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CHAPTER 2

ABSTRACT
Most sickle cell disease (SCD) patients rely on blood transfusion as main treatment strategy.
However, frequent blood transfusion poses the risk of alloimmunization. On average 30% of
SCD patients will alloimmunize while other patient groups form antibodies less frequently.

2

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 Tolllike 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 alloantibody formation. 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. Among others, SNPs in TLR1/ TANK and MALT1 were associated with
a higher alloimmunization risk, while SNPs in STAM/ IFNAR1 and STAT4 conferred a lower
alloimmunization risk.
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INTRODUCTION
Sickle cell disease (SCD) is the most common monogenetic disease in the world. The
mutation in the beta globin gene on chromosome 11 leads to abnormal polymerization
of hemoglobin during low oxygen tension. This causes sickling of red blood cells (RBCs)
and results in painful crises, anemia. As a consequence, patients are at increased risk of
progressive organ damage, infection, and stroke. Blood transfusion are a lifesaving treatment
modality for patients experiencing acute chest syndrome, or severe anemia, and as a
chronic preventive therapy for stroke, among others. 1 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 lethal 2. In addition,
finding compatible units for alloimmunized patients can be challenging and time-consuming
and may therefore lead to life threatening situation for acutely ill patients 3.
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 only

4, 5

. The antigenic differences between

recipients of primarily African descent and donors with generally a Caucasian background
is an influential factor herein 6. Antigenic matching for Rh phenotype and Kell (K) and
additional matching for Fy, Jk, and MNS has reduced the frequency of alloimmunization
in SCD patients

7-12

. 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 descent

13, 14

. A promising strategy to reduce alloimmunization in

SCD is prophylactic matching including the use of genotype-matched RBCs

15, 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 sensitization

17

. On average 30% of SCD patients will

alloimmunize while the remaining patients did not form antibodies 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 alloimmunization

18

. 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 SCD 19-28.
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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 one

29-31

. Patients that suffer from acute illness, autoimmune disease

or an inflammatory disorder show higher rates of alloimmunization in response to RBC

2

transfusion 32, 33. Of interest, SCD patients display a high degree of inflammation and innate
immune activation due to chronic hemolysis

34, 35

. Moreover, there is evidence suggesting

a higher frequency of certain inflammatory or autoimmune conditions in the African
population as a whole

30, 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 population 41-43.
Many other polymorphisms in immunomodulatory genes are known to play a role in immune
regulation and are associated with different antibody-mediated diseases 39, 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 bacteria

47

. TLRs are expressed on immune cells such as B cells, certain T

cells, dendritic cells (DCs), granulocytes and macrophages

48, 49

, and also on non-immune

cells like fibroblasts and epithelial cells 48. Previous studies have shown a link between TLR
gene polymorphisms and numerous autoimmune diseases

45, 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 alloimmunization 29, 51-53.
The aim of this study was to evaluate whether genetic variations in the TLR pathways or
variations in genes previously reported to be associated with antibody-mediated conditions
were associated with RBC alloimmunization in a cohort of SCD patients In our analyses
we have included single nucleotide polymorphisms (SNPs) associated with, among others,
antibody-mediated graft rejection, antibody-mediated autoimmune disease and antibody
response in vaccination (Table S1).

METHODS
Patients
The cohort used for this study has been previously described 18. 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
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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). Patients with exclusively auto-antibodies, cold
antibodies or naturally occurring antibodies such as anti-A, anti-B, anti-A1, anti-IH, anti-H,
anti-I, Anti, Lea, anti-Leb and anti-P were excluded from analysis. Anti-M was defined as
naturally occurring if already present upon first antibody screening with no history of prior
transfusion exposure. 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 described 18, 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.
Both cohorts were routinely screened for alloantibodies was performed before each
transfusion, using a 3-cell panel. If further transfusions were required screening was
repeated at least every 72 h. Gel column agglutination methods were used to assess RBC
antigen phenotype and potential antibodies. In case of a positive alloantibody screen, a
standard panel was used to identify 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 signalling pathway. In addition, SNPs found in genes
previously associated with antibody-mediated diseases were added to our SNP array.
Primers were designed 200 bp down- and up-stream of the SNP location. Two primer pools
were used with primers designed for 437 and 425 amplicons, respectively. Sequencing was
performed using Ion S5 with Torrent Suite 5.4 software (ThermoFisher Scientific). No reads
were detected for 65 SNPs resulting in 784 SNPs being genotyped (Table S1, Data S2). A
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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 (minor allele frequency (MAF)

2

>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 criterion.
Statistical analysis
Statistical analysis was performed with the GenABEL package (R software, version 3.4.4;
https://www.r-project.org/). As SCD patients can be genetically diverse, we modelled 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 analysed SNPs are in linkage disequilibrium,
the formula of Li and Ji was used to assess the number of independent SNPs 56. A total of
307 independent SNPs were identified. Thereby a P <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, http://biostats.usc.edu/software.html) 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.

RESULTS
Study population
This study was performed on DNA samples of transfused SCD patients from French (N
= 325) and Dutch (N = 342) cohorts. A total 275 patients (130 controls, 145 cases) were
eligible for this study and formed our study population (Fig 1). Baseline characteristics of the
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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
modelled the genetic heterogeneity of our study population. Fig S1 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.

France
SCDTRANSFU cohort
N=325

The Netherlands
START cohort
N=342

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

No DNA sample: (N=58)
Control <20 units (N=168)
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, allo-antibody 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.

Genotyping results and quality control
Of the 849 selected SNPs in our panel (Table S2, Data S1) 65 failed genotyping by
sequencing. Twenty-three SNPs showed a call rate <95% and 71 SNPs had a MAF <1% in
our cohort; these SNPs were excluded from the analysis. Nine 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 (Fig 2).

35

2

CHAPTER 2

Table 1. Patient characteristics for the primary study population (N=275).
N (%) or Median (IQR)

Alloantibody +
(n=145)

Alloantibody (n=130)

Age at last follow-up, years

33 (27-44)

31 (25-39)

Female sex

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)

Asia

2 (1)

1 (1)

Other

4 (3)

2 (2)

Cumulative transfusion exposure units (total or until 1st antibody
formation)

10 (5-29)

127 (47-248)

Hemoglobin genotype

2

Ethnicity*

*Ethnicity was unknown in 5 patients

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. A total of 849 candidate single nucleotide polymorphisms (SNPs) were
selected for our screening panel based on their involvement in the Toll-like receptor signaling pathways
or a previous association of the particular gene with antibody-mediated diseases. Sixty-five SNPs did
not produce an amplicon, therefore 784 were eligible for the quality control. Twenty-three SNPs were
excluded based on a call rate <95% and 71 SNPs were excluded based on a minor allele frequency (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
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depicted in the Manhattan plot in Fig 3. The results for this analysis can be found in Table S3.
From this we can conclude that our candidate SNPs show no large effect associations with
alloimmunization in SCD.

Table 2. SNPs moderately associated with alloimmunization.
SNP ID

Chromosome

Gene

OR

95%CI

P-value

MAF

rs1234317

1

TNFSF4

Major allele Minor allele
C

T

0.35

0.14-0.88

0.0247

0.081

rs6752770

2

STAT4

A

G

0.51

0.31-0.83

0.0073

0.342

rs17705608

2

TANK

A

G

2.94

1.28-6.72

0.0107

0.102

rs2066802

2

STAT1

A

G

3.30

1.22-8.92

0.0189

0.061

rs2069763

4

IL2

C

A

2.61

1.09-6.20

0.0305

0.091

rs5743618

4

TLR1

C

A

4.24

1.31-13.75

0.0161

0.071

rs871269

5

TNIP1

C

T

1.51

0.94-2.42

0.0868

0.418

rs1974226

6

IL17A

C

T

1.55

0.81-2.97

0.1896

0.130

rs1800630

6

TNF

C

A

1.80

0.83-3.91

0.1395

0.111

rs2255426

10

STAM

C

A

0.33

0.16-0.68

0.0025

0.165

rs2251710

10

STAM

T

A

0.45

0.27-0.76

0.0027

0.291

rs11591741

10

IKK1

G

C

2.73

1.03-7.20

0.0428

0.089

rs936469

11

IRF7

G

A

0.68

0.43-1.09

0.1099

0.361

rs1956160

14

TRAF3

A

G

1.49

0.91-2.43

0.1128

0.357

rs4625820

18

MALT1

A

T

4.87

1.08-21.88

0.0390

0.029

rs1609565

20

LBP

G

A

1.47

0.92-2.33

0.1064

0.428

rs7282780

21

IFNAR1

A

T

0.46

0.28-0.77

0.0030

0.344

rs2302267

23

TLR7

T

G

0.06

0.00-0.71

0.0264

0.014

rs3853839

23

TLR7

C

G

0.56

0.34-0.93

0.0245

0.184

Major and Minor alleles are represented as gene coordinates. Text in bold indicates P<0.05 values.
OR, odds ratio; 95%CI, 95% confidence interval; MAF, minor allele frequency; SNP, single nucleotide
polymorphism

Nineteen 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 these moderate effect
SNPs we used a less conservative threshold for significance (P<0.05) and analysed 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. SNPs with statistical independent effects were identified using backward selection.
Finally, all independent SNPs were analysed together. Table S4 shows the sequential results
of these analyses. This resulted in a list of 19 independent SNPs (Table 2, Fig 4, Table S5,
and Data S3). 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 probably
independently associated with alloimmunization.
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We evaluated the top 19 independent SNPs according to OR and MAF (Fig 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 four-fold 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

2

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).

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 single nucleotide polymorphism (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).

Two independent protective alleles can be found in STAM, 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 favourable 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).
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Fold Risk

MAF

16

0.50

TRL7 (rs2302267)

Protective effect

2
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

STAT1 (rs2066802)

4

5

0.15

STAM (rs2255426)
IL17A (rs1974226)

TRL1 (rs5743618)

MALT1 (rs4625820)

TRL7 (rs3853839)

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 moderately associated SNPs scaled according to OR and MAF.
The 19 moderately associated single nucleotide polymorphisms (SNPs) are scaled according to size
effect (left) and minor allele frequency (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, respectively.
The right bar scales SNPs according to MAF with common SNPs in the red zone and rare SNPs in the
blue zone.

39

CHAPTER 2

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

2

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.
The most important risk factor for alloimmunization 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  Ile). Our analysis suggests a four fold increased risk of alloimmunization per A-allele.
TLR1 is involved in the defense against gram positive bacteria through the recognition of
peptidoglycans and lipoproteins 57. With this specific polymorphism the C allele has previously
been associated with risk of infectious diseases, asthma and allergy

58, 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 nuclear factor-κB levels
in HEK293 cells compared to the A allele 60. Hawn et al. also showed that the CA genotype
was 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 genotype

58

. 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 because this cytokine is known to augment
antibody production and is associated with antibody-mediated autoimmunity

61-63

. 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 diabetes 64. 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 three-fold higher
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risk for alloimmunization in patients carrying the variant. This specific SNP has previously
been associated with breast cancer but not with any antibody-mediated conditions 65. Other
SNPs in this gene have been associated with the autoimmune disease Sjörgen syndrome 66.
TANK encodes for a protein called TRAF family member-associated NF-κB activator. This
protein has both activating and inhibitory effects on NF-κB through the TNF- and CD40Lmediated pathway 67, 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 three-fold and two-fold 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 signalling of cytokine receptors such as the IL-2 and granulocytemacrophage colony-stimulating factor (GM-CSF) receptors

69

. STAM1 is involved in the

common cytokine receptor γ chain (γc) -Jak3 signalling 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 (circa 34%) rs7282780, an intergenic variant in the proximity of 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 (IFNs). IFNs are critical for host defence against viruses and the
literature suggests that they are important mediators of autoimmune disease 70. Interestingly,
Gibb et al. have found that type 1 IFNs are necessary to promote alloimmunization in mice. 71, 72
As the SNP we tested is an intergenic variant its role in influencing the ability of IFN receptor
to sense type 1 IFNs is unknown. STAT4 encodes the transcription factor signal transducer
and activator of transcription 4, which is involved in IL-12 mediated T helper cell type 1 (Th1)
and IL-23 mediated Th17 responses
chronic autoimmune liver disease

75

73, 74

. This specific variant has been associated with

and other STAT4 variants have been associated with

various antibody-mediated autoimmune diseases such as Systemic lupus erythematosus,
Rheumatoid arthritis and Type 1 Diabetes 76-79.
Regarding 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 given that an additional moderately
associated SNP was found in this gene. Other SNPs in this gene have been linked to
the antibody-mediated autoimmune diseases systemic lupus erythematosus (SLE) 80-83 and
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Graves disease84. Moreover, this gene shows copy number variation (CNV) that has been
linked to SLE 85, 86 and Behçet Disease 87. 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

2

predominantly performed on small cohorts (N <150) in which only a few variations are
genotyped

19, 20, 25, 26, 28

. To date, only one case-control genome-wide association study

(GWAS) has been performed of alloimmune responder status in a cohort of 94 SCD patients
88

. 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 status

89

. It was hypothesized that these observations could be explained by

genetic variations. Our analysis included 11 TLR2 SNPs and 14 TLR3 SNPs, of which none
were found to be associated with responder or non-responder status. Hence, no genetic
association was 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 immunity 90. However, the presence of inflammation during the
introduction of a foreign antigen can greatly promote immunity

91

. Alloantibody formation

could be promoted and enhanced by TLR3 and TLR9 stimulation while TLR4 stimulation
inhibited the process in a murine alloimmunization model

29, 51, 92

. Given that 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 non-responder 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 (n = 145)

18, 27, 93-98

. 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
GWAS. 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 centres.
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To conclude, this study 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 and genes that were previously associated with
antibody mediated diseases 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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