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Chapter 7
General Discussion and Future Perspectives

CHAPTER 7

GENERAL DISCUSSION
This thesis aims to gain further insight in the physiology and complications of RBC transfusion
therapy in patients with SCD. In the first part of the thesis, we have studied the influence
of genetic polymorphisms on alloimmunization in SCD, and provided an overview of the
current knowledge on genetic risk factors for alloimmunization in general. Part II focuses on
survival kinetics of transfused RBCs, and provides insight in the clinical and immunological
side effects of RBC transfusion therapy. Here we will summarize and discuss the results of
the studies in this thesis, and provide the future perspectives of RBC transfusion therapy in
patients with SCD.
Part I – Genetic determinants for RBC alloimmunization
Alloimmunization is the biggest threat for safe RBC transfusion therapy. In most patient
groups that require repeated RBC transfusion, such as in myelodysplastic syndrome or
hematologic malignancies, risk of alloimmunization is minor. In the Netherlands, previous
studies have reported a cumulative incidence of alloimmunization of 6.5% after 40 RBC
units.1 However, patients with SCD are at much higher risk for alloimmunization, with reported
cumulative incidence of 25% after 20 RBC units.2 Differences in patient-related risk factors
such as inflammation and splenic function, and the RBC antigen mismatch between SCD
patients and the general population may explain the observed disparity in alloimmunization
risk, as discussed in chapter 1. Nonetheless, the majority of patients with SCD that receive
multiple RBC transfusions will never form antibodies, and could be considered so-called
nonresponders. Clinical patient-related factors do not fully explain the observed differences
in alloimmunization risk between individuals. Therefore, it could be hypothesized that
nonresponders are a genetically distinct group from responders. This is supported by data
from Higgins et al.3. They demonstrated evidence of a responder phenotype, which was
not linked to any known clinical trait and most likely results from genetic factors. Advances
in genetic testing over the last decades have opened new opportunities in risk profiling of
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diseases and antibody responses. A growing body of evidence suggests a role of genetic
polymorphisms in many autoimmune diseases and vaccination induced antibody response.4
Even though current evidence is scarce, RBC alloimmune responses are likely dictated by
genetic determinants as well.
In chapter 2 of this thesis, we investigated the association between genetic polymorphisms
in the Toll-like receptor (TLR) pathway and RBC alloimmunization in a Dutch-French cohort
of patients with SCD with adequate documentation of previous transfusions and adequate
characterization of RBC antibodies. The TLRs are proteins that play a major role in the
innate immune system by recognition of microbe derived pathogen-associated molecular
patterns (PAMPs) and self-derived danger-associated molecular patterns (DAMPs).
Upon stimulation, TLRs activate downstream signaling pathways that lead to production
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of inflammatory cytokines and other signaling molecules that trigger the innate immune
system, and coordinate the antigen-specific adaptive immune system. Patients with SCD
have a chronically inflammatory vasculature due to the ongoing hemolysis and ischemiareperfusion damage, which involves TLR activation via DAMPs. This is of particular interest
for RBC alloimmunization in these patients, since inflammation is associated with increased
alloimmunization risk.5 Interestingly, it has been determined that indeed differential TLR
pathway activation influences the risk RBC alloimmunization in mice. In an experimental
setup, activation of TLR3 by infusion of polyinosinic:polycytidylic acid (poly I:C) increased
the RBC alloimmune response, whereas TLR4 activation by lipopolysaccharide (LPS)
was associated with a decreased risk for alloimmunization.6 Similar results have been
demonstrated by Evers D et al.7 in a clinical study in humans. Patients with severe gramnegative bacterial infection, with typically TLR4 mediated immune responses, were at lower
risk (adjusted RR 0.58 (95%CI 0.13-1.14) for RBC alloimmunization than patients with
disseminated viral infection (adjusted RR 2.41 (95%CI 0.89-6.53), which is predominantly
associated with TLR3 activation. Suppression of alloimmunization risk upon TLR4 stimulation
is potentially mediated by the downregulation of dendritic cell maturation, as shown by
Godefroy et al.8 Conversely, dendritic cell maturation is promoted via TLR3 signaling, hereby
potentially increasing the alloimmunization risk.9 Thus, differential TLR signaling dictates
RBC alloimmune responses. TLR function may be altered by genetic polymorphisms and
thereby influence RBC alloimmunization risk. Genetic polymorphisms in the TLR pathways
have previously been associated with multiple antibody-mediated diseases such as type
1 diabetes10, 11, systemic lupus erythematosus12-14, myasthenia gravis15, and rheumatoid
arthritis16-18. In our study, we used a customized single nucleotide polymorphisms (SNP)
panel consisting of 690 SNPs using next generation sequencing. None of the tested
polymorphisms was highly associated with RBC alloimmunization in this cohort. However,
a secondary analysis aimed to identify independent SNPs on each chromosome provided
19 moderately associated SNPs. A SNP in TLR1 (rs5743618 C/A), which leads to an amino
acid change (Ser  Ile), was the most important risk factor. Patients with this SNP had a
fourfold increased risk for alloimmunization (OR 4.24, 95%CI 1.13–13.75). This specific
polymorphism has previously been associated with increased induction of nuclear factorκB, and higher levels of TNFα and CXCL10, which are proinflammatory stimuli.19 Still, there
is currently no evidence for a distinct effect of the TLR1 pathway on alloimmunization, and
future studies should first confirm these findings. The other moderately associated SNPs did
not result in amino acid changes, often were intronic or intergenic variants and were mostly
of unknown clinical significance. These SNPs are potentially in linkage with a coding SNP
that was not included in our SNP panel. However, we did not have sufficient sample size to
test this hypothesis. It should be noted that our SNP panel only covered a minority of the
TLR genes and only genotyped a specific set of SNPs per gene rather than the whole gene.
Hereby, we potentially missed important variants that influence alloimmunization risk.
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To further substantiate the evidence on genetic determinants for RBC alloimmunization, we
conducted a systematic review and meta-analysis (chapter 3). Here we provide an overview
of all currently available evidence on RBC alloimmunization, also beyond SCD. Twenty-four
studies were identified that investigated genetic risk factors for alloimmunization. Eleven of
these studies were conducted in patients with SCD. We performed a meta-analysis for the
most frequently studied HLA-DRB1 genotypes. This meta-analysis identified several HLADRB1 variants that were associated with RBC alloimmunization to either the Duffya (Fya), or
K antigen. For anti-Fya formation, HLA-DRB1*04 (Odds Ratio 7.80 (95%CI 4.57–13.33)),
and HLA-DRB1*15 (OR 3.76 (95%CI 2.14–6.59)) conferred an increased risk, whereas HLADRB1*03 (OR 0.12 (95%CI 0.05–0.29)) was associated with a decreased risk. HLA-DRB1*10
(OR 2.64 (95%CI 1.41–4.95)), HLA*DRB1*11 (OR 2.11, (95% CI 1.34–3.32)), and HLADRB1*13 (OR 1.71 (95%CI 1.26–2.33)) were significantly associated with anti-K formation.
Non-HLA polymorphisms, which had been studied predominantly in SCD patients, were
never reported more than twice, and did not show consistent associations between cohorts.
The results presented in these two chapters support the growing body of evidence for
differences between responders and nonresponders. To date, HLA polymorphisms have
been studied most extensively, but likely only explain a minor fraction of the genetic risk
for RBC alloimmunization. As alloimmunization is a result of a complex interplay of many
different components of the immune system, alloimmunization risk will presumably not result
from one polymorphism, but of the cumulative effect of multiple polymorphisms. To date,
studies included a small number of patients and were powered only to identify large-effect
SNPs. However, genetic risk for RBC alloimmunization will most likely be the result of a
combination of small effect SNPs rather than one large effect SNP.20 The type of analysis
that takes into account the combination of effects in large-scale genome-wide association
studies (GWAS) is rapidly developing, and may further elucidate the genetic risk profile for
RBC alloimmunization.21-23 However, this type of analysis requires large and well-defined
cohorts. Therefore, determination of genetic risk factors for RBC alloimmunization requires
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international collaboration, and should preferably only be performed in studies with sufficient
sample size.
Furthermore, results from genetic association studies in other antibody-mediated diseases
should be translated to transfusion related RBC alloimmunization as well. For instance, a
GWAS study on RhD alloimmunization by Sanquin Research in collaboration with Cambridge
University that included over 2000 pregnant women is currently being analyzed, an may
provide new leads for genetic determinants for transfusion related RBC alloimmunization.
The immunological process of RhD alloimmunization by pregnancy is essentially similar to
RBC alloimmunization, as it is initiated by exposure of RhD positive fetal RBCs to the RhD
negative mother. Therefore, SNPs that are involved in RhD alloimmunization in pregnancy
might well have similar function in alloimmunization after RBC transfusion.
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Design of new genetic association studies on RBC alloimmunization requires attention. As
highlighted by our systematic review, current evidence is based on predominately moderate
to low quality studies. When researching genetic determinants, RBC alloimmunization
should be considered an umbrella term, not a single entity. Distinct RBC antigens have a
differential immunogenicity. For example, immunization to the D antigen due to a mismatch
transfusion will most likely rely less on minor effect polymorphisms than immunization to a
less immunogenic antigen such as Fya. This is of particular importance when studying HLA
polymorphisms. Each HLA variant has a unique binding ability that differs for distinct antigens,
and thereby will have differential impact on antigen presentation.24, 25 In addition, the genetic
background largely determines the allele frequency of a polymorphism. Allele frequency is
largely determined by population ancestry, and will thereby influence the observed genetic
risk.26 The genetic risk profile in a Caucasian population might therefore be different from
an African population. Furthermore, differences in ancestry between included cases and
controls theoretically may induce type 1 errors (false positive results).26 Understanding of
the genetic admixture (the amount of mixture between genetic distinct groups) is vital when
interpreting genetic association studies, and should be taken into account when designing
and analyzing future studies. As described above, selection of participants in a genetic
association study largely determines the obtained results. Genetic association studies
on RBC alloimmunization should especially pay attention when selecting controls. Most
studies on RBC alloimmunization in SCD have included negative controls. For example,
in the study in chapter 2, the selected controls had received at least 20 units, and did
not form alloantibodies. However, selection of race matched healthy controls may further
increase data liability, since negative controls are potentially enriched for protective SNPs,
and cannot be assumed to be in Hardy-Weinberg equilibrium (HWE). This is a principle
that states that genetic variation will remain stable over time in the absence of disturbing
factors. Protective SNPs may result in disruption from HWE due to favourable selection of
this SNP Healthy controls will represent a more clean control group when designing genetic
association studies, as in this population more SNPs are presumed to be in HWE.27, 28
Prevention of RBC alloimmunization is of great importance for patients with SCD.
Introduction of extended matching has lowered RBC alloimmunization incidence to some
extent. However, this procedure is costly and time consuming. In fact, it appears that only a
subgroup of patients is at risk to form RBC antibodies. Therefore, a more targeted prevention
strategy may improve cost effectiveness and blood availability. Elucidation of the genetic
risk profile for RBC alloimmunization may provide a risk stratification for each SCD patient
that will receive future RBC transfusion. Hereby, potential responders could be identified
already before the first transfusion. To assess the exact RBC alloimmunization risk at the
time of transfusion, comprehensive determination of coexisting environmental risk factors is
required as well. Unraveling the immunological response and assessment of environmental
risk factors has been the focus of our research in the STARRING study, which has been
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set up in 2017. The goal of this study was to study the first alloimmunization event in SCD
patients that received RBC transfusion therapy and were considered potential responders
(received less than 25 RBC units in history). However, despite our efforts during the last
years, we could not include a patient that formed an alloantibody, despite inclusion of 40
patients. This showed the complexity of research on RBC alloimmunization, especially in
relatively small patient groups. This further substantiated the need for durable international
collaboration.
Increased knowledge on both the genetic and environmental risk factors may in the
future provide tools to determine which patients require more comprehensive matching or
additional pharmacological interventions to prevent alloimmunization, and which patients
are at extremely low risk for alloimmunization and transfusion is considered safe.
Part II – Unraveling the black box: The effect and side effects of red blood cell
transfusions in sickle cell disease and β-thalassemia
In this part of the thesis, we address the clinical effectiveness and hazards of RBC transfusions
in the vulnerable patients groups with SCD and β-thalassemia. A RBC transfusion may
have a large impact on a patient. In SCD, RBC exchange transfusions are preferred over
simple top-up transfusions for most indications. However, this is an invasive procedure,
which requires long-term central venous access. Patients with SCD on chronic transfusion
scheme will receive a RBC exchange on average every 4-5 weeks, often for the rest of their
life. This interval is required to ensure a max target of HbS <30%, since this has shown to
effectively reduce the incidence of SCD complication such as stroke and postoperative
complications.29, 30 Despite the importance of this therapy and the implications for the
patient, little is known about the effect of newly introduced allogeneic RBCs in the patient
and RBC survival (RCS) of the transfused RBCs. To further optimize transfusion therapy for
SCD patients, it is pivotal to create more insight in the determinants of RBC survival (RCS)
of transfused RBCs.
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Red blood cell survival kinetics

In chapter 4, we assessed the survival of transfused RBCs with the use of a biotin label. In this
prospective cohort study, nine patients with SCD and five with β-thalassemia that received
chronic transfusions were included. Each patients received two differentially matched biotin
labeled units that allowed tracing of those units over time. Short-term RCS (<24 hours after
transfusion) and long-term RCS (24 hours until next transfusion) were both assessed. We
observed RCS kinetics in both patient groups that were different from previously described
RCS kinetics in healthy controls. First, the percentage of biotinylated RBCs (bioRBCs)
increased over the first day from 100% directly after transfusion to an apparent proportion
of 110-120% at 24 hours. Although it remained unclear what caused this apparent increase
in bioRBCs, it might have been caused by transient adherence to the reticuloendothelial
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system, or by poor mixing at 10 minutes post-transfusion. Hereafter, we observed a nonlinear RCS pattern with a more rapid decline in percentage bioRBCs from 24 hours to 10-12
days in comparison to the second time period from 10-12 days until the next transfusion.
This observed RCS pattern was distinct from previously published data in healthy controls
that demonstrated a linear decline in bioRBCs for the majority of the lifespan of the RBCs. In
our study, we directly compared the RCS data in our patients, with data from healthy controls
from two different studies (Mock et al. 201131 and de Bruin et al. unpublished), confirming
the more linear RCS curves of healthy controls compared to SCD patients. Unfortunately, we
lack information about the exact dynamics of clearance over time, as we did not measure
the bioRBC percentage between the time points at day 24 hours and 10-12 days. It could
be hypothesized that the enhanced clearance is mainly caused by a procrastinated removal
of storage damaged RBCs. Under normal conditions, the spleen will efficiently remove these
RBCs, already within the first minutes after transfusion. However, patients with SCD are
considered asplenic, due to the autosplenectomy at young age by repeated infarctions and
sclerosis. Consequently, the liver will become the primary site of RBC clearance. However,
the structure of the liver is less capable to efficiently trap all damaged RBCs. Thus, damaged
RBCs may then circulate for longer than 24 hours and explain a prolonged phase of increased
RBC clearance during the first days, although signs of circulating damaged RBCs were not
observed on flow cytometry. Alternatively, chronic inflammation, observed in both SCD and
iron-overloaded β-thalassemia patients, may have altered the life span of the transfused
RBCs.32, 33 Inflammation causes upregulation of adhesion molecules on the endothelium,
induces phosphatidylserine (PS) exposure on RBCs, and enhances consumption of RBCs
by macrophages.34 These factors could have skewed the life span of the transfused RBCs
towards a lower lifespan. When the lifespan of the RBCs is not normally distributed, but
skewed towards a lower lifespan, the survival curve will consequently change its shape from
a linear clearance towards a more exponential clearance.
The above-mentioned hypotheses remain largely unanswered by our study. Due to the
limited number of blood drawings, we could not accurately model the RCS kinetics. To
unravel the RCS kinetics in these patients, a larger number of blood drawings, especially
during the first days after transfusion is required. This would allow us to better understand
the unique kinetics of the transfused RBCs, and improve comparability with healthy controls.
Furthermore, advanced mathematical techniques could be used to precisely model the
RCS kinetics, and hereby increase knowledge on mechanisms of RBC clearance.35 This
might aid to personalized transfusion regimens that are more effective, or the development
of interventions that prolong the lifespan of the transfused RBCs.
For reliable results in RCS studies methods are required that allow to reliably follow-up the
transfused RBC units in the patient. Biotinylation of RBCs is an elegant technique of RBC
labelling for assessment of RCS kinetics, and has several advantages over the Chromium-51
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label, the current golden standard as set by the FDA.36 The biotin label is not radioactive,
potentiates long-term RCS assessment and allows simultaneous labelling of multiple RBC
populations, as we demonstrated in chapter 4. However, some limitations of this method
for the use in clinical studies should be mentioned as well. First, the biotinylation procedure,
as well as other currently used labeling techniques, requires manipulation of the donor
RBCs before transfusion. Although the biological activity remains unaffected in experimental
setting, alterations in vivo may still occur, especially when these RBCs are stressed by
transfusion to patients with SCD, where they are exposed to an environment with a higher
inflammatory state.37 Second, complete follow-up of multiple bioRBC population for a
long period can be challenging, as we experienced in five patients in our study. In these
patients, the low density bioRBC peaks merged with the unlabeled peak during follow up.
This is potentially caused by shedding of the biotin label from the RBC membrane caused
by vesiculation of the RBCs. Increasing the density of the biotin label could improve the
signal, although this is not recommended, since this may provide less accurate results
and increases the risk of antibody formation against the biotin label. Moreover, labeling of
RBCs with a high density of biotin results in a decreased RCS compared to lower densities,
potentially by increased recognition of RBC-bound biotin and subsequent mediated RBC
clearance by immune cells.38 This is supported by the higher rate of antibody formation
against the biotin label at high densities. Previous studies suggested that formation of
these antibodies does not influence RCS of the biotinylated RBCs at the time, although
accelerated removal of bioRBCs is reported upon subsequent exposure with biotinylated
RBCs.39 However, antibody formation against biotin has likely hampered the measurement
of RCS in one of the patients in our study, as in this patient the two biotin peaks overlapped
during follow up, after first detection of anti-biotin antibodies. Therefore, antibody formation
against biotin may affect RCS determination and warrants further investigation when using
the biotin label for RCS calculation in clinical settings.
Lastly, when considering biotin labeling for RCS studies, one should take into account the
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time required for labeling. The process of biotinylation and the quality checks is laborious,
and can therefore best be performed in planned transfusions. Consequently, this method
is not suited for determination of RCS in the acute ill SCD patients that required immediate
RBC transfusions. This is unfortunate, as determination of RCS kinetics of transfused RBCs
in acutely ill patients may provide interesting results. Since acutely ill patients experience
excessive inflammation, processing of transfused RBCs might well be different compared
to transfusions during steady state. This is supported by a higher rate of transfusion related
complications after acute transfusions compared to chronic transfusions, which is discussed
further below. In the acutely ill SCD patients, an alternative method could be used to model
the RCS of transfused RBCs. Due to the mutation in the β-globin gene, SCD patients only
produce HbS instead of HbA. In contrast, almost all hemoglobin in healthy donor RBCs will
consist of HbA. Before transfusion, HbA will be absent in SCD patients when measured
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with Hb typing by high performance liquid chromatography. Therefore, post-transfusion
assessment of HbA will be a surrogate marker of circulating donor RBCs, and might reliably
estimate the RCS kinetics of the transfused RBCs in these patients. A disadvantage of this
method is that it only estimates the RCS kinetics of all transfused RBC units simultaneously.
However, we showed in chapter 4 that the RCS kinetics of two simultaneously transfused
units is comparable and that patient-related factor largely determine post-transfusion RCS
kinetics. Thus, assessment of HbA may be a reliable method to measure RCS kinetics.
Previous studies have estimated the lifespan of transfused RBCs in SCD patients on chronic
transfusion with a mathematical calculation based on this tool. However, these studies only
measured HbA percentage directly post transfusion and before the subsequent transfusion.
As we showed that RCS kinetics appear to follow a unique model in SCD patients, accurate
modelling of the RBC lifespan will require repeated measurement of HbA. An alternative
method to accurately measure the RCS of transfused RBCs is to quantify the percentage of
circulating sickle cells with an antibody detecting HbS by flow cytometry. Still, this method
has to date not been used for determination of RCS, and should first be tested. If reliable, this
method could aid to study RCS of transfused RBCs in detail, as it would allow simultaneous
determination of phenotypical changes in donor RBCs after transfusion.
As the spleen plays a major role in RBC turnover, the role of the splenic dysfunction in RCS
of transfused RBCs should be investigated in detail. Albeit splenic function is supposedly
absent in all patients with SCD, recovery of splenic function has been described in patients
on chronic RBC transfusion regimen.40,

41

Consequently, residual splenic function may

determine the fate of the transfused RBCs thereby influence the RCS kinetics. However,
assessment of splenic function is complicated. Currently, the gold standard is a spleen
scintigraphy scanning, which measures the splenic uptake of RBCs labeled with technetium99m.42 Although this technique is reliable, it is time consuming and invasive. A more elegant
and non-invasive technique that would allow assessment of the splenic function is the
measurement of Howell-Jolly bodies (HJB) with flow cytometry. These HJB are remnants
of RBC nuclei, and under normal conditions removed by the spleen.43 Therefore, HJB
that remain within the RBCs are pathognomonic for spleen malfunction. Quantification of
number of circulating RBC that contain HJBs with flow cytometry may give an indication of
splenic function, although this method might not be suited to detect minor differences in
residual splenic function.
Adverse effects of RBC transfusions

We hypothesized that above-mentioned disease-specific factors such as chronic inflammation
and splenic dysfunction may not only influence RCS of transfused RBCs, but also contribute
to the innate immune reaction to the transfused RBCs, which we addressed in chapter 5.
Despite strict quality regulations, donor RBCs will inevitably sustain damage during storage
and handling. Guidelines suggest a minimum of 75% viable RBCs in a donor RBC unit,
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which currently corresponds with a maximum storage length of 35 days.44 Studies in healthy
populations have shown that even transfusion of storage damaged RBCs is without any
sequelae.45, 46 However, signs of immune activation have been observed in several vulnerable
patient groups such as anemic neonates, patients undergoing cardiac surgery, and massively
transfused trauma patients.47-49 Moreover, various apheresis devices resulted in complement
deposition on processed RBCs.50 Therefore, we aimed to investigate whether we could
measure innate immune activation initiated by RBC transfusion and erythrocytapheresis in
patients in SCD and β-thalassemia. We used samples from the patients included in the
prospective cohort study in chapter 4. Multiple immune activation assays were performed,
including a cytokine luminex for cytokine production and enzyme-linked immunosorbent
assays (ELISAs) for complement activation, neutrophil activation, endothelial activation,
and hemoglobin and heme scavengers. As expected, at baseline all patients were depleted
for hemoglobin scavenger haptoglobin, and had various degrees of depletion the heme
scavenger of hemopexin. However, to our surprise, none of the immune activation assays
showed signs of systemic immune activation in our patients. This indicates that both topup transfusions in β-thalassemia patients and erythrocytapheresis in SCD during a chronic
transfusion regimen do not result in systemic activation of the innate immune system.
The patients in our study had limited disease activity as result of the chronic transfusion
regimen. The suppression in baseline inflammation may have precluded the occurrence of
post-transfusion immune activation. This is in line with previous reports of RBC transfusions
in healthy volunteers, where even storage damaged RBCs failed to elicit an immune
response, despite signs of extravascular hemolysis.45 However, the patients in our study
cannot easily be compared with healthy volunteers. As we showed in our study, haptoglobin
and hemopexin were depleted in our patients, leaving them more vulnerable for the harmful
effects of the hemoglobin and heme released from the RBCs.
Since we only transfused relatively fresh units, potential side effects might well have been
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negated. Recent evidence suggests that the current storage term and standard-issue of
RBCs is safe. In critically ill patients, transfusion of fresh (<8 days storage) vs standardissue RBCs did not affect the 90-day mortality.51 Nonetheless, a RBC transfusion itself,
irrespective of storage age may still elicit an immune response. Several studies have shown
a potential disease specific effect of transfusion. For example, in neonates several proinflammatory cytokines were elevated after RBC transfusion, and in a pediatric intensive
care unit, RBC transfusion resulted in an acute-phase response in a subset of patients.
These observations are of particular interest for patients with SCD. It has been demonstrated
that SCD patients receiving a RBC transfusion for an acute indication experience more
adverse effects from the procedure, such as a higher incidence of alloimmunization and
transfusion reactions.2,
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antibodies to some extent as well, the number of new antibodies per transfused RBC units
is low.2 Therefore, the occurrence of an innate immune reaction should also be studied in
SCD patients receiving episodic transfusions. These patients often have an already stressed
circulatory environment due to the excessive disease activity. Transfusion of new donor
RBCs may provide an additional stress factor that can exacerbate the ongoing inflammation.
Potentially, a profound early inflammatory response on RBC transfusion could even be
predictive of an increased risk for subsequent formation of alloantibodies.
A more hypothesis-free approach may improve detection of potential innate immune
activation. In this study, we used a predefined set of markers to measure in plasma. However,
other unmeasured markers may have been affected by the RBC transfusion. Analyses such
as whole blood transcriptomics and proteomics could, when performed in a larger group of
patients, sensitively identify alterations in the immune system that occur after transfusion.
Transfusion reactions in sickle cell disease

That a RBC transfusion may indeed harm the patient is shown in chapter 6. Here, we studied
the incidence rate of delayed hemolytic transfusion reactions (DHTRs) in SCD patients.
DHTRs are, when untreated, potentially lethal transfusion reactions typically caused by
reactivation of previously formed antibodies. Timely diagnosis remains a challenge, since the
clinic picture may mimic that of a vaso-occlusive crisis (VOC) at first. Therefore, increased
awareness of this serious complication may improve diagnosis and treatment.
We performed a retrospective cohort in study between January 2011 and April 2020 in SCD
patients transfused at the Amsterdam UMC. All occasional transfusion episodes (OTEs)
that were administered to SCD patients were screened for symptoms of DHTR between 3
and 25 days after transfusion. Ten episodes of DHTR were detected in 205 patients that
received a cumulative number of 580 OTEs. This gave a corresponding DHTR incidence
rate of 13.8/1000 (7.37-22.2) OTEs during the observation period. The cumulative incidence
DHTR in this cohort was 15.2% (8.4%-24.0%) after having received 25 RBC units. The
DHTR was fatal in one patient. Importantly, 40% of the events were misdiagnosed as acute
chest syndrome in three events and autoimmune hemolytic anemia in one, and were only
diagnosed in retrospect in this study. This underlined the challenging clinical presentation of
DHTR, as initial symptoms often mimicked a VOC.
We compared the incidence rate of DHTR in our study with the current literature. Compared
to two studies with a similar SCD cohort, the incidence rate was significantly lower
(13.8/1000 OTEs in our study vs 33.8/1000 and 41.7/1000 OTEs)52, 53. Two major factors
that could have resulted in the lower incidence rate in our study should be considered. First,
the matching strategy we use in the Netherlands is more comprehensive than according
to the current international guidelines. These guidelines limit antigen matching to AB0/
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RhDCcEe/K, whereas in the Netherlands we aim to match all patients additionally for Fya,
Jkb and S. This matching strategy is likely superior for prevention of clinically relevant RBC
alloantibodies, with a reported pooled alloimmunization prevalence of 8% (95%CI 2%-18%)
vs 18% (95%CI 10-27%) when matching for AB0/RhDCcEe/K.54 Nonetheless, limited data
are available to support the effect of this matching protocol on alloimmunization, as it has
not been part of standard care in most countries, and has only been introduced in 2011
in the Netherlands. Still, the results are promising, and extension of the antigen matching
protocol with the addition of Fya, Jkb and S should be considered. The major challenge of
further extending the matching protocol is the availability of donors, since this degree of
matching often requires race-matched blood donors. In Western countries, the majority
of donors is Caucasian, and will often not be a suitable donor for the SCD patients.55, 56
Therefore, efforts should be made to promote the recruitment of minority blood donors,
consequently increasing the availability matched blood for minority patients.57
An alternative explanation for the lower incidence rate of DHTR in our cohort is the use of a
national antibody registry. In the Netherlands, the Transfusion Register of Irregular Antibodies
and Cross-match Problems (TRIX) was launched in 2007. Since then, all antibodies ever
occurred in a patient are registered in this system. This unique database allows nationwide
communication of antibodies. Hereby, a hospital will directly know if a patient has previously
been diagnosed with an antibody elsewhere, and false negative screens due to waning
titers are prevented. This is of particular importance in SCD, as an evanescence rate of
50.1%-81% has been reported.58, 59 This is much higher than the reported evanescence
rate in non-SCD patients (35.4%), although the reason for a higher waning of the humoral
response in SCD patients is currently unknown.60 Consequently, a national database that
registers all positive antibody screens can be of particular help for SCD patients, especially
since these patients are not exclusively transfused in one hospital. However, the reliability
of a national registry relies on the adequacy of antibody detection. Half of the antibodies
becomes evanescent already within the first 6 months after transfusion.60 However, most
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SCD patients do not require a new transfusion within 6 months. Currently, antibody
screens are exclusively performed prior to a potential new transfusion. Consequently, many
antibodies will be missed due to the timing of screening. A regular antibody screen between
1 to 6 months after a RBC transfusion may enhance antibody detection, and thereby result
in less mismatched RBC transfusions.
That the evanescent antibodies are indeed causing DHTR was substantiated in our study by
the fact that most antibodies were detected within two weeks after the triggering transfusions.
This time period is generally too short for a new antibody to emerge and most likely reflects
boosting of previously formed antibodies that escaped detection due to waning titers. An
alternative explanation for undetectable antibodies provoking DHTR is the type of test cells
used for the antibody screen. In Western countries, antibody screens use standard test
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cells that contain predominantly Caucasian antigens. African individuals express different
RBC antigens of which some are not present on the standard test cells (for example MNS6
(He), MNS25 (Dantu) RH10 (V), RH20 (VS), RH30 (Goa), RH32, RH43 (Crawford), and KEL6
(Jsa)).61 A study by Boateng et al.62 showed that in a cohort of African SCD patients, 31%
of antibodies was only observed with a customized ‘African’ test cell panel, and were not
detected by the standard test cells. Further extension of the matching protocol inevitably
leads to transfusion of blood from predominantly racially matched donors. These donors
will express different antigens than the predominantly Caucasian donors in the Netherlands.
Thus, antibody screening in SCD patients requires a more extensive test cell panel that
includes African RBC antigens as well, since the existing panels potentially fail to identify
all clinically relevant RBC antibodies. When selecting racially matched donors, genotyping
of the RBC antigens will become increasingly important because of the high percentage
of antigenic variants in these populations, especially in the Rh system.54 Transfusion of
variant Rh antigens may provoke new antibody formation, which cannot be prevented by
phenotyping alone.
Apart from prevention of DHTR, increased awareness of this serious complication
is urgently required. Misdiagnosis of patient with DHTR and initiating VOC treatment is
problematic, since the treatment of a DHTR is markedly different from a VOC. Furthermore,
rapid installation of adequate treatment for DHTR may be lifesaving, as discussed below.
Currently, the most promising tool that can accurately distinguish a DHTR from SCD-specific
complications is the measurement of percentage HbA by HPLC.63 Mekontso Dessap et al.63
proposed a nomogram that indicates the normal rate of disappearance of HbA following
RBC transfusion. By plotting the HbA in the nomogram, it can be evaluated whether the
decrease of HbA is faster than could be expected based on normal RBC survival, which
supports the diagnosis of DHTR. In order to use this approach, an assessment of percentage
HbA optimally around 24 hours after the transfusion is required as a baseline. Presently, in
most centers early post-transfusion percentage HbA is not yet routinely assessed, which
excludes the implementation of this model. As most patients remain in hospital for at least
one day after the RBC transfusion and undergo repeated routine blood analyses, additional
analysis of HbA post-transfusion should not be difficult to implement as standard of care.
Future research on DHTR should focus on the development of evidence-based therapy.
Others and we have demonstrated that treatment of DHTR events is based on expert
opinion and differs case by case.52,

53

Current guidelines suggest a first-line treatment

with IVIg (0.4-1 g/kg/day for 3-5 days (up to a total dose of 2 g/kg) or high-dose steroids
(methylprednisolone or prednisone 1 to 4 mg/kg/day). Evidence supporting one of these
options is lacking.64 Optimally, a randomized clinical trial should be designed to compare IVIg
with high-dose steroids. Second line treatment with Eculizumab is suggested, as it is proven
to be highly effective in abrogating the hemolysis in the most severe cases.65 However, it
should be noted that Eculizumab is expensive, not yet standard of care for DHTR, and
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thus not under standard coverage of insurance companies. Therefore, this drug should
only be reserved for the most severe cases with a suspected fatal outcome. Furthermore,
clinicians should become aware of the hazards of administration of further RBC transfusions
during a DHTR event. In our study, the majority of patients received a subsequent RBC
transfusion, fortunately all without sequelae. However, administration of new RBC units
during a DHTR event may result in worsening of the hemolysis and the hemodynamic state.
These newly transfused RBCs are quickly damaged by the overactive immune system,
predominantly by an overactive complement system. Subsequent hemolysis of these RBCs
further increases the release of proinflammatory RBC-derived DAMPs into circulation, which
results in additional stress and may result in hemodynamic a shock. To avoid this vicious
circle, RBC transfusions should be considered only for patients that are hemodynamically
unstable, and should always be administered together with Rituximab to abrogate further
antibody formation.
In conclusion, DHTR is yet incompletely understood and many questions remain to be
answered. Small efforts, such as timely antibody screening, immediate post-transfusion
HbA assessment, and training of (pediatric) hematologists, nurses and patients, could have
a large impact on prevention, diagnosis and outcome of this serious complication.

FUTURE PERSPECTIVES
For decades, RBC transfusions have been an important treatment modality for patients
with SCD. As described in this thesis, these transfusions are not without sequelae. Even
though safety of RBC transfusion therapy has drastically increased with rigorous quality
checks, leukodepletion and extended matching, patients are still at risk for RBC transfusion
related complications. Therefore, there is an ongoing need for improvement of transfusion
effectivity and safety. Up to date, all patients receive units that are matched according to
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the same matching protocol, irrespective of their personal risk for RBC alloimmunization.
However, the focus of treatment is rapidly evolving towards precision medicine, which
focuses on selecting the most effective and safe treatment based on a patients’ genetic
and environmental factors.
A promising emerging therapeutic option that is an example of precision medicine is the
use of cultured RBCs (cRBCs) for transfusion. These RBCs are cultured in vitro from
peripheral blood mononuclear cells. The advantage of these cRBCs is that these RBCs
can be selected to be antigen compatible with the patient, consequently reducing the risk
of alloimmunization. When used at large scale, this method might even provide a degree
of independency from donors, which is especially promising for patients requiring blood
from donors with rare blood types. Yet, this method is currently under development, and
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some critical issues have to be overcome before it can be applied in the clinic. Most
importantly, the number of cells required for a regular transfusion (2*1012 RBCs per unit)
still outreaches the current maximal RBC expansion of 3*107 in an experimental setting.66
Therefore, this method requires translation to a large-scale production, which has currently
not been established.67 Furthermore, albeit the high rate of achieved enucleation, indicative
of advanced maturation of the RBCs, it is still uncertain how obtained cRBCs will function
in vivo.66 Phase 1 clinical studies will have to be performed to test whether the cRBCs have
similar lifespan and properties compared to the endogenous RBCs. Lastly, the production
of the cRBCs is currently very expensive, and thereby not a cost-effective substitution of
standard RBC transfusion therapy. However, this method has tremendous potential, and
could be a life-saving treatment modality for many patients in the future.
For some patients with SCD, these cRBCs may in the future provide a safe treatment
modality. However, developments in a different field of medicine may provide an even more
alluring therapeutic option for SCD patients. Gene therapy is a curative treatment option
and offers an alternative to hematopoietic stem cell transplantation (HCT), currently the
only curative option available for SCD. Since in gene therapy autologous stem cells are
used, no matched donors are required, consequently avoiding complications such as graftversus-host disease or graft rejection associated with HCT.68 Two major approaches for
gene therapy are currently under investigation in SCD. First, reactivation of fetal hemoglobin
production can be achieved by silencing BCL11A.69 This gene is highly expressed in
hematopoietic cells, and suppresses production of the γ-globin chain of Hb. Consequently,
silencing of BCLA11 results in reactivation of HbF production, which is not involved in RBC
sickling and thereby reverses the SCD phenotype. An alternative approach is the insertion
of a conventional HBB gene in the DNA of the patient, substituting the dysfunctional HBB
gene. Both approaches are currently being investigated in phase I/II clinical trials, and have
shown promising results.70, 71 The translation of these new treatment modalities from bench
to bedside will pose numerous hurdles, which have yet to be overcome. Still, the prospect
of a potential cure for many SCD patients is exiting.

7

The recent advances in medical research painfully expose the ever-growing gap in medical
care opportunities between high- and low-income countries, which is alarming. SCD
patients in Western countries have access to a growing number of pharmaceutical treatment
options, and receive comprehensively matched RBC units. However, in sub-Saharan Africa,
patients often do not receive even the most basic forms of treatment for SCD, and receive
RBC units that are only matched minimally, often without pre-transfusion antibody testing.
Since the burden of SCD is highest in these sub-Saharan countries, the focus should not
solely be on development of expensive drugs and cures, but also on improving availability
of medicines such as antibiotic prophylaxis, hydroxyurea and safe RBC transfusion therapy.
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FINAL REMARKS
The tide for patients with SCD seems to be changing. The understanding of the complex
pathophysiology is growing, which has laid the foundation for development of many new
treatment options. Further progress in research on SCD will require robust collaboration
between experts across the world. It is our task as clinicians and researcher to strive for the
best outcomes for our patients. Therefore, we have to look beyond our personal borders,
the borders of our institutions and of our countries for the design of meaningful studies. Only
then, we can truly bring about change.
Alone we can do so little, together we can do so much – Helen Keller
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