and analyzed
the 29 SNPs below this threshold. These 29 SNPs were divided over 12 chromosomes.
Next, multiple SNP regression analysis was applied for the chromosomes with more
than one SNP. Using backward selection SNPs with statistical independent effects were
identified. Finally, all independent SNPs were analyzed together. Supplemental table 4
shows the sequential results of these analyses. This resulted in a list of 19 independent
SNPs (table 2, figure 4). The ORs of these SNPs do not change substantially in the multiple
SNP model compared to the single SNP model which indicates that these SNPs are likely
independently associated with alloimmunization.

Figure 4

Protective effect
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Fold Risk

MAF

16

0.50

TRL7 (rs2302267)

139

0.45

3

STAM (rs2255426)
OX40L (rs1234317)

2

STAM (rs2251710)
IFNAR1 (rs7282780)
STAT4 (rs6752770)
TRL7 (rs3853839)

0.40

0.35

IRF7 (rs936469)

1

2

LBP (rs1609565)
TRAF3 (rs1956160)
TNIP1 rs871269)
IL17A (rs1974226)
TNF (rs1800630)

0.30

LBP (rs1609565)
TNIP1 rs871269)

IRF7 (rs936469)
TRAF3 (rs1956160)
IFNAR1 (rs7282780)
STAT4 (rs6752770)

STAM (rs2251710)

0.25

Risk effect

IL2 (rs2069763)
IKK1 (rs11591741)

3

TANK (rs17705608)

0.20

TRL7 (rs3853839)

STAT1 (rs2066802)

0.15

4

5

IL17A (rs1974226)

TRL1 (rs5743618)

MALT1 (rs4625820)

STAM (rs2255426)

0.10

0.05

TNF (rs1800630)
TANK (rs17705608)

IL2 (rs2069763)
OX40L (rs1234317) IKK1 (rs11591741)
TRL1 (rs5743618)
STAT1 (rs2066802)

MALT1 (rs4625820)
TRL7 (rs2302267)

FIGURE 4: Schematic overview of SNPs moderately associated with alloimmunization, scaled according
to OR and MAF. The 19 moderately associated SNPs are scaled according to size effect (left) and MAF (right). The left
bar shows protective SNPs in green zone and risk SNPs in red zone. Largest effect SNPs are found in deep green or deep
red zone. The right bar scales SNPs according to MAF with common SNPs in the red zone and rare SNPs in the blue zone.
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We evaluated the top 19 independent SNPs according to OR and MAF (figure 4) and
found rs5743618 (OR=4.24, 95% CI = 1.13–13.75, p=0.016, MAF=0.07) in TLR1 to be the
most important risk factor for alloantibody formation in this study. Per rs5743618-A
allele, patients had a fourfold greater risk of alloimmunization. rs4625820-T in MALT1
(OR=4.87, 95%CI=1.08–21.88, p=0.039, MAF=0.03) confers an almost fivefold higher risk
of alloimmunization. However, this T-allele is relatively rare (MAF=0.03) and is therefore
less reliable and has lower applicability in the clinic. A third risk factor of interest that we
found is rs17705608 in TANK (OR=2.94, 95% CI=1.28–6.73, p=0.011, MAF=0.102).
Two independent protective alleles can be found in the STAM gene, rs2255426-A
(OR=0.33, 95%CI=0.16–0.68, p=0.0025) and rs2251710-A (OR=0.45, 95%CI=0.27–
0.76, p=0.0027). These SNPs have higher and therefore more advantageous MAFs of
respectively 16.5% and 29.1%. TLR7 likewise holds two independent protective SNPs.
rs2302267-G (OR=0.06, 95%CI=0.00–0.71, p=0.026) is located in an intron of TLR7 and
has a low MAF of 1.4%. With a MAF of 18.4% the second SNP in this gene, rs3853839-G
(OR=0.56, 95%CI=0.34–0.93, p=0.025) seems to hold more potential. Two other SNPs
worth mentioning due to their favorable MAF of approximately 34% and reasonable
effect size are rs7282780-T in IFNAR1 (OR=0.46, 95%CI=0.28–0.77, p=0.003) and
rs6752770-G in STAT4 (OR=0.51, 95%CI=0.31–0.83, p=0.007).

DISCUSSION
In this study we attempted to identify genetic markers for alloimmunization in a
cohort of SCD patients by investigating the association of responder/non-responder
status with SNPs in the TLR gene pathway or SNPs in genes previously associated with
antibody-mediated diseases. We did not observe any large effect SNPs associated with
alloimmunization in SCD. To establish a threshold for significance we applied a Bonferroni
correction and set our cut-off at P<0.000161. This is a conservative cut-off where the
likelihood of false-positives is extremely low. From these results we can conclude that
the SNPs in our array do not have a large effect on alloimmunization in SCD. Because of
our sample size it is difficult to find significantly associated SNPs with a moderate effect
on the development of alloantibodies using the Bonferroni correction. By using a less
stringent threshold for significance we evaluated loci with more moderate effects on
responder status and found 19 moderately associated SNPs. It must be noted that these
moderately associated SNPs have a higher chance of being false positive and should
therefore be confirmed in larger studies.
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The most important risk factor for alloimmunization we found in our analysis of moderate
effect SNPs is a SNP in TLR1 (rs5743618 C/A), a missense variant leading to an amino acid
change (Ser à Ile). Our analysis suggests a fourfold increased risk of alloimmunization
per A-allele. TLR1 is involved in the defense against gram positive bacteria trough the
recognition of peptidoglycans and lipoproteins57. With this specific polymorphism the
C allele has previously been associated with risk of infectious diseases, asthma and
allergy58,59. Notably, in these studies the C allele was found to be the minor allele while in
our study the A allele is the minor allele. The C allele of rs5743618 is reported to produce
lower NF-κB levels in HEK293 cells compared to the A allele60. In a study by Hawn et al.
the CA genotype has been shown to be related to a reduction of surface expression
of TLR1 in monocytes and granulocytes compared to the AA genotype. Individuals
with the CA genotype showed a decreased production of TNFα and CXCL10 and an
increased production of IL10 compared to the AA genotype58. The higher NF-κB levels,
the higher TLR1 expression and the increased production of the pro-inflammatory
cytokines TNFα and CXCL10 previously found for the A allele could provide clues for the
risk association we found for alloimmunization in SCD. The effect on IL10 is somewhat
counterintuitive since this cytokine is known to augment antibody production and is
associated with antibody-mediated autoimmunity61-63. It would therefore be interesting
to measure cytokine levels in SCD patients with this variant. Other SNPs in TLR1 have
been associated with antibody-mediated autoimmunity. That is, various variants have
been linked to type 1 diabetes64. Overall, TLR1 is an interesting candidate for future
studies that investigate regulators or markers of alloimmunization in SCD.
An additional noteworthy risk factor that was found to be moderately associated with
alloimmunization in our study is rs17705608 in TANK. The variant confers a threefold
higher risk for alloimmunization in patients carrying the variant. This specific SNP has
previously been associated with breast cancer but not with any antibody-mediated
conditions65. Other SNPs in this gene have been associated with the autoimmune
disease Sjörgens syndrome66. TANK encodes for a protein called TRAF family memberassociated NF-kappa-B activator. This protein has both activating and inhibitory effects
on NF-κB through the TNF- and CD40L-mediated pathway67,68.
Our analysis of moderately associated SNPs also provided potentially interesting
protective markers for alloimmunization. We found two moderate associations in STAM
(rs2255426 and rs2251710) rendering a protective effect for alloimmunization. These
variants show a threefold and twofold lower risk of alloantibody formation in patients
with the variant, respectively. Both SNPs have a high MAF which makes them attractive
for future studies. STAM encodes for signal transducing adaptor molecule 1 (STAM1).
This protein is involved in the downstream signaling of cytokine receptors such as the
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IL-2 and GM-CSF receptors69. STAM1 is involved in the common cytokine receptor γ chain
(γc) -Jak3 signaling pathway, which is important for T cell development. Variations in this
gene have not previously been associated with any pathology. Further investigation of
this gene and protein are needed to establish its importance for alloimmunization.
Due to their high MAF of circa 34% rs7282780 in IFNAR1 and rs6752770 in STAT4 are
potentially useful prognostic markers for a non-responder status. IFNAR1 encodes
the interferon-alpha/beta receptor alpha chain, a component of the receptor for type
I interferons (INFs). INFs are critical for host defense against viruses and literature
suggests that they are important mediators of autoimmune disease70. STAT4 encodes
the transcription factor signal transducer and activator of transcription 4. This factor
is involved in IL-12 mediated Th1 and IL-23 mediated Th17 responses71,72. This specific
variant has been associated with chronic autoimmune liver disease73 and other STAT4
variants have been associated with various antibody-mediated autoimmune diseases
such as Systemic lupus erythematosus, Rheumatoid arthritis and Type 1 Diabetes74-77.
With respect to size effect rs2302267 in TLR7 and rs4625820 in MALT1 showed the
highest ORs. However, due to the low MAFs of these SNPs the power is very low
and a larger cohort is needed to establish if these SNPs are truly associated with
alloimmunization. However, TLR7 may be an interesting gene for future studies since an
additional moderately associated SNP was found in this gene. Other SNPs in this gene
have been linked to the antibody-mediated autoimmune diseases SLE78-81 and Graves82.
Moreover, this gene shows copy number variation (CNV) that has been linked to SLE83,84
and Behçet Disease85. It would therefore be interesting to investigate the association
between alloimmunization and CNV in TLR7.
Genetic association studies aiming to identify predictive markers for alloimmunization
are predominantly performed on small cohorts (N<150) in which only a few variations
are genotyped19,20,25,26,28. Until now one case-control GWAS study has been performed of
alloimmune responder status in a cohort of 94 SCD patients86. Here no large effect SNPs
were identified however, several SNPs around TLR10 showed a modest association with
increasing numbers of antibodies formed in responders. Six out of eight of these SNPs
were included in our panel but did not show any association with alloimmunization in
our analysis.
In patients, low expression levels of TLR2 and TLR3 have been associated with
nonresponder status87. It was hypothesized that these observations could be explained
by genetic variations. We have included 11 TLR2 SNPs and 14 TLR3 SNPs in our analysis
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of which none were found to be associated with responder or nonresponder status.
Hence, in our findings no genetic association has been found between TLR2 and TLR3
and alloimmunization in SCD.
Murine studies have indicated that the injection of a foreign antigen under sterile
conditions in general does not induce immunity88. However, the presence of inflammation
during the introduction of a foreign antigen can greatly promote immunity89. In a
murine model for alloimmunization it has been found that alloantibody formation
can be promoted and enhanced by TLR3 and TLR9 stimulation while TLR4 stimulation
inhibits the process29,51,90. Since TLR3, TLR9 and TLR4 are important biological factors in
the regulation of alloimmunization in mice it is plausible that genetic variation in the
genes encoding for these receptors influences the responder or nonresponder status in
humans. However, at least in our study genetic variations in TLR3, TLR9 and TLR4 are not
associated with alloimmunization.
A pitfall in genetic studies that screen for markers for alloimmunization in SCD is the
small sample size. Statistical power of genetic association studies depends on the
number of tested markers, the SNP frequency and effect size of the SNP. Our cohort is
currently the largest SCD cohort in literature with a relatively large study population of
275 SCD patients with a reasonably large number of cases (145)18,27,91-96. While this cohort
was suitable to identify strong to moderate associations of SNPs with a reasonable
frequency, weak associations may have been missed due to sample size. Larger SCD
cohorts are needed in the field to achieve successful analyses when using a large
number of markers such as genome-wide association studies. Due to the heterogeneity
of SCD patients and the complex treatment strategies that can vary among treatment
facilities the composition of large representable cohorts is extremely challenging and
will rely on strong collaborations between transfusion centers.
To conclude, in this study we did not find any SNPs that are strongly associated with
RBC alloimmunization in SCD. However, we found 19 moderately associated SNPs. Large
replication studies are required to validate these findings. Yet, our data do suggest that
variations in genes of the TLR pathway might affect the risk of alloimmunization. These
findings may eventually aid in discriminating responders from non-responders among
SCD patients, thereby limiting the need for extensive matching in the majority of these
patients.
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SUPPLEMENTAL TABLE 1: Candidate SNP selection
This table can be found online (goo.gl/4pq7Pd)
SUPPLEMENTAL TABLE 2: Overview of clinically significant antibodies per cohort
France (n=169)
Specificity

The Netherlands (N=106)

N

(%)

N

(%)
(100)

Alloimmunization

91

(100)

54

D

14

(15)

1

(2)

C

32

(35)

19

(35)

E

28

(31)

18

(33)

c

2

(2)

1

(2)

e

3

(3)

1

(2)

Ce

5

(5)

0

(0)

K

6

(7)

6

(11)

Fy(a)

29

(32)

8

(15)

Fy(b)

5

(5)

0

(0)

Jk(a)

6

(7)

2

(4)

Jk(b)

25

(27)

7

(13)

M

10

(10)

3

(6)

S

34

(37)

12

(22)

s

1

(1)

0

(0)

Fy3

15

(16)

2

(4)

Fy5

2

(2)

0

(0)

Cw

8

(9)

7

(13)

Js(a)

5

(5)

1

(2)

Lu(a)

6

(7)

2

(4)

Kp(a)

15

(16)

1

(2)

N

4

(4)

1

(2)

U

1

(1)

1

(2)

Yt(b)

4

(4)

0

(0)

Mi

0

(0)

2

(4)

Co(b)

0

(0)

1

(2)

HTLA

4

(4)

0

(0)

Do(a)

3

(3)

2

(4)

Do(b)

2

(2)

0

(0)

Kn(a)

3

(3)

0

(0)

High incidence antigens, unspecified

5

(5)

0

(0)

Low incidence antigens, unspecified

21

(23)

0

(0)

* Proportion of patients with the corresponding allo‐antibody as compared to the total number of allo‐immunized cases
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SUPPLEMENTAL TABLE 3: Primary SNP analysis
This table can be found online (goo.gl/UbZXbm)
SUPPLEMENTAL TABLE 4: Secondary analysis of SNPs moderately associated with alloimmunization
A. 29 SNPs from primary analysis p<0.05
SNP

Chromosome

Gene

rs1234317

1

TNFSF4

rs7309

2

TANK

rs6752770

2

STAT4

rs2066802

2

rs17705608

2

rs5743818
rs5743810

OR

95%CI

p-value

0.4

0.2-0.78

0.008

1.56

1.06-2.31

0.025

0.63

0.44-0.92

0.015

STAT1

2.31

1.06-5.01

0.034

TANK

2.22

1.18-4.19

0.014

4

TLR6

2.88

1.14-7.28

0.025

4

TLR6

4.08

1.22-13.64

0.022

rs5743618

4

TLR1

3.96

1.7-9.23

0.001

rs4833103

4

TLR1

3.41

1.28-9.12

0.014

rs4833095

4

TLR1

1.75

1.05-2.92

0.031

rs2069763

4

IL2

2.37

1.23-4.55

0.01

rs871269

5

TNIP1

1.5

1.05-2.12

0.024

rs1422673

5

TNIP1

1.44

1.01-2.05

0.045

rs1974226

6

IL17A

1.7

1.01-2.85

0.045

rs1800630

6

TNF

1.77

1-3.13

0.051

rs2255426

10

STAM

0.59

0.36-0.96

0.033

rs2251710

10

STAM

0.59

0.4-0.86

0.006

rs11591741

10

IKK1

2.31

1.14-4.66

0.02

rs10904986

10

STAM

0.63

0.41-0.96

0.031

rs936469

11

IRF7

0.61

0.42-0.87

0.006

rs1131665

11

IRF7

1.51

1.05-2.17

0.028

rs1956160

14

TRAF3

1.51

1.03-2.22

0.033

rs4625820

18

MALT1

4.28

1.14-15.97

0.031

rs1609565

20

LBP

1.48

1.05-2.09

0.024

rs7282780

21

IFNAR1

0.67

0.46-0.98

0.041

rs5741880

23

TLR7

0.73

0.55-0.98

0.034

rs4830805

23

TLR8

0.7

0.5-0.98

0.039

rs3853839

23

TLR7

0.61

0.41-0.91

0.014

rs2302267

23

TLR7

0.08

0.01-0.69

0.022

OR = odds ratio, 95%CI = 95% confidence interval, text in bold indicates P<0.05 values.
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B. 19 Independent SNPs found through multiple regression analysis per chromosome and backward
selection
Single SNP
SNP

All in model

Chromosome

Gene

OR

95%CI

p-value

OR

95%CI

p-value

rs1234317

1

TNFSF4

0.4

0.2-0.78

0.008

0.35

0.14-0.88

0.025

rs6752770

2

STAT4

0.63

0.44-0.92

0.015

0.51

0.31-0.83

0.007

rs17705608

2

TANK

2.22

1.18-4.19

0.014

2.94

1.28-6.72

0.011

rs2066802

2

STAT1

2.31

1.06-5.01

0.034

3.3

1.22-8.92

0.019

rs2069763

4

IL2

2.37

1.23-4.55

0.01

2.61

1.09-6.2

0.03

rs5743618

4

TLR1

3.96

1.7-9.23

0.001

4.24

1.31-13.75

0.016

rs871269

5

TNIP1

1.5

1.05-2.12

0.024

1.51

0.94-2.42

0.087

rs1974226

6

IL17A

1.7

1.01-2.85

0.045

1.55

0.81-2.97

0.19

rs1800630

6

TNF

1.77

1-3.13

0.051

1.8

0.83-3.91

0.14

rs2255426

10

STAM

0.59

0.36-0.96

0.033

0.33

0.16-0.68

0.002

rs2251710

10

STAM

0.59

0.4-0.86

0.006

0.45

0.27-0.76

0.003

rs11591741

10

IKK1

2.31

1.14-4.66

0.02

2.73

1.03-7.2

0.043

rs936469

11

IRF7

0.61

0.42-0.87

0.006

0.68

0.43-1.09

0.11

rs1956160

14

TRAF3

1.51

1.03-2.22

0.033

1.49

0.91-2.43

0.113

rs4625820

18

MALT1

4.28

1.14-15.97

0.031

4.87

1.08-21.88

0.039

rs1609565

20

LBP

1.48

1.05-2.09

0.024

1.47

0.92-2.33

0.106

rs7282780

21

IFNAR1

0.67

0.46-0.98

0.041

0.46

0.28-0.77

0.003

rs2302267

23

TLR7

0.08

0.01-0.69

0.022

0.06

0-0.71

0.026

rs3853839

23

TLR7

0.61

0.41-0.91

0.014

0.56

0.34-0.93

0.025

OR = odds ratio, 95%CI = 95% confidence interval, text in bold indicates P<0.05 values.
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Supplemental figure 1: Genetic heterogeneity test on cases versus controls
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INTRODUCTION
Blood consists of four basic components; white blood cells, platelets, red blood cells
(RBCs) and plasma. The most abundant cell type is the RBC which is responsible for
oxygen transport. With their red color, their extremely flexible membrane and their lack
of a nucleus RBCs are intriguing cells. They have been under thorough investigation from
1658 onwards when Jan Swammerdam first described them using an early microscope1.
While in the last decades much has been discovered about their development and
function, very little is understood about the destruction of old or damaged RBCs (as
has been discussed in chapter 1). Various pathologies such as infection, genetic red
blood cell defects or autoimmune diseases can accelerate clearance of RBCs and lead to
anemia2. During the course of history we have learnt through trial and error how blood
transfusions can help to treat these illnesses. While Pope Innocent VIII has been said
to receive one of the first clearly unsuccessful oral blood transfusions in 1492 (costing
the lives of the three donors)3, William Harvey set the first steps to current blood
transfusions with his discovery of the circulatory system in 16284. In 1818, after centuries
of experimental blood transfusions involving animals James Blundell preformed the
first successful transfusion of human blood into a patient suffering from postpartum
hemorrhage3. During World War I the field of transfusion medicine quickly evolved and
eventually blood transfusion has become a life-saving standard treatment for numerous
pathologies5. Karl Landsteiners discovery of the main blood groups ABO in 1900 and
later the discovery of RhD has been a crucial finding in making blood transfusion a safe
therapy.
Nonetheless, a RBC transfusion can still lead to alloimmunization, a serious complication
in which the development of antibodies directed against the RBCs of the donor can
induce enhanced RBC clearance. This complication can lead to acute (<24 hours) or
delayed (7-15 days) hemolytic transfusion reactions in which life-threatening hemolysis
with severe anemia can occur. The induction of immunity against RBC antigens does
not only occur through blood transfusion but can also be induced during pregnancy
or through autoimmune reactions. A better understanding of antibody driven RBC
destruction will broaden our understanding of RBC clearance which can ultimately
help improve treatment strategies of antibody-mediated anemias and can in the future
improve transfusion medicine.
The aim of this thesis was to gain further insight into the pathophysiology of antibodymediated RBC clearance. The studies presented here can be divided into two topics.
Part I aimed to extend our knowledge on the working mechanism of RBC clearance
in the spleen. We have investigated the role of various phagocytes and subsequently
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we have focused on the role of neutrophils in IgG-mediated RBC clearance. In part II
we have concentrated on RBC alloimmunization in sickle cell disease (SCD) patients,
a clinical example of IgG-mediated RBC destruction. We identified potential genetic
markers of alloimmunization in order to recognize patients at risk of this complication
and ultimately prevent the development of alloantibodies following blood transfusion.
In this final chapter I will provide a summary of our results, address the limitations and
discuss the implications. Lastly, I will place our findings in a broader context and discuss
the impact of our findings on different theories that aim to explain IgG-mediated RBC
clearance.

PART I – NEUTROPHILS IN IGG-MEDIATED RBC CLEARANCE
RBC turnover is a complex process involving multiple sites in the body and various
immune cells regulating its course2,6. After their development in the bone marrow,
RBCs have a life span of approximately 120 days after which they get cleared in the
spleen or liver7. Particularly the role of macrophages herein has been well described2,6.
In chapter 2 we evaluated the various white blood cells present in the spleen and
their role in RBC clearance. The dogma is that red pulp macrophages, which are key
players under steady-state conditions, also have a major role in the clearance of red
blood cells during auto- and alloimmune conditions. We discovered that while red
pulp macrophages are the primary phagocytes of red blood cells under homeostatic
conditions, neutrophils can become the principal phagocytes in conditions where RBC
are IgG opsonized. These findings were confirmed in a murine model for IgG-mediated
RBC clearance. Phagocytosis of RBCs by neutrophils was found to be strongly dependent
on the degree of opsonization of the RBC. Moreover, the process can be enhanced by
pro-inflammatory agents and is negatively influenced by CD47-SIRPα signaling (figure
1). Finally, we demonstrated that IgG-coated RBC from autoimmune hemolytic anemia
patients are indeed readily taken up by human neutrophils.
Our findings challenge the widely supported theory that macrophages are the central
player in RBC clearance in health and disease. While our data confirmed that macrophages
are the principal phagocytes in homeostatic conditions we found that environmental
conditions in pathologies can shift the balance towards neutrophils and/or monocytes.
Since neutrophils are the most abundant white blood cells in the human blood and
spleen their contribution to RBC clearance can be quite significant. Due to the focus in
literature on macrophages we have a broad understanding of how these phagocytes
control RBC clearance. While macrophages are most definitely crucial phagocytes in
this process, previous studies may have overlooked the importance of other immune
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cells. To ultimately get the full picture on RBC clearance it would be beneficial if future
studies would not only focus on macrophages but would also take into account the
contribution of other phagocytes to this intriguing and complex process.

FIGURE 1: Schematic overview of the findings of chapter 2. (A) Neutrophils do not phagocytose unopsonized
RBCs. (B) Opsonized RBCs are phagocytosed by neutrophils and this process is dependent on the degree of opsonization.
(C) The “don’t eat me” signal CD47 on the membrane of the RBC negatively regulates RBC phagocytosis by neutrophils.
Blocking or absence of CD47 enhances the process. (D) Inflammatory mediators augment RBC phagocytosis by
neutrophils
The spleen is the primary organ when it comes to RBC clearance. RBCs expressing high
levels of “eat me signals” and/or low levels of “don’t eat me” signals are taken up by
phagocytes in the red pulp2. With its central location in the body the spleen acts as
a filter of the blood. Besides filtering out old and damaged RBCs in the red pulp, the
spleen also functions as an immune monitor. Namely, white blood cells in the marginal
zone express pattern-recognition receptors such as the Toll-like receptors (TLRs) in
order to recognize non-self antigens and consequently take up the foreign particle7.
Certain immune cells in the marginal zone subsequently migrate to the white pulp and
present non-self antigens to adaptive immune cells such as naïve CD4+ T cells. This is
an initial and crucial step in RBC alloimmunization8. In murine and human studies the
spleen has been identified as a prominent organ in RBC alloantibody formation8-10. Since
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we identified a role for neutrophils in RBC clearance we next investigated the potential
role of neutrophils in alloimmunization by considering their contribution to adaptive
immune responses following RBC phagocytosis.
In chapter 3 we found that neutrophils can contribute to adaptive immunity
after acquiring antigen presenting capacity following RBC phagocytosis (figure 2).
Subsequent to IgG-mediated phagocytosis neutrophils upregulate MHC class II and
costimulatory molecules. Interestingly, we observed a great reduction in the respiratory
burst of neutrophils after RBC phagocytosis compared to phagocytosis of yeast-derived
zymosan particles. While this reduced burst seems very unusual in neutrophils it has
been shown that in dendritic cells the respiratory burst can be down-regulated in order
to preserve antigens for presentation11. We therefore hypothesized that neutrophils
are capable of antigen presentation and intracellular processing of antigens. We
investigated the capacity of neutrophils to process and present antigens using the
tetanus toxoid antigen in an autologous T cell proliferation assay and indeed found
that neutrophils could induce antigen-specific CD4+ T cell activation and proliferation.
Moreover, neutrophils induced CD4+ T cell activation and proliferation to a similar
extent as PBMCs. This proves that neutrophils possess the capacity to induce adaptive
immune responses through antigen presentation. In dendritic cells immunity against
RBC is known to be regulated by the “don’t eat me” signal CD47. While CD47 restriction
does impact the degree of RBC phagocytosis by neutrophils, we showed that it does not
have a significant effect on the antigen presenting function of neutrophils.
This study suggests a role for neutrophils in adaptive immune responses such as
alloimmunization. Previous studies have presented a role for neutrophils in adaptive
immunity against pathogen-derived antigens12,13. Our findings show that neutrophils
may possibly also be involved in auto- or alloimmune reactions. Ideally, the T cell
proliferation assays should be repeated with T cells from donors immunized against
an immunogenic RBC antigen. This would provide more direct insight into the ability
of neutrophils to present RBC antigens. However, blood of alloimmunized patients
is generally not available in large enough quantities for this purpose. Yet, RhD+
male volunteers who get immunized with RhD+ RBC in order to obtain anti-RhD
immunoglobulin, provide an opportunity. Nonetheless, in a pilot experiment we found
that the logistics of such an experiment and the percentage of RhD reactive CD4+ T cells
provides challenges herein. Alternatively, study of the role of neutrophils in a murine
model of RBC alloimmunization will provide clues on the in vivo relevance of this cell
type in alloimmunization. Nonetheless, while human blood is neutrophils rich (50-70%
neutrophils), in murine blood lymphocytes are the dominant white blood cell (75-90%
lymphocytes, 10-25% neutrophils)14. In a mouse model the in vivo role of neutrophils in

CD40

CD80

CD4+ T cells

Activation and proliferation

HLA-dr
CD25

FIGURE 2: Schematic overview of the findings of chapter 3. RBC opsonization induces phagocytosis of the RBC by neutrophils. Following RBC phagocytosis neutrophils start
expressing MHC-II and the costimulatory molecules CD40 and CD80. In the presence of an antigen such as tetanus toxoid these neutrophils are capable of inducing CD4+ T cell
activation and proliferation.

Neutrophils + opsonized RBC

MHC-II

CD38
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regulating alloimmunization may therefore be underestimated. This could also explain
why neutrophils have been underrated in literature with respect to their influence on
RBC clearance and immune regulation. What also complicates this sort of studies is
that neutrophils are tricky cells to handle in the lab. Their short life span makes them
impossible to culture. Besides, neutrophils are sensitive to external influences and are
easily activated. Therefore expertise is required to work with them.
Previous studies have reported that neutrophils can acquire a macrophage, dendritic
cell or APC phenotype when cultured with inflammatory mediators15-17. This dendritic
cell/APC phenotype of neutrophils has also been found in vivo in mice and Rhesus
monkeys12,13,18. Neutrophils exhibiting APC properties have moreover been identified in
patients treated with GM-CSF and/or INF-γ and in patients with sepsis or autoimmune
disorders such as Wegener’s disease and rheumatoid arthritis19-22. These findings support
our study results and suggest clinical relevance of neutrophils in auto- and alloimmune
conditions.
Overall, part one of this thesis adds to our understanding of RBC clearance through
phagocytosis by neutrophils and the consequences hereof. We have revealed that
neutrophils can be key player in IgG-mediated RBC clearance and may have a regulatory
role in RBC auto- or alloimmunization reactions.

PART II – GENETIC MARKERS FOR ALLOIMMUNIZATION IN SICKLE
CELL DISEASE
A fairly common clinical example of a pathology involving IgG-mediated RBC clearance
is RBC alloimmunization; a serious and possibly life-threatening complication of
RBC blood transfusions. Alloimmunization is a multistep process starting with the
recognition of a RBC antigen. APCs subsequently process and present the antigen via
HLA class II to T cell receptors on CD4 helper T cells which results in activation. Next, T and
B cells interact to finally cause B cell differentiation into antibody secreting plasma cells.
Through murine and human studies we know that alloimmunization is under influence
of acquired and genetic factors.25 Three factors influencing this complex pathology
are antigenic differences between donor and recipient RBCs, the immunogenicity of
an antigen and the level of systemic inflammation in the patient25-28. SCD patients are
particularly prone to develop alloantibodies after repeated transfusion23,24. The exact
role of the spleen in alloimmunization in these patients is still unclear. While in a general
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transfusion cohort absence of the spleen is strongly associated with protection from
primary RBC alloantibody formation, this association has not been found and has even
been contradicted in studies with thalassemia and SCD patients8,29.
Interestingly, only a subgroup of patients appears to develop alloantibodies30. These
individuals are referred to as responders. Stochastic modeling has suggested that the
increased risk of alloimmunization in responders is independent of common disease
states, age or number of alloantibodies and only weakly dependent on the number of
transfused units30. A genetic predisposition might render patients more prone or more
resistant to form alloantibodies. Antigenic matching of patient and donor provides an
effective strategy to reduce alloimmunization31-36. However, this strategy is costly and
compatible units are not always available for all patients. It is therefore of great interest
to identify markers that predestine the recipient to become alloimmunized in order to
predict which patients are at risk of developing alloantibodies. In part II of this thesis we
aimed to identify genetic makers for alloimmunization. To this end we have investigated
the association between genetic variation in in members of the Fc-gamma receptor
(FcγR) family and RBC alloimmunization in SCD in chapter 4. Genetic diversity in FcγRs
has previously been associated with various antibody-mediated diseases37-40. Therefore,
we hypothesized that the genetic diversity in the FcγR family might play an important
role in alloantibody formation.
The primary function of FcγRs is binding the Fc portion of an IgG that is attached to
an antigen. This facilitates activation of the immune cell expressing the FcγR and
consequently the uptake of the opsonized particle. FcγRs can influence alloimmunization
on different levels. First, FcγRIIb and FcγRIII mediate antigen internalization and
presentation to T cells41,42. Secondly, FcγRIIb is an important regulator of B cells
and antibody producing plasma cells. Through negative regulation this receptor is
believed to maintain peripheral tolerance for B cells43-46. In addition, FcγRIIb controls
affinity maturation and memory B cell development47,48. Lastly, FcγRs can influence
alloimmunization through their ability to shape the antibody repertoire by modulating
B cell receptor-mediated cell activation and proliferation.43,49
In this observational, case-control study, we evaluated the association between genetic
variation in the low-affinity FcγR gene cluster and RBC alloimmunization in SCD. We
have identified a protective biomarker for alloimmunization in SCD namely, the FCGR2C
non-classical open reading frame haplotype (FCGR2C.nc-ORF). It was found that
patients with the FCGR2C.nc-ORF polymorphism have almost a four-fold lower risk of
RBC alloimmunization compared to patients without this variant. This protective effect
was strongest for exposure to antigens other than the immunogenic Rhesus (Rh) or
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Kell (K) antigens. These findings suggests that the genetic constitution of patients is of
less importance in the formation of alloantibodies against the immunogenic Rh and K
antigens, emphasizing the importance of extended matching for these RBC antigens.
Unfortunately, we were not able to fully elucidate the functional consequence of the
FCGR2C.nc-ORF polymorphism. FCGR2C is in most individuals a pseudogene. Through
a polymorphism in exon 3, resulting in an open reading frame (ORF), the gene can
be expressed. However, due to a splice site mutation near exon 7 FCGR2C.nc-ORF is
a polymorphism in a non-expressed gene. Phenotypic analysis of various cell types
revealed a reduced expression of FcγRIIb on B cells in patients with FCGR2C.nc-ORF.
This observation could provide clues for a functional explanation. FCGR2C.nc-ORF
could be linked to polymorphisms in the promotor region of FCGR2B. However, FcγRIIb
is an inhibitory receptor involved in the negative regulation of B cell activation. While
alternative functions of the receptor are plausible, a more likely explanation for the
protective effect observed for FCGR2C.nc-ORF is linkage to an unknown polymorphism
elsewhere on the chromosome.
To validate FCGR2C.nc-ORF as a marker for non-responder status additional analysis of
other SCD cohorts is required. The fact that the association is particularly strong in the
ethnically more diverse French cohort seems promising for reproducibility. Nevertheless,
SCD patients show a high degree of genetic variation which provides challenges for
identifying universal markers for alloimmunization.
Additional genes that might contain candidate markers for alloimmunization are
genes involved in the control of inflammatory responses. It is known that under sterile
conditions an antigen generally fails to induce immunity50. Inflammation can support
the conversion of a tolerogenic event into an immunogenic one51-53. In this respect TLRs
are of interest since they induce inflammation through the recognition of exogenous
and endogenous molecules. Genetic variations in the TLR gene pathway with respect
to alloimmunization were investigated in chapter 5. Over the years a large body of
evidence has been collected demonstrating the influence of TLRs on autoimmunity.
All coding human TLR genes have previously been linked to various autoimmune
disorders such as type 1 diabetes54-56, systemic lupus erythematosus57,58, myasthenia
gravis59,60 or rheumatoid arthritis61-65 (a comprehensive overview can be found in the
review of Gianchecchi et al.66). Moreover, studies in mice suggest a role for TLRs in
alloimmunization51,67-69. Namely, it has been found that alloantibody formation can be
promoted and enhanced by TLR3 and TLR9 stimulation while TLR4 stimulation inhibits
the process.
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Using the SCD cohort described in chapter 4 we investigated whether variations
in the TLR gene pathway or genes previously associated with antibody-mediated
conditions are associated with RBC alloimmunization. We used a customized SNP panel
to genotype 690 SNPs in 275 patients using next generation sequencing. We did not
observe any large effect SNPs associated with alloimmunization. However, we did find
19 moderately associated SNPs.
The most interesting risk factor in our study, when taking into account MAF, odds ratio
and p-value, was found in TLR1 namely, rs5743618. Patients with the rs5743618-A allele
had a fourfold higher chance of developing alloantibodies as compared to patients
without this allele. This functional SNP has been reported to upregulate NF-κB expression
levels70. Additionally, in a different Chinese population individuals with the A allele
have been found to have higher TLR1 expression on monocytes and granulocytes, an
increased production of TNFα and CXCL10 and a decreased production of IL1071. These
findings may support our discovery that rs5743618-A increases the risk of forming an
alloantibody since NF-κB, TLR1, TNFα and CXCL10 are mainly known for their role in
proinflammatory signaling pathways.
A second notable variant is rs17705608 in TANK. The TANK gene encodes for TRAF
family member-associated NF-kappa-B activator, a protein that transduces signals from
the TNF receptor superfamily 72. Patients carrying this SNP confer a threefold higher
risk of developing alloimmunization. While this specific SNP has not previously been
associated with any antibody-mediated conditions other SNPs in the TANK gene have
been suggestively associated with the autoimmune disease Sjögren’s syndrome73.
The most promising protective marker was found in STAM. We found a threefold lower
risk of alloimmunization in patients with this variant and a MAF of 0.29. STAM encodes
for an adaptor protein STAM1 that is involved in the downstream signaling of cytokine
receptors74. An additional SNP in this gene was also found to be moderately associated
with protection from alloimmunization (rs2251710). Both SNPs have not previously
been associated with any antibody-mediated conditions.
Two other protective markers of interest were rs7282780 in IFNAR1 and rs6752770 in
STAT4. Proteins encoded by these genes can both be found in the INFγ pathway. These
SNPs may prove to be promising prospective makers for alloimmunization since they
both had a high MAF of 0.34 and are both located in genes that have frequently been
associated with antibody-mediated autoimmune conditions75-79.

6

170

Chapter 6

In general, additional analyses in other SCD cohorts are needed to validate the markers
that we found to be moderately associated with alloimmunization. Due to the great
ethnic and genetic diversity in SCD patients it is likely that the MAF varies in other
cohorts. This affects the strength of the association and can affect the size effect while
the direction of the effect will most likely stay the same80. It would furthermore be
interesting to investigate if the identified makers also associated with alloimmunization
in a general transfusion population.
There is a necessity for larger SCD cohorts to help validate markers currently identified
for alloimmunization. Additionally, larger cohorts will enable larger genomic screenings
such as genome-wide association studies. However, establishing a representative
large SCD cohort is challenging. The genetic and ethnic variability within a cohort can
provide problems. Moreover, it is difficult to obtain all clinical information of a patient.
For instance, a full record of the transfusion history is not always available, but of
importance since the number of transfusions and antigenic matching protocol influence
the likelihood of developing an alloantibody. The composition of large representable
cohorts relies on strong collaborations between transfusion centers and is important
for future research.
Overall, this thesis aimed to extend our current knowledge on the pathogenesis of
IgG-mediated RBC clearance. It has furthermore contributed to our insight into the
genetic factors that may influence RBC alloimmunization. Alloimmunization increases
the disease burden of chronic transfusion recipients such as SCD patients. However,
expanding knowledge on the pathobiology and genetics driving this process can in the
future improve health care and provide better prospects for these patients.
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NEDERLANDSE SAMENVATTING
Als het geen match is: cellulaire en genetische factoren in antistof-gemedieerde
rode bloedcel klaring

INLEIDING
Bloed bestaat uit vier verschillende componenten; plasma, bloedplaatjes, witte
bloedcellen en rode bloedcellen (RBC). Elk component heeft een eigen functie.
Het plasma is het vloeibare gedeelte van bloed en bevat belangrijke eiwitten en
voedingsstoffen voor het lichaam. De bloedplaatjes zijn belangrijk voor stolling en het
vormen van een korst op een wond. De witte bloedcellen maken maar een klein deel
uit van de cellen van het bloed maar ze zijn van cruciaal belang als soldaten van het
afweersysteem. Als laatste is daar de RBC. Dit celtype is verantwoordelijk voor onder
andere het transporteren van zuurstof naar de weefsels en de afvoer van afvalstoffen
naar de longen. De RBC is een intrigerende kernloze cel met een extreem flexibel
membraam en heeft door het hoge gehalte aan ijzer een bijzondere rode kleur. Het
is bovendien de meest voorkomende cel in ons lichaam, naar schatting is 60% van al
onze cellen een RBC. Jan Swammerdam en Antonie van Leeuwenhoek waren de eerste
wetenschappers om deze cel door de microscoop waar te nemen en te beschrijven.
Sindsdien is er door de eeuwen heen veel ontdekt over de ontwikkeling en functie van
de RBC. We weten alleen nog niet erg veel over de afbraak van deze cellen.
In bepaalde aandoeningen zien we verhoogde afbraak van RBC. Dit is bijvoorbeeld
het geval bij patiënten met aangeboren RBC afwijkingen, bij bloedvergiftiging of bij
bepaalde auto-immuunziektes. Deze aandoeningen kunnen behandeld worden met
een bloedtransfusie. Bloedtransfusie is een levensreddende therapie en verschillende
patiëntgroepen zijn afhankelijk van deze behandeling. Helaas brengt een bloedtransfusie
ook risico’s met zich mee. Naast ijzerstapeling en infecties is de vorming van antistoffen
gericht tegen donor RBC een groot probleem bij patiënten die transfusies ontvangen.
De vorming van antistoffen kan tot gevaarlijke complicaties leiden waarbij extreme
afbraak van RBC (zogenaamde hemolyse) plaats kan vinden. De vorming van antistoffen
tegen RBC vindt niet alleen plaats bij bloedtransfusie maar kan ook plaatsvinden tijdens
een zwangerschap, door een infectie of door een auto-immuunziekte.
In dit proefschrift hebben we de rol van verschillende witte bloedcellen in het proces
van RBC afbraak bestudeerd. We hebben daarbij met name onderzoek gedaan naar
antistof-gemedieerde RBC afbraak. Daarnaast hebben we de vorming van antistoffen
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tegen RBC bij een specifieke patiëntgroep, sikkelcelanemie patiënten, onderzocht. Deze
patiënten ontvangen vaak vanaf jonge leeftijd bloedtransfusies en hebben een hoge
kans op antistofvorming. In ons onderzoek hebben we gekeken of we aan de hand van
biologische kenmerken van deze patiënten kunnen voorspellen welke patiënten een
grote kans hebben om antistoffen tegen donor RBC te gaan ontwikkelen. Dit kan in de
toekomst helpen bij de behandeling van deze patiënten.

Het afweersysteem
De witte bloedcellen in ons bloed zijn een belangrijk onderdeel van het afweersysteem
dat ons lichaam beschermt tegen ziektekiemen zoals bacteriën, virussen en parasieten,
maar ook tegen schadelijke veranderingen van onze eigen cellen. Het afweersysteem,
ook wel immuunsysteem genoemd, kan opgedeeld worden in een aangeboren en een
specifiek systeem en bestaat uit immuuncellen en uit een reeks speciale eiwitten in het
plasma (figuur 1).

*

FIGUUR 1: Het afweersysteem. Schematische weergave van de belangrijkste cellen van het afweer systeem.
De meest voorkomende witte bloedcel in het bloed is de neutrofiel, een granulocyt. Granulocyten zijn cellen die
veel granules hebben in hun cytoplasma. Granules bevatten afweerstoffen die uitgescheiden worden om microben
onschadelijk te maken. De neutrofiel is daarnaast een belangrijke fagocyt en kan een micro-organisme of ander deeltje
onschadelijk maken door het in zijn geheel op te nemen. Monocyten, macrofagen en dendritische cellen zijn eveneens
fagocyten. Macrofagen en dendritische cellen komen niet in het bloed voor maar verblijven in het weefsel. Samen
vormen deze cellen het aangeboren afweersysteem. Het specifieke afweersysteem bestaat uit T cellen en B cellen.
Samen met NK cellen (niet weergegeven) vallen deze onder de categorie lymfocyten. Deze cellen lijken erg op elkaar
maar hebben hele verschillende eigenschappen.
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In eerste instantie houden barrières zoals de huid en slijmvliezen micro-organismen
buiten. Als een ziektekiem hier doorheen weet te breken komt het aangeboren
afweersysteem in actie. Deze 'tweede barrière' bestaat uit witte bloedcellen die we
fagocyten noemen. Fagocyten herkennen indringers en maken deze onschadelijk door
ze op te eten (te fagocyteren) of door schadelijke stoffen uit te scheiden. Sommige
fagocyten kunnen herkenningspunten (antigenen) van de indringer presenteren aan
het specifieke immuunsysteem en het hiermee activeren. Deze fagocyten worden
antigeen-presenterende cellen (APC) genoemd. Het vermogen van cellen om antigenen
te kunnen presenteren is een belangrijk onderwerp in hoofdstuk 3. Speciale eiwitten in
het plasma helpen ook mee bij de aangeboren afweerreactie. Dit is voornamelijk het
complementsysteem waar ik in dit proefschrift en in dit hoofdstuk niet diep op in zal
gaan.
Het aangeboren afweersysteem herkent (ziekteverwekker-geassocieerde) patronen
en gevaarsignalen maar herkent op een niet specifieke manier bacteriën of andere
ziekteverwekkers. Het specifieke afweersysteem, ook wel adaptieve of verworven
immuunsysteem, heeft meer tijd nodig om zich te ontwikkelen maar is na 7-10 dagen
heel goed in het herkennen en onschadelijk maken van specifieke micro-organismen.
Kort samengevat; het aangeboren systeem is snel maar niet specifiek, het specifieke
systeem is trager maar heel precies en ontwikkelt daarnaast een immunologisch
geheugen. Het specifieke afweersysteem bestaat voornamelijk uit B cellen en T cellen.
Elke T cel reageert op een uniek antigeen dat wordt gepresenteerd door een APC. T
cellen zijn van belang voor de afweer van ziekteverwekkers die zich binnen de cellen
van het lichaam ophouden zoals bijvoorbeeld virussen. T cellen hebben verschillende
specialisaties, namelijk; helper T cellen die andere cellen aansturen door het uitscheiden
van regulerende stoffen (cytokines), cytotoxische T cellen (killer cel) die na activatie
geïnfecteerde cellen kunnen doden, remmende T cellen die andere cellen afremmen
of geheugen T cellen die het antigeen onthouden en bij een volgende infectie meteen
in actie kunnen komen. Ook elke B cel herkent een uniek antigeen. B cellen hebben
twee soorten specialismes; plasma B cel of geheugen B cel. Plasma cellen zijn gerijpte
B cellen die antistoffen aanmaken. Antistoffen (of antilichamen) zijn eiwitten die
geproduceerd worden als reactie op een antigeen. Deze eiwitten zijn specifiek gericht
tegen moleculen op het oppervlakte van de ziekteverwekker. Zo kan deze herkend
worden en opgeruimd worden door immuuncellen. Dit kan belangrijk zijn voor de
afweer tegen bacteriën en virussen, maar ook antigenen op donor RBC kunnen door
het immuunsysteem als lichaamsvreemd herkend worden waardoor er antistoffen
tegen de RBC gemaakt worden. In sommige gevallen worden er zelfs antistoffen
tegen lichaamseigen antigenen gemaakt. In dit geval spreken we over een auto-
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immuunziekte. Geheugen B cellen worden zo genoemd omdat ze een “geheugen” en
antistoffen blijven aanmaken en zo blijvende bescherming bieden. Dit aspect van het
immuunsysteem wordt gebruikt bij vaccinaties.

De Milt
RBC circuleren gemiddeld 120 dagen in de bloedbaan. Oude of beschadigde RBC
worden in de milt of lever afgebroken. Met name de milt speelt een centrale rol bij de
afbraak van RBC. Daarnaast is de milt verantwoordelijk voor antistof-gemedieerde RBC
afbraak. De milt bestaat voornamelijk uit twee weefseltypes met elk een eigen functie;
de rode pulpa en de witte pulpa. De rode pulpa dient als bloed reservoir en bevat veel
fagocyten zoals macrofagen, die oude en beschadigde RBC uit de circulatie halen.
Daarnaast halen de fagocyten micro-organismen zoals bacteriën uit het bloed. Verder
bestaat de milt uit witte pulpa. Dit weefsel is onderdeel van het afweersysteem. Witte
pulpa bevat met name veel B cellen en T cellen, de immuuncellen van het specifieke
afweersysteem. Een belangrijke proces in de milt is de ontwikkeling van B cellen
naar plasma cellen, welke gespecialiseerd zijn in het produceren van antistoffen. Het
grensgebied tussen de rode en witte pulpa heet de marginale zone. In deze zone komen
veel immuuncellen voor met zogenoemde “pattern recognition receptors”. Dit zijn
receptoren die functioneren als patroonherkeningsmoleculen voor micro-organismen
en lichaamsvreemde partikels. Deze receptoren komen voor op fagocyten en bepaalde
B cellen. Na herkenning van een lichaamsvreemd partikel wordt deze gefagocyteerd
door de immuuncel en daarna worden antigenen gepresenteerd aan cellen van het
specifieke immuunsysteem in de witte pulpa. Dit kan leiden tot immuunactivatie tegen
het partikel dat het antigeen draagt.

Signalen voor RBC afbraak
De afbraak van RBC bestaan uit twee componenten. Ten eerste kunnen oude en
beschadigde RBC door mechanische filtratie uit het bloed gefiltreerd worden. Jonge,
gezonde RBC hebben een extreem flexibel membraam en kunnen door de ontzettend
nauwe doorgangen van de milt geperst worden. Een RBC heeft een grootte van
ongeveer 8 µm en is flexibel genoeg om door spleten van ~2.5 µm tot 0.5-1.0 µm te
passeren. Naarmate de RBCs ouder worden of beschadigden wordt het membraam
stugger en blijven deze cellen hangen in de rode pulpa van de milt waar voornamelijk
macrofagen de RBC verwijderen doormiddel van fagocytose.

*

Naast mechanische filtratie zijn er biologische factoren die voor het vastlopen van RBC in
de milt kunnen zorgen. Om een oude RBC te kunnen herkennen gebruiken macrofagen
receptoren die zogenaamde “eet me” signalen op de RBC kunnen detecteren. Deze
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“eet me” signalen hopen zich op op het membraam van de RBC en leiden ten slotte
tot klaring door fagocyten zoals macrofagen. Het is tot nog toe niet duidelijk wat deze
“eet me” signalen precies zijn, maar een aantal signalen zijn geïdentificeerd die mogelijk
verantwoordelijk zijn voor de herkenning van oude RBC.
Naast de “eet me” signalen weten we dat er een sterk “eet me niet” signaal is, een eiwit dat
CD47 heet. CD47, dat op RBC maar ook op alle andere cellen van het lichaam voorkomt,
heeft een sterk remmende werking op fagocyten en wordt daarom een “eet me niet”
signaal genoemd. De balans tussen de hoeveelheid “eet me” signalen en de werking van
CD47 bepaalt uiteindelijk of een RBC wordt gefagocyteerd.

Alloimmunisatie
Zoals eerder genoemd kan het lichaam antistoffen aanmaken tegen lichaamsvreemde
maar soms ook lichaamseigen antigenen. Onder bepaalde condities kunnen antistoffen
tegen RBC zorgen voor verhoogde RBC klaring. Wanneer er een antistof gevormd wordt
tegen een niet eigen antigeen dat afkomstig is uit dezelfde species (dus een humaan
antigeen en niet een bacterieel of viraal antigeen) noemen we dit alloimmunisatie.
Als de antistof gericht is tegen een lichaamseigen antigeen noemen we dit autoimmuun reactie. Alloimmunisatie is een ernstige complicatie die op kan treden na
een bloedtransfusie. Naast A, B, O en Rhesus bestaan er meer dan 600 verschillende
bloedgroepantigenen. Bij een bloedtransfusie zullen er dus altijd wat mismatches
tussen donor en patiënt bloedgroepantigen zijn. Dit kan leiden tot immuunactivatie en
de vorming van antistoffen.
Bepaalde patiëntengroepen lijken een groter risico te hebben op RBC alloimmunisatie
na transfusie. Zo hebben patiënten met sikkelcelanemie een extreem hoog risico op de
vorming van antistoffen na bloedtransfusie. In de algemene transfusie populatie is het
risico op het ontwikkelen van een antistof tussen de 2 en 8%. Bij sikkelcelpatiënten is
dit risico rond de 30%. Vreemd genoeg vormen niet alle patiënten antistoffen na een
bloedtransfusie. Sommige patiënten krijgen veelvuldig transfusies in hun leven maar
ontwikkelen nooit een antistof. Deze groep patiënten noemen wij non-responders. De
patiënten die wel een antistof ontwikkelen noemen we responders.
Alloimmunisatie kan ook optreden bij zwangerschap. De moeder ontwikkelt in dit geval
antistoffen tegen bloedgroepen op de RBC van de foetus. Auto-immuun reacties tegen
RBC treedt op bij bepaalde auto-immuunziektes zoals auto-immuun hemolytische
anemie. Ook kan een infectie leiden tot de vorming van auto-antistoffen tegen RBC.

7

186

Chapter 7

Sikkelcelanemie
Sikkelcelanemie is een genetische aandoening die leidt tot een abnormaal hemoglobine.
Hemoglobine is het eiwit dat zorgt voor zuurstof- en koolstofdioxidetransport en de
grote hoeveelheid ijzer in dit eiwit geeft RBC de typische rode kleur. Bij sikkelcelpatiënten
kan het eiwit gaan polymeriseren onder condities met lage zuurstofspanning, zoals die
optreden in de weefsels. Dit zorgt voor rigide sikkelvormige RBC die tot verstopping
van bloedvaten kunnen leiden. Patiënten ervaren deze gebeurtenissen als zeer pijnlijk.
Andere symptomen van sikkelcelanemie zijn infarcten en verhoogde kans op infecties.
De afbraak van RBC is sterk verhoogd in sikkelcelanemie. RBC van sikkelcelpatiënten
hebben een levensduur van 10 tot 20 dagen ten opzichte van 120 dagen in gezonde
individuen. Hierdoor zijn patiënten vaak vanaf jonge leeftijd al afhankelijk van
bloedtransfusies. Maar, zoals hierboven genoemd, transfusies kunnen complicaties
met zich mee brengen. De meest problematische complicatie is alloimmunisatie.
Alloimmunisatie kan leiden tot levensgevaarlijke bloedtransfusiereacties waarbij donor
RBC en soms ook de eigen RBC te gronde gaan. Daarnaast wordt het bij een toename van
het aantal gevormde antistoffen steeds moeilijker om goed gematchte bloedproducten
te vinden.
De hoge mate van alloimmunisatie bij sikkelcelanemie is voor een deel te verklaren door
de grote verschillen tussen RBC antigenen van de donor en de patiënt. Sikkelcelanemie
patiënten zijn over het algemeen van Afrikaanse afkomst terwijl donoren grotendeels
Kaukasisch zijn. De grote genetische diversiteit bij Afrikaanse individuen zorgt voor veel
variatie in bloedgroepantigenen waardoor een mismatch tussen donor en ontvanger
vaker voorkomt, zeker als er bloed gebruikt wordt van donoren met een andere
genetische achtergrond. Alloimmunisatie kan in zekere mate voorkomen worden door
additioneel gematchte bloedproducten aan te bieden. De logistieke haalbaarheid en
de kosten van additioneel matchen zijn een groot probleem. Gezien het feit dat alleen
een bepaalde groep patiënten alloimmuniseert is het van belang om deze strategie
selectief toe te passen. Dit laat zien dat er een behoefte is aan middelen om responders
te identificeren voordat zij daadwerkelijk responders worden.
Om de zorg voor deze patiënten te optimaliseren, kosten te besparen en bloedtransfusie
logistiek haalbaar te houden is het dus van belang om te kunnen voorspellen welke
patiënten risico lopen op het vormen van een antistof. Deze patiënten kunnen
additioneel gematchte bloedproducten ontvangen om alloimmunisatie te voorkomen.

*
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INHOUD VAN DIT PROEFSCHRIFT
Dit proefschrift is opgedeeld in twee delen. Deel I van het proefschrift gaat in op de
rol van verschillende immuuncellen op antistof-gemedieerde RBC klaring. Deel II van
dit proefschrift onderzoekt mogelijke genetische markers voor alloimmunisatie bij
sikkelcelanemie, die in de toekomst zouden kunnen helpen bij het identificeren van
patiënten die risico lopen op het vormen van een RBC alloantistof.

DEEL I: IGG GEMEDIEERDE RBC KLARING
Hoofdstuk 2: Neutrofielen zijn invloedrijke fagocyten in IgG-gemedieerde
RBC klaring
In dit hoofdstuk hebben we de rol van verschillende immuuncellen bij RBC afbraak in de
milt onderzocht. In de literatuur wordt de macrofaag gezien als de belangrijkste cel bij dit
proces. Onze resultaten bevestigen dat de macrofaag onder normale omstandigheden
de primaire fagocyt voor RBC afbraak is. Echter, we hebben aangetoond dat tijdens
antistof-gemedieerde afbraak van RBC deze rol overgenomen wordt door neutrofielen.
Deze in vitro resultaten werden bevestigd in een muismodel voor antistof-gemedieerde
afbraak van RBC. De mate van antistof binding aan de RBC is een bepalende factor voor
RBC fagocytose door neutrofielen. Daarnaast vonden we dat stoffen die ontsteking
bevorderen RBC fagocytose verhogen. Verder blijkt het proces ook onder deze condities
geremd te worden door CD47. Auto-immuun gedreven afbraak van RBC is een voorbeeld
van een auto-immuunziekte waarbij RBCs gebonden worden door antistoffen. Wij
hebben vastgesteld dat de RBC van deze patiënten inderdaad in hogere mate worden
gefagocyteerd door neutrofielen in vergelijking met RBC van een gezond individu.

Hoofdstuk 3: Neutrofielen verkrijgen eigenschappen van antigeen
presenteerde cellen na RBC fagocytose
In dit hoofdstuk beschrijven we dat neutrofielen na RBC fagocytose receptoren tot
expressie brengen die belangrijk zijn voor antigeen presentatie namelijk, het MHCII molecuul HLA-DR, CD40 en CD80. Na herkenning van het partikel wordt deze
opgenomen in het fagosoom. Deze fuseert met granules (korrels) die vol zitten met
enzymen die voor afbraak van het partikel zorgen. Fagocytose leidt tot een “oxidatieve
burst”; de vorming van waterstofperoxide, bleek en andere reactieve afgeleiden van
zuurstof. Deze zorgen samen met de enzymen uit de granules voor de afbraak van het
gefagocyteerde deeltje. Tegen onze verwachting in bleek de oxidatieve burst nauwelijks
op gang te komen bij RBC fagocytose. Het is bekend dat de oxidatieve burst antigeen
presentatie reguleert in dendritische cellen (belangrijke antigeen presenteerde cellen).
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Een verminderde oxidatieve burst in dendritische cellen houdt antigenen intact voor
de presentatie aan B en T cellen. Onze bevindingen leidden tot de hypothese dat
neutrofielen kunnen fungeren als antigeen presenterende cel na RBC fagocytose.
Dit werd bevestigd in een experiment waarbij we hebben gekeken naar antigeen
specifieke T cell reacties. In deze assay werd het antigeen tetanus toxoid door neutrofielen
aan T cellen gepresenteerd. We bestudeerden hierbij de activatie van T cellen, en
observeerden dat de T cellen geactiveerd konden worden door de neutrofielen.
Daarnaast hebben we deling van de T cellen gemeten en vonden we dat neutrofielen
na antistof-gemedieerde RBC opname deling van T cellen veroorzaakten. Dit bewijst
dat neutrofielen de capaciteit hebben om een antigeen te presenteren en daarmee
specifieke immuniteit kunnen activeren tegen een antigeen. In de professionele
antigeen presenteerde cel, de dendritische cel, is CD47 op de RBC een belangrijke
regulator van immuniteit tegen RBC. Wij vonden dat CD47 op het membraam van RBC
wel een remmend effect heeft op de mate van RBC fagocytose door neutrofielen maar
dat dit “eet me niet” signaal daarna weinig invloed heeft op de antigeen presenteerde
capaciteit van de neutrofiel. Concluderend, deze studie toont aan dat neutrofielen
belangrijke spelers kunnen zijn in de regulatie van specifieke afweer.

DEEL II: GENETISCHE MARKERS VOOR ALLOIMMUNISATIE BIJ
SIKKEL CEL ANEMIE PATIËNTEN
Hoofdstuk 4: Het niet klassieke FCGR2C haplotype is geassocieerd met
alloimmunisatie in sikkelcelanemie

*

Genetische kenmerken die een rol spelen in het vormen van een alloantistof kunnen in
de toekomst misschien gebruikt worden om patiënten met risico op alloimmunisatie
vroegtijdig te identificeren. In dit hoofdstuk hebben we variaties in FCGR genen
geëvalueerd op associaties met alloimmunisatie. Op deze manier probeerden we een
genetische marker voor alloimmunisatie te vinden, een variatie in een van deze genen
die de kans op alloimmunisatie groter of kleiner maakt. Het FCGR gen cluster codeert
voor Fc-gamma receptoren. Deze receptoren komen tot expressie op fagocyten en
herkennen het uiteinde van antistoffen op micro-organismen of lichaamseigen cellen,
waardoor fagocytose opgewekt kan worden. Er zijn verschillende associaties gevonden
tussen variaties in deze genen en antistof-gemedieerde auto-immuunziektes. Om te
onderzoeken of bepaalde variaties geassocieerd zijn met alloimmunisatie hebben we
een case-control studie uitgevoerd in een cohort met sikkelcelanemie patiënten. We
vonden hiermee een beschermende associatie tussen een variant genaamd FCGR2C.
nc-ORF en alloimmunisatie. Patiënten met deze variant hebben een bijna vier keer
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kleinere kans op het vormen van een alloantistof. Deze bescherming was vooral sterk
voor antistoffen anders dan die tegen Rhesus D en Kell, die beide zeer immunogeen
zijn. Dit benadrukt hoe belangrijk het is om voor deze zeer immunogene bloedgroepen
te matchen.
FCGR2C.nc-ORF is een genetische variant in een gen dat normaal gesproken niet
functioneel is. We hebben geprobeerd het gevolg van deze mutatie te ontrafelen
door te kijken naar expressie van Fc-gamma receptoren op verschillende celtypes. We
vergeleken patiënten met de mutatie met patiënten zonder de mutatie en zagen dat
een van de receptoren namelijk, FcγRIIb minder aanwezig was op B cellen van patiënten
met het beschermende polymorfisme. FcγRIIb is een remmende receptor en met wat
er bekend is over dit eiwit werd een tegenovergesteld effect verwacht. Desalniettemin
kunnen er vooralsnog onbekende alternatieve functies voor deze receptor zijn. Het is
echter aannemelijker dat FCGR2C.nc-ORF gelinkt is aan een andere functionele variatie.
Varianten die dicht bij elkaar op hetzelfde chromosoom liggen kunnen de neiging
hebben samen over te erven. Dit noemen we genetische linkage. Samenvattend,
FCGR2C.nc-ORF is geassocieerd met alloimmunisatie in onze studie. Echter, om deze
variant te valideren als marker voor non-responder status is verder onderzoek in andere
cohorten nodig.

Hoofdstuk 5: Genetische markers voor alloimmunisatie in sikkelcelanemie
In dit hoofdstuk hebben we onze zoektocht naar markers voor alloimmunisatie
uitgebreid. Genetische variatie in genen die van belang zijn voor de regulatie van de
immuunrespons kunnen potentieel van belang zijn bij alloimmunisatie. We weten
bijvoorbeeld dat ontsteking belangrijk is voor de vorming van een antistof. Receptoren
die belangrijk zijn voor het ontstaan van ontsteking zijn de Toll-like receptors (TLRs).
Deze eiwitten functioneren als patroonherkenningsmoleculen voor lichaamsvreemde
entiteiten zoals bacteriën en virussen. In het verleden is genetische variatie in de
genen voor deze receptoren veelvuldig geassocieerd met antistof gemedieerde autoimmuunziekten wat suggereert dat deze genetische variaties ook een rol kunnen spelen
bij alloimmunisatie. Deze hypothese wordt ondersteund door het feit dat stimulatie van
TLRs in muizen alloimmunisatie kan opwerken en versterken.
Om meer markers voor alloimmunisatie te identificeren hebben we een panel
samengesteld met 690 single nucleotide polymorphisms (SNPs) (kleine genetische
variaties) die eventueel geassocieerd zouden kunnen zijn met alloimmunisatie. Deze
SNPs liggen in genen die coderen voor TLRs of genen die betrokken zijn bij de functie
van TLRs, of ze liggen in genen die eerder al geassocieerd zijn met antistof-gemedieerde
aandoeningen. De 275 patiënten uit het cohort van hoofdstuk 5 zijn getest met dit
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panel. Uit onze statistische analyse bleek dat geen van de 690 SNPs een significante
associatie heeft met alloimmunisatie na een correctie voor multiple testing. Minder
sterke associaties zouden we met deze strenge correctie over het hoofd kunnen zien.
Daarom hebben we vervolgens met een minder strenge afkapwaarde voor significantie
29 mild geassocieerde SNPs geanalyseerd. Hierbij hebben we 19 onafhankelijke SNPs
gevonden die geassocieerd zijn met alloimmunisatie. Ook voor deze 19 SNPs geldt
dat validatie in een ander cohort nodig is om de betrouwbaarheid van deze SNPs als
markers voor alloimmunisatie verder vast te stellen.

*
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