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Chapter 1
General introduction and
outline of this thesis

CHAPTER 1

Red blood cells (RBC) are the most abundant cell type that circulate in the human blood

1

stream. They are unconventional cells, lacking a nucleus, mitochondria and other organelles
that are critical for normal cell function and survival, and mainly contain hemoglobin (Hb), an
oxygen-carrying molecule.1 Hb is a tetramer and consists of two α subunits (α1 and α2), and

two β subunits (β1 and β2). Each subunit has a binding pocket for heme, which can transport
oxygen.2 In adults, approximately 95% of Hb consists of HbA1 (α2β2), 2-3% HbA2 (α2δ2) and

<1% HbF (α2γ2). This HbF, fetal hemoglobin, is the predominant source of hemoglobin in the
fetus, and is replaced by the adult HbA1 in the first months after birth.3

The lack of intracellular organelles in the RBC potentiates accumulation of hemoglobin,
increasing its oxygen-carrying function.1 Furthermore, the typical donut-like shape, and the
composition of the cytoskeleton allows these cells to be highly deformable in response to
external forces.4 Hereby, these RBCs can effortlessly pass the narrowest blood capillaries,
delivering oxygen to every distant site of our body. During a lifespan of on average 115 days,
the RBCs circulate through arteries, veins, small capillaries and splenic sinuses, and will
sustain various forms of damage.5 The RBCs are continuously exposed to reactive oxygen
species (ROS) from both exogenous (ROS release from macrophage and neutrophils) and
endogenous (autoxidation of hemoglobin) sources, causing oxidative damage.6 Moreover,
the RBC are exposed to shear stress because of repeated deformation upon passage
through narrow capillaries.4 The accumulated damage during ageing will result in loss
of deformability, and changes to the composition of the outer membrane. Proposed
mechanisms of membrane alterations promoting RBC clearance include clustering of band
3, phosphatidylserine (PS) exposure and conformation changes in CD47.7 Band 3 is an
abundant transmembrane protein and it is hypothesized that clustering of Band 3 leads to
opsonisation with natural occurring antibodies and activation of complement through the
classical pathway.8 PS is a strong phagocytic signal protein which normally resides on the
inner membrane of the RBC, but becomes exposed on the outer leaflet of the membrane
in old and senescent RBCs.9 Lastly, CD47 is generally considered a ‘don’t eat me’ signal,
but a conformational change of CD47, observed on senescent RBCs, alters the function
of CD47 to an ‘eat me’ signal, inducing phagocytosis.10 These processes ultimately lead to
retaining of the senescent RBCs by the spleen, and promote phagocytosis of the RBCs by
macrophages.7 Any defect that affects the RBC structure or shape, or alters the composition
of the RBC membrane can have disastrous consequences for the function and lifespan of
the RBCs. A disease that clearly illustrates the deleterious effects of changes in the RBC
morphology is sickle cell disease (SCD).
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SICKLE CELL DISEASE
1

Genetic background

SCD is the most common recessive monogenetic disorder worldwide. It is caused by a
single point mutation in the HBB gene, which encodes the β-globin chain of hemoglobin
that leads to a substitution of glutamic acid to valine at position 6.11 Although this is a
seemingly minor genetic mutation, it has disastrous effects. The mutation, if inherited
homozygous, results in synthesis of the abnormal hemoglobin HbS (α2βS2), instead of the

structurally normal HbA1 (α2β2). Upon deoxygenation, HbS undergoes structural changes,
leading to formation of long hemoglobin polymers within the RBC. This elicits a cascade of

events, discussed under pathophysiology, which leads to a severe disease phenotype with
a significant reduced life expectancy.
Despite the severity of SCD, the disease causing mutation has spread widely across the
world. Two factors that allowed the global distribution have been identified: evolutionary
selection of carriers through a partial protection for malaria, and migration.12 Carriers
of the mutation benefit from a remarkable protection from severe P. falciparum malaria.
This malaria hypothesis has first been described by Haldane in 1949, and is an example
of natural selection. The exact mechanism causing this protection has been subject for
debate for many years.13 Recent evidence suggest that trafficking of the parasite-encoded
proteins to the surface of the RBC is inhibited in RBCs containing the variant hemoglobin
S, and hereby adherence of malaria containing RBCs to the endothelium is reduced.14, 15
The survival advantage has allowed the sickle cell trait (heterozygosity for the sickle cell
mutation) to become prevalent in large areas in sub-Saharan Africa, the Middle East, and
India. By subsequent slave trading and contemporary migration, the mutation has spread
far beyond its origins.16 Each year approximately 300,000 infants are born with SCD, and it
is estimated that this number may rise to 400,000 by 2050.17
Pathophysiology

SCD is an umbrella term for a group of genotypes that lead to a similar phenotype. The most
common and severe genotype is the homozygous form: HbSS. Other genotypes that cause
SCD are compound heterozygous forms that all include the HbS allele. HbSβ-thalassemia
(HbSβ0 and HbSβ+) and HbSC are the most common sub genotypes. HbSC and HbSβ+
generally have a milder clinical presentation compared to HbSS and HbSβ0, as in those
genotypes sickling occurs at lower oxygen tension in the RBC resulting in less pronounced
anemia.18 Still, within these genotypes there is a large inter individual variability in clinical
disease severity as well. Several factors can be identified that may explain this variance, both
genetic and environmental factors. Genetic factors include a high fetal hemoglobin (HbF) level
and coexisting α-thalassemia.19 Fetal hemoglobin (α2γ2) is unaffected by the SCD mutation

as it does not contain the βS subunit, and thereby does not form polymers. Consequently,
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a higher amount of fetal hemoglobin per RBC will partly inhibit the polymerization of Hb.

1

α-Thalassemia reduces the total hemoglobin present per RBC. As the rate of polymerization
of HbS is dependent on the density of hemoglobin in the RBC, α-thalassemia will mitigate the
RBC damage induced by polymerization, consequently reducing the anemia.20 Nongenetic
modifiers include weather (temperature, wind speed), air pollution, or other factors such
as smoking, altitude and poverty.12 Cold weather is associated with increased infections
and peripheral vasoconstriction causing higher deoxygenation. Altitude is linked to increased
complications in SCD, presumably because of a lower oxygen tension in the air, promoting
polymerization of Hb. Poverty may result in a suboptimal home environment, stress,
increased exposure to tobacco smoke, and reduced access to care and is associated with
a decreased health related quality of life in patients with SCD.21-23
The above-mentioned factors influence the complex phenotype of SCD via various
pathophysiological pathways. Still, polymerization of Hb is the central and essential
pathophysiological process for SCD. This polymerization changes the shape of the RBC,
reduces its flexibility, and alters the composition of the RBC membrane and cytoskeleton.24
Consequently, RBCs become rigid and have a marked reduction of >75% of the total lifespan,
manifesting as chronic hemolytic anemia. Hemolysis occurs both extravascular via phagocytosis
by macrophages, as well as intravascular. The intravascular destruction of the unstable sickled
RBCs results in a release of the highly oxidative RBC content, such as hemoglobin and heme,
in circulation. This promotes severe oxidative stress, especially to the endothelium and blood
cells.25, 26 Continuous release of hemoglobin and heme from the RBCs leads to a depletion
of scavenging molecules haptoglobin and hemopexin.27 Consequently, auto-oxidation of free
hemoglobin in plasma elicits the production of reactive oxygen species, which promotes
vasoconstriction. Furthermore, the continuous oxidation caused by cell-free Hb results in a
depletion of the antioxidant nitric oxide (NO), consequently reducing its bioavailability.28 NO
is involved in vasodilation and depletion results in further vasoconstriction. The circulating
heme promotes the release of several cytokines and danger-associated molecular patterns
(DAMPs), which contribute to endothelial dysfunction, platelet activation and activation of the
innate immune system. The immune activation results in a sterile inflammation, characterized
by production of ROS, further proinflammatory cytokine production and the formation of
neutrophil extracellular traps (NETs). NETs are complexes of DNA that are released from
neutrophils, and act by ensnaring pathogens, but also promote the inflammatory response.29
These factors promote adhesion of sickled RBCs, leukocytes and platelets to the endothelium
via upregulation of adhesion molecule on the endothelium and circulating cells, resulting in
increased cell-cell adhesiveness, ultimately leading to vaso-occlusion.18 (figure 1)
Clinical picture

The processes described above already start a few month after birth, as soon as the
production of fetal hemoglobin is replaced by adult hemoglobin S. The main clinical hallmarks
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of the disease include painful vaso-occlusive crises (VOC) and chronic hemolytic anemia.
VOCs are characterized by severe acute pain caused by ischemia, predominantly in the
long bones. These VOCs are the main reason for hospitalization in patients with SCD, and
often require high-dose intravenous analgesics. Factors that initiate a VOC include mental
and physical stress, cold temperature and infection.30, 31 VOCs have a significant impact on
physical health, quality of life, societal participation, and life expectancy in SCD patients.32-34

FIGURE 1. Pathophysiological pathway of intravascular hemolysis in SCD. Illustration Kato et al.
2017, with permission of authors

Notwithstanding the severity of the pain, most VOCs are uncomplicated and resolve with
adequate analgesia and hydration. However, patients with SCD are at risk for a number of
acute life-threatening complications, such as acute chest syndrome (ACS), acute severe
anemia, and stroke. ACS is a severe complication characterized by chest pain, dyspnea,
fever, a pulmonary infiltrate and hypoxia.35 ACS has a reported mortality rate of 3% and is
one of the leading causes of death in SCD.36-38 A second life-threatening complication is
an acute worsening of anemia. This complication can occur in different clinical contexts.
Splenic sequestration, characterized by massive trapping of RBCs in the spleen, and an
acute bone marrow aplasia due to Parvo B19 infection are the leading causes of acute
anemia, especially in pediatric SCD patients.39 Alternatively, acute anemia can be caused
by destruction of RBC following a blood transfusion, which will be discussed below under
delayed hemolytic transfusion reactions.40 The third severe complication is stroke, one of
the most serious acute complications in SCD, and mainly occurs before the age of 20.41 The
etiology of stroke in SCD is markedly different from the general population, as it is caused by
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a vasculopathy of the large cerebral arteries. Beyond overt strokes, patient with SCD are at

1

high risk for silent strokes, which occur in 39% of children by 18 years of age, and >50% of
adults by 30 years.42 Both overt and silent stroke result in significant cognitive deficits that
may deteriorate with age.43
Beyond these acute complications, the pathophysiological events in SCD lead to chronic
organ damage. The damage start already at young age, but often becoming apparent later
in life. As the entire vasculature is involved in this disease, every organ may be affected.
Most important long-term organ complications include: chronic kidney disease, pulmonary
hypertension, cardiac failure, avascular necrosis, leg ulcerations, retinopathy, liver damage,
and functional asplenia.12 The spleen is the organ that is most rapidly affected in SCD, due
to continued vaso-occlusion leading to fibrosis and progressive atrophy. Autosplenectomy
is considered to be complete before the age of five. Hereby, these young patients are at
high risk of fulminant infections that are potentially lethal, and require preventive antibiotic
therapy and vaccinations.44
Therapeutic options

Life expectancy for patients born with SCD has drastically improved in Western countries
over the last decades, and nowadays, over 95% of patients will reach adulthood.45, 46
However, in sub-Saharan Africa, 50-90% of children still die before the age of five, with
malaria and bacterial infections as main cause of death.47 The disparity in life expectancy
between high- and low-income countries is caused by considerable differences in access
to proper treatment. Improvement in care of patients in a low-income setting is therefore
urgently required, as to date, the majority of patients with SCD are still born in sub-Saharan
low-income counties.47
This is illustrated by a number of milestones that strongly improved the survival of pediatric
patients with SCD in high-income countries. First, prevention of bacterial infection in
children with SCD has significantly reduced mortality at young age. Patients with SCD
start with daily penicillin prophylaxis at 4 months of age, and receive vaccination against
Streptococcus pneumonia and Haemofilus influenza type b.48, 49 Second, the introduction of
neonatal screening for SCD allowed early diagnosis. Hereby, patients can receive preventive
measures already before any complication has occurred, and this allows proper education
of caretakers to recognize severe complications at an early stage.50 Third, treatment
with hydroxyurea has greatly changed management of SCD for both pediatric as well as
adult patients. For many years, hydroxyurea has been the only drug that actively altered
the disease phenotype. Hydroxyurea effectively induces fetal hemoglobin expression,
decreases leukocyte count, and alters nitric oxide generation and expression of adhesion
molecules.51-53 Initially, hydroxyurea was only prescribed to patients with the most severe
phenotype. However, in the last years, the paradigm has changed, and the drug should now
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be offered to all patients with HbSS and HbSβ0, as it not only reduces frequency of VOC,
but might increase life expectancy as well.54, 55

1

Still, the life expectancy of SCD patients in Western countries remains significantly reduced
compared to the general population, with a median life expectancy of around 65 years
for patients with HbSS/HbSβ0.56 However, recently a number of new drugs (voxelotor,
crizanlizumab, L-glutamine) have been developed and have shown promising results in
modulation of disease activity.57-59 Interestingly, these three drugs have a distinct mechanism
of action. Voxelotor is a drug that reversibly binds to hemoglobin, stabilizes the deoxygenated
Hb by increasing the oxygen affinity, consequently inhibiting polymerization.58 L-glutamine
is an antioxidant that improves the redox status of the sickle RBCs, resulting in reduction
of oxidative stress. Last, crizanlizumab, a P-selectin inhibitor, reduces that adhesiveness
of endothelial cells and platelets, thereby resulting in a reduction of vaso-occlusive events.
The upcoming years will demonstrate whether these new drugs will further improve the
morbidity, quality of life and the life expectancy of patients with SCD.
Notwithstanding the recent advances in pharmacological treatment, RBC transfusions, a
relatively old treatment option, remain a cornerstone treatment for SCD patients, especially
during acute complications.

RBC TRANSFUSION THERAPY
The therapeutic principle of RBC transfusions in SCD is essentially simple. The introduction
of healthy donor RBCs actively lowers the proportion of circulating endogenous sickle
RBCs, consequently counteracting the deleterious effects of these RBCs. Two major groups
of transfusion techniques that are used in SCD can be identified; Simple top-up transfusions
and RBC exchange transfusions.60 During top-up transfusions, one or more RBC units are
administered, resulting in a rise in Hb. In RBC exchange transfusions, endogenous RBCs
are actively removed from circulation, while introducing healthy donor RBCs. This method is
highly effective, as multiple RBC units can be transfused during one episode, without raising
the Hb and preventing iron overload.61 Despite the effectivity of RBC exchange transfusions,
some disadvantages should be considered as well. This mode of transfusion, especially
via automated erythrocytapheresis, requires specific equipment, rigorous staff training and
good venous access.60 Moreover, the number of donor RBC transfused during one episode
is considerably higher, increasing the burden for blood banks.
Indications and effectiveness

Three major indications for RBC transfusion in SCD can be identified: Treatment of acute
complications, preoperative transfusions, and long-term disease modification.60 During acute
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complications, SCD patients urgently require RBC transfusion support. Main indications

1

include acute anemia (rapid hemolysis, aplastic crisis, and splenic sequestration), acute
chest syndrome, ischemic stroke, or septic patients with multi organ failure.62 During most of
these complications, RBC transfusion is the sole, life-saving treatment option. Preoperative
transfusions are given to patients that have a planned surgical intervention. Surgery and
general anesthesia are associated with post-procedure sickle cell-related complications,
especially in patients with the most severe genotypes (HbSS/HbSβ0). For these patients,
preoperative RBC transfusions decrease the risk of postoperative complications. In a
randomized trial comparing preoperative transfusion with no transfusion, especially the risk
for ACS was reduced, as 27% of patients without a preoperative transfusion vs 3% of
patients that received a preoperative transfusion developed an ACS postoperative.63
Last, a subgroup of SCD patients require chronic RBC transfusions for long-term disease
modification. This regular transfusion therapy has a high burden for patients, including hospital
admissions every 4-5 weeks and risk for transfusion-related complications, which will be
discussed below under hazards of RBC transfusions. Moreover, patients that receive chronic
RBC exchange transfusion often need central venous access. Therefore, the decision to start
this therapy should not be taken lightly. However, chronic RBC transfusion therapy is the most
effective treatment for primary and secondary prevention of SCD related complications.62 The
most established indication for chronic RBC transfusions is primary and secondary prevention
of stroke. In pediatric SCD patients, an abnormal cerebral blood flow measured by transcranial
Doppler (TCD) is associated with an increased risk for stroke.64 Chronic RBC transfusion is
the most effective treatment to normalize the blood flow, and prevent stroke.65 Although the
introduction of annual TCD screening during childhood has vastly reduced the prevalence
of stroke, still some patients will develop a stroke. For these patients, a life-long treatment
with chronic RBC transfusions is indicated for secondary prevention of subsequent strokes.66
Alternative indications for chronic transfusion therapy include recurrent ACS and recurrent
VOCs. A randomized trial showed that patients on chronic transfusions compared to standard
care have a decreased hospitalization rate for VOCs (9.7 vs 27.1 events per 100 patient years)
and ACS (2.2 vs 15.7 events per 100 patient years).67 Still, hydroxyurea has shown efficacy
in reduction of these complication as well, and should be considered first. Therefore, the
decision to start chronic RBC transfusion should be made on case-by-case basis and only in
patients where hydroxyurea is ineffective or contraindicated.67
The optimal transfusion interval for the chronic transfusion scheme differs between patients.
In general, the goal of the transfusions is to retain the HbS <30% of the total Hb, although
the decision on the optimal transfusion interval is often based on clinical parameters as well.60
Notwithstanding the importance of these transfusions, little is known about the survival of
transfused RBCs and its determinants in sickle cell disease. Recent evidence suggests that
there is a wide variety in survival time of transfused RBCs between patients, albeit robust
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evidence on determinants of RBC survival is lacking.68 Increased knowledge on determinants
of RBC survival (RCS) may help to personalize and optimize RBC transfusion therapy. A more
tailored approach may result in RBC transfusions that are more effective and safe.
Hazards of RBC transfusions

Safety of RBC transfusion is of vital importance, as it is the last resort treatment during a
number of complications for SCD patients. Leukocyte reduction of RBC transfusion, first
introduced in Great Britain in 1999, has decreased the incidence of febrile non-hemolytic
transfusion reactions, and reduced the transmission of several infectious diseases, especially
of CMV.69, 70 Another risk of RBC transfusion therapy is the exposure of the patient to a
large amount of iron. Consequently, frequent transfusions pose the patients at risk for iron
overload. Severe iron overload in SCD patients may lead to liver cirrhosis, cardiomyopathy,
endocrine dysfunction, and gonadal failure amongst others.71 RBC exchange transfusions
are an effective option to prevent or reduce iron overload in chronically transfused patients,
and is current favored over simple transfusions.62
Unfortunately, despite many efforts, patients with SCD remain at particular high risk to form
alloantibodies to the transfused donor RBCs, posing the patients at risk for severe transfusion
reactions, which will be discussed under delayed hemolytic transfusion reactions.72
Moreover, compatible unit selection becomes increasingly difficult and time-consuming, which
may result in significant transfusion delays. The rate of alloimmunization in SCD is higher
than in any other frequently transfused population, with a reported incidence rate per 100
RBC units of 0.40 (95% CI, 0.23-0.69) when matching for AB0/ RhDCcEe and K.62 The high
alloimmunization rate may be ascribed to antigenic differences between SCD patients of African
descent, and predominantly white RBC donors in Western countries. Frequency of antigens
differs widely between these populations, and importantly, SCD patients have a high genetic
diversity in the Rh system. Polymorphisms in RHD and RHCE result in partial expression of
the D, C and/or E antigens and may give false positive results for these antigens in standard
serologic testing.73 Consequently, patients may receive apparent phenotype-matched RBCs,
but will be at risk of alloimmunization to these conventional antigens. Administration of racially
matched blood however, does not limit alloimmunization to these antigens, potentially due to
the wide variety of genetic variation in donors from African ancestry.74
Several additional factors that influence alloimmunization risk should be discussed. The
formation of alloantibodies is the result of complex immunological pathways. It involves multiple
steps and is the result of a delicate interplay between the innate and the adaptive immune
system. First, transfused RBCs are taken up and processed by antigen presenting cells. These
cells will subsequently present the antigens of the donors by HLA class II to CD4+ T helper
(TH) cells, which in turn may stimulate antigen (RBC)-specific B cells to produce antibodies.
Various stimuli in these pathways may alter the immune response, promoting alloimmunization.
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First, the chronic inflammation observed in SCD may enhance alloimmunization. In mice,

1

inflammation induced by poly-I:C, a Toll-like receptor 3 agonist, promotes phagocytosis and
subsequent presentation of transfused RBCs by dendritic cells75 The inflammatory stimuli
resulted in profound antibody responses to several blood groups.76 In human, severe bacterial
infections and disseminated viral infections are associated with an increased risk of posttransfusion RBC alloantibody formation.77 In SCD patients, RBC transfusion administered
during inflammatory events such as VOCs or ACS are associated with increased risk for RBC
alloimmunization.78 Thus, inflammation appears to promote the RBC antibody response and
may pose SCD patients at particular high risk for alloimmunization.
Beyond this generally increased risk, there is evidence for a responder (patients with
antibodies) or non-responder (patients without antibodies despite frequent transfusion)
phenotype in patients with SCD. Monocytes of responders express lower levels of hemeoxygenase 1, a scavenger of heme, compared to non-responders, which is associated with
increased inflammation. Furthermore, patients with RBC antibodies have been reported to
have a reduced regulatory T cell function, and altered TH cell responses with higher pro-

inflammatory cytokine production compared to nonresponders.79 In addition, B regulatory

cells of alloimmunized patients have an impaired inhibitory function on cytokine expression
by monocytes.80 The weakened immunoregulatory function results in an enhanced effector
function, including heightened T cell responses. Of interest, antigen-specific follicular helper
T (TFH) cells are particularly involved in RBC antibody responses. In SCD, TFH cells from

alloimmunized patients were able to induce RBC-specific IgG by B cells, and expressed
significantly more costimulatory molecules such as IL-21 and CD40L compared to nonresponders. However, to date it is unknown if these differences in the immune profile are
already present before the first antibody has been formed, or are the consequence of the first
alloimmunization event. More research is required to further unravel the pathophysiological
background of alloimmunization, as early detection of potential responders may help to
prevent alloimmunization.
Delayed hemolytic transfusion reactions

One of the most important reasons to abrogate any alloimmunization is to prevent delayed
hemolytic transfusion reactions (DHTR), which are the most severe transfusion reactions
for patients with SCD.40 Typically, DHTRs are provoked by reactivation of previously
formed antibodies. Usually, patients with alloantibodies will only receive blood that lacks
the corresponding antigen. However, in SCD the majority of antibodies are evanescent,
leading to antibody titers below the detection limit already within the first months after
alloimmunization.40 Hereby, pre-transfusion screening may fail to detect the antibody,
causing a potentially mismatched RBC unit to be administered.
Thus, antibody coated donor RBCs will be detected by immune effector cell and/or
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complement activation, resulting in extra- and intravascular hemolysis of the transfused
RBCs. In addition, in the most severe cases endogenous RBCs will be destroyed as well,
so called hyperhemolysis.81, 82 This may induce multi organ failure and has a high fatality
rate, most likely due to damage to the vasculature by large-scale release of Hb and heme
in the circulation. Surprisingly, in a subgroup of DHTR events, no alloantibody activation is
detected, and little is known about the mechanism causing these DHTRs.83
Symptoms of DHTR classically include a worsening or onset of anemia, dark urine, pain
similar to a VOC, and start between 3 and 25 days after the triggering transfusion.40 The
clinical presentation challenges early diagnosis, as the symptoms are often misinterpreted
as an uncomplicated VOC and sometimes even mimic an ACS. Although symptoms
may be similar to a VOC at presentation, the clinical situation of patients with DHTR may
deteriorate quickly due to the ongoing hemolysis. During a DHTR, also endogenous RBCs
may be destroyed, so-called hyperhemolysis, which can result in Hb levels well below
the pre-transfusion value.40 Therefore, any delay in administration of therapy may result
in life-threatening situations. The main goal of the therapy is to abrogate the ongoing
immune mediated RBC destruction. However, there is a lack of evidence based treatment
options, and treatment is currently based on expert opinion. Recent guidelines suggest
early administration of immunosuppressive therapy with prednisolone or intravenous
immunoglobulins (IVIG), especially in patients with signs of hyperhemolysis. Erythropoietin
may help to stimulate RBC production in patients with a reticulocytopenia. In most severe
cases, early administration of eculizumab (complement C5 blockage) has shown to
effectively reduce hemolysis.84 Importantly, new RBC transfusion should be withheld as
long as possible, as these transfusion may only aggravate the inflammation and ongoing
hemolysis, and promote further alloimmunization.
Despite efforts to improve transfusion safety for patients with SCD, DHTRs occur relatively
frequent, with reported incidence rate between 0.1 and 16.4/1000 RBC units, and represent
around 4% of all-cause mortality in SCD.36, 40 Patients that have previously experienced a
DHTR are at particular high risk for new DHTRs, and transfusions should be reserved only
for the most severe indications. Interestingly, DHTRs are almost exclusively triggered by
occasional transfusions, whereas patients on chronic transfusions receive the majority of
RBC units, but are at particular low risk of DHTR.85

SCOPE OF THESIS
As discussed above, RBC transfusions are a cornerstone treatment for patients with SCD,
despite impressive improvements in therapeutic options over the last decades. Safety of
the RBC transfusions is vital, as it often is the last treatment option during life-threatening
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situations. Many efforts have been made to improve transfusion safety for this vulnerable

1

patient group, such as the introduction of extended antigen matching, and new transfusion
techniques such as automated erythrocytapheresis. This has resulted in the reduction
of transfusion related complications to some extent. However, alloimmunization remains
an important complication of transfusion therapy and may thereby delay the provision of
compatible units, and poses the patients at risk for severe transfusion reactions. Furthermore,
little is known about the fate of donor RBCs after being transfused into the patient.
The aim of this thesis was gain further insight in the effects and complications of transfusion
therapy in patients with SCD.

OUTLINE OF THE THESIS
Part 1 of this thesis aims to gain further insight in the determinants that influence RBC
alloimmunization risk. In this part, we provide insight in the role of the genetic background on
the risk for alloimmunization to RBC transfusions. In chapter 2, we evaluate immunogenetic
risk factors for alloimmunization. In this study, we combined DNA samples from a French and
Dutch SCD cohort. We assessed associations of genes in the Toll-like receptor pathways and
genes previously associated with antibody mediated diseases with RBC alloimmunization. In
chapter 3, we provide an overview of the current literature on genetic risk factors for RBC
alloimmunization. In this systematic review, we aggregated the currently available evidence on
genetic risk factors for alloimmunization, also beyond patients with SCD.
Part 2 of the thesis aims to unravel the RBC survival kinetics of transfused RBCs and to
study the potential hazards caused by RBC transfusion. The primary study for this analysis
was a prospective observational study in patients with SCD and β-thalassemia. In this study,
these patients were transfused with biotinylated labeled donor RBCs, which is a relatively
new technique that allows in depth analysis of RBC survival kinetics. The main results of
this study are discussed in chapter 4. In this chapter the kinetics of the transfused RBCs in
patients with SCD and β-thalassemia receiving chronic transfusion therapy are described.
Chapter 5, a secondary analysis of this prospective study, focusses on the immediate
effects of a RBC transfusion on the innate immune response. In chapter 6, the most
common complication of RBC transfusions in SCD patients is discussed. This retrospective
study, describes the incidence and clinical presentation of delayed hemolytic transfusion
reactions during a period of extended matching.
Chapter 7 presents the general discussion of this thesis. Here, the main results of this
thesis are reviewed, and a perspective for future research is provided. Chapter 8 consists
of an English and Dutch summary of the thesis.
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Sickle cell disease is the most common recessive monogenetic disorder worldwide
with devastating consequences, and a huge impact on many aspects of life. However,
funding for research in SCD sorely lacking. For example, in the USA research on cystic
fibrosis (CF), a recessive monogenetic disorder with similar severity, receives significantly
more federal and private funding than SCD, although the prevalence of SCD is three time
greater. Consequently, research output in SCD remains substantially lower compared to CF.
Fortunately, the number of clinical trials testing new drugs have increased over last decade,
and resulted in development of promising new drugs that may significantly improve quality of
life for patients with SCD. In the upcoming years, developments in stem cell transplantation
and gene therapy may even result in a shift from treating to curing SCD. Still, it should
be noted that, despite promising results, the new therapeutic targets are expensive, and
thereby only available for the minority of patients that live in developed countries. Moreover,
the feasibility and long-term effectiveness of these new therapeutic options still need to
be determined. Thus, the majority of SCD patients will in the near future have to rely on
‘old’ treatment options such as hydroxyurea and RBC transfusions, which has proven its
effectivity for many patients. Therefore, research should not merely focus on development of
new therapeutics, but also on improving the existing proven treatment options. This thesis
has laid the foundation for development of more personalized RBC transfusion therapy that
may aid to increase the safety and effectivity of this treatment modality.
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