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Abstract

Background: Red cell alloimmunization after exposure to donor red cells is a very common 

complication of transfusion for patients with sickle cell disease (SCD), resulting frequently 

in accelerated donor red blood cell destruction. Patients show substantial differences in their 

predisposition to alloimmunization, and genetic variability is one proposed component. Although 

several genetic association studies have been conducted for alloimmunization, the results have 

been inconsistent, and the genetic determinants of alloimmunization remain largely unknown.

Study Design and Methods: We performed a genome-wide association study (GWAS) in 

236 African American (AA) SCD patients from the Outcome Modifying Genes in Sickle Cell 

Disease (OMG-SCD) cohort, which is part of Trans-Omics for Precision Medicine (TOPMed), 

with whole genome sequencing data available. We also performed sensitivity analyses adjusting 

for different sets of covariates and applied different sample grouping strategies based on the 

number of alloantibodies patients developed.

Results: We identified one genome-wide significant locus on chr12 (p = 3.1e-9) with no 

evidence of genomic inflation (lambda = 1.003). Further leveraging QTL evidence from GTEx 

whole blood and/or Jackson Heart Study PBMC RNA-seq data, we identified a number of 

potential genes, such as ARHGAP9, STAT6, and ATP23, that may be driving the association 

signal. We also discovered some suggestive loci using different analysis strategies.

Discussion: We call for the community to collect additional alloantibody information within 

SCD cohorts to further the understanding of the genetic basis of alloimmunization in order to 

improve transfusion outcomes.
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Introduction

Patients with sickle cell disease (SCD) have among the highest frequency of red blood 

cell (RBC) alloantibody formation of any patient population1. Alloimmunization can be 

harmful to patients with SCD, with hemolytic transfusion reactions and hyperhemolytic 

syndromes leading to considerable morbidity and mortality in this population1. It has been 

estimated that up to 8% of transfused adult SCD patients have experienced at least one 

delayed hemolytic transfusion reaction (DHTR) in their lifetime2,3. Moreover, unlike in 

other medical contexts, DHTR has been reported to be fatal in 11.5% of events and accounts 

for 4.2% of all-cause mortality in SCD3,4. Alloimmunization can also result in delays in 

care and increased clinical costs, especially when patient develop multiple alloantibodies or 

clinically significant alloantibodies against high-frequency antigens. Furthermore, inability 

to find compatible RBC units in these patients leads to the loss of a critical therapeutic 

option for the most severe SCD complications, such as acute chest syndrome and stroke. 

Therefore, strategies to prevent or limit alloimmunization in patients with SCD are critical.

In 2020, the American Society of Hematology published guidelines recommending 

prophylactic red cell antigen matching for Rh (C, E or C/c, E/e) and K antigens over only 

ABO/RhD matching for all SCD patients receiving transfusions5. This recommendation was 

based upon evidence demonstrating a decreasing rate of alloimmunization with increasing 

levels of prophylactic antigen matching5. Specifically, antigen matching for Rh (C, E or 

C/c, E/e) and K can reduce alloimmunization prevalence from 18–48% (rate: 1.7 to 3.9 

antibodies/100 units transfused) to 5–24% (0.26 to 0.50 antibodies/100 units transfused)6,7. 

This transfusion strategy, however, is costly to patients and blood banks and may not directly 

benefit every patient with SCD. Since not all SCD patients who are transfused with donor 

RBCs form red cell alloantibodies despite multiple exposures, a reasonably sensitive and 

specific alloimmunization-risk screening assay could be potentially cost saving8.

While no such screening assay yet exists, significant and potentially testable risk factors 

have been identified. Genome-wide association studies (GWAS) have revealed genetic 

differences between alloimmunized and non-alloimmunized (non-responder) patients with 

SCD. However, two such studies found no large effect responder loci9,10, although 

19 variants were moderately associated with RBC alloimmunization10. Another study 

reported a regulatory locus on chromosome 5 as being significantly associated with RBC 

alloimmunization in SCD patients11. This finding was replicated in a second independent 

cohort and was extended to patients forming multiple alloantibodies11. However, most of the 

previous GWAS were based on array genotyping data with imputation, a process susceptible 

to phasing and imputation errors.

In this study, we performed GWAS leveraging the whole genome sequencing (WGS) and 

associated clinical data of the Outcome Modifying Genes in Sickle Cell Disease (OMG-

SCD) cohort from the Trans-Omics for Precision Medicine (TOPMed) program12,13. We 
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hypothesized that we would be able to find potential genes of interest that correlates with an 

antibody responder status.

Materials and Methods

Cohort Description

Adult participants (age ≥18 years) in the current analysis were selected from the previously 

described Outcome Modifying Genes in SCD (OMG-SCD) cohort14. Briefly, OMG-SCD 

participants for this study were recruited from Duke University Hospital and the University 

of North Carolina Hospital (UNC), providing informed consent under approval of local 

institutional review boards or ethics committees. Participants provided blood samples for 

genetic and clinical analyses, urine samples for standard urinalysis at steady state, and 

medical histories. Chart review was used to obtain clinical and laboratory results. Detailed 

cohort information, including the antigen matching strategy used, use of chronic medications 

such as hydroxyurea, the alloantibodies formed, and transfusion history, has been described 

previously15. For the current analysis, participants were selected based on alloantibody and 

sequencing data availability from chart review.

Ancestry inference

We inferred global and local ancestry for all participants using RFMix16 following the same 

procedure as described before17. Our reference panel was constructed with a combination 

of Human Genome Diversity Project (HGDP) and 1000 Genomes Project (1000G) data, 

including five ancestries. The Native American populations were all from HGDP and all the 

other populations (Europeans, Africans, East Asians and South Asians) were from 1000G. 

Each ancestry consists of 92 individuals. For 1000G, we classified CEU, TSI, FIN, GBR, 

and IBS as Europeans; YRI, LWK, GWD, MSL, ESN, ASW and ACB as Africans; CHB, 

JPT, CHS, CDX, KHV as East Asians; and GIH, PJL, BEB, STU, ITU as South Asians.

Association of non-genetic risk factors

We performed logistic regression in R v4.1.0 to screen non-genetic risk factors associated 

with alloimmunization. We treated alloimmunization as a binary outcome, with patients 

developing any positive numbers of alloantibodies (>0) assigned to value 1. For categorical 

potential risk factors, we created dummy variables and randomly selected one level as the 

reference group. Logistic regression was performed separately for each variable.

We also performed multi-variate logistic regression to select variables as covariates in 

downstream GWAS analyses. We first fitted a full model including all the variables with 

univariate p-value < 0.05 (Table 2), then performed stepwise variable selection based on 

Akaike information criterion (AIC).

GWAS

We performed GWAS with EPACTS using the EMMAX test18 to account for sample 

relatedness and population stratification, following the same procedure as described 

before19,20. Specifically, we overlapped TOPMed WGS data with the 660W array in the 

first step to obtain sparse high-quality variants following previous work21,22, then retained 
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variants with MAF > 1% and missing rate < 1% to estimate the kinship matrix. In the second 

step, we performed GWAS adjusting for covariates and the kinship matrix for each single 

marker with minor allele count (MAC) > 5.

Results

Cohort Characteristic

We analyzed 236 individuals with sickle cell disease, whose detailed clinical characteristics 

are summarized in Table 1. The mean age at enrollment was 35.7 years after removing 8 

individuals with missing age. 132 (56%) individuals were female, and all but 2 individuals 

self-reported as Black. We further assessed the global ancestry of the two individuals and 

found that both have significant European (EUR) and African (AFR) ancestry components 

(89% AFR and 10% EUR, 37% AFR and 40% EUR) (detailed in Methods). The majority of 

individuals had the hemoglobin SS (73%) genotype, followed by SC (14%), Sβ+thalassemia 

(7%) and Sβ0thalassemia (6%). Eighteen (8%) individuals developed autoantibodies, and 68 

(29%) individuals developed alloantibodies.

Non-genetic risk factors associated with alloimmunization

We performed univariate logistic regression of alloimmunization on 59 potential non-

genetic clinical risk factors to identify clinical variables significantly associated with 

alloimmunization and that therefore should be included as covariates in our genetic 

association analysis. These risk factors included continuous, binary, and categorical 

variables and had different levels of missingness (Table S1).

We found 7 variables nominally associated with alloimmunization (p < 0.05, Table 2), of 

which autoantibodies also passed (p = 2.4e-5) the stringent Bonferroni correction threshold 

(p < 0.05/59). The odds of alloimmunization for patients who have developed autoantibodies 

is 25.5 times the odds for patients who have not (95% CI [5.65,115.5]). We note that the 

confidence interval is very wide due to the small sample size. Females were more likely 

to become alloimmunized than males, with an odds ratio 2.19 (95% CI [1.20, 3.97]). In 

addition, hemoglobin genotype category (see definition in Table 2 legend), and daily use 

of short- and long-acting narcotics for pain, which are characteristics related to sickle cell 

disease severity, all were nominally associated.

Our multi-variate analyses selected autoantibodies, hemoglobin genotype, sex and number 

of RBC units transfused as covariates in a joint logistic regression based on AIC.

GWAS for alloimmunization

To adequately account for non-genetic risk factors associated with alloimmunization in 

GWAS while preserving the largest possible sample size, we selected the top three 

associated non-genetic factors (autoantibodies, hemoglobin genotype and sex) as covariates. 

All individuals with these data available contributed to our GWAS, resulting in 236 samples. 

We also performed sensitivity analysis including the estimated number of RBC units 

transfused as an additional covariate, which reduced the sample size to 208 (see section 

Sensitivity Analyses).
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Our main GWAS results for alloimmunization (n = 236) are shown in Figure 1a, which 

exhibit no sign of type-I error inflation (lambda = 0.999, Figure 1b). Variants with p < 

1e-6 were included in Table S2. We found one genome-wide significant (p < 5e-8) locus 

on chromosome 12 (Figure 1a,c, Table S2). The lead variant, chr12:57968223:C:T (hg38, 

rs148635520), with effect size 0.66 (95% CI [0.44,0.86]), is specific to African ancestry 

individuals, with MAF = 2% in TOP-LD AFR but MAF = 0 in other populations23. 

In our OMG-SCD cohort, overall MAF = 2.8% and all the minor alleles were from 

alloimmunized individuals. rs148635520 is located in an intronic region of ATP23 (Figure 

1c), and it also overlaps a topologically associated domain (TAD) boundary in spleen24. 

TAD was shown to be enriched for complex-trait heritability (especially for immunologic, 

hematologic, and metabolic traits), evolutionary constraint, and CTCF binding sites25. 

We additionally found that one LD tag of rs148635520 (R2 = 0.86), rs139296618, is a 

significant splicing quantitative trait loci (sQTL) (FDR = 0.003) of ARHGAP9 in our 

recent QTL study conducted using African American samples from the Jackson Heart 

Study (JHS)17, suggesting that ARHGAP9 might drive the association we observed. 

Furthermore, ARHGAP9 is located 480 kb away from rs148635520, and is almost 

exclusively highly-expressed in whole blood and spleen from GTEx26 (Figure 2a). In 

another QTL study conducted on African American and Hispanic Latino children27, the 

lead variant rs148635520 is a significant eQTL (q-value = 1.2e-6) for STAT6, located 836 kb 

away from the variant. Like ARHGAP9, this gene is highly expressed in whole blood and 

spleen but is also expressed in most other tissues in GTEx (Figure 2b). These annotations 

suggest directions for follow-up, where future studies are warranted to further explore this 

locus.

GWAS for developing multiple alloantibodies

We next performed GWAS by comparing individuals who developed multiple (>=2) 

alloantibodies with individuals never developed any alloantibodies (multiple vs 0 [mv0], 

n = 211). We also performed GWAS comparing multiple vs 0 or 1 (mv01, n = 236). We 

included the same covariates, i.e., autoantibodies, hemoglobin genotype and sex, following 

the same GWAS protocol described above.

We first confirmed that the genome-wide significant locus on chromosome 12 remains 

significant in the mv0 GWAS (p = 8.8e-9, Figure 3a,e, Table S3), likely due to more 

dramatic differences between severely alloimmunized and non-alloimmunized individuals. 

The significance was attenuated in the mv01 GWAS (p = 4e-7, Figure 3b,e, Table S4) which 

may derive from the loss in statistical power. Note that the lead variant in this analysis was 

different (chr12:57966928:C:T; hg38, rs114368117), but was in high LD (R2 = 0.89) with 

the previously identified lead variant rs148635520 (Figure 3e). We also assessed the genome 

inflation coefficient of the two GWASs. The results again showed no evidence of inflation 

(lambda = 1.02 and 1.01 for mv0 and mv01 GWASs, respectively; Figure 3c,d).

Aside from confirming the previous genome-wide significant locus, we also found 

additional interesting loci that showed consistent significance across these analyses. For 

example, chr14:42035846:G:A (hg38, rs61988662) is significant in both mv0 and mv01 

GWASs, with p-values=6.9e-10 and 7.6e-12, respectively (Figure S1). This variant showed 
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some evidence of association in the original (i.e., >0 vs 0) GWAS (p = 2.6e-5) but 

did not reach the genome-wide significant threshold. rs61988662 is an eQTL (p = 

2.7e-5) of LRFN5 in the spleen according to GTEx26, suggesting a potential functional 

mechanism of this variant. Interestingly, another locus on chromosome 14 about 5MB away 

also showed consistent significance (lead variant chr14:46941558:G:C; hg38, rs1959812; 

Figure S2). Both variants are much rarer in African ancestry subjects (MAF = 1.6% and 

2.2% respectively) compared to European ancestry subjects (MAF = 19.9% and 26.3% 

respectively) in TOP-LD23. Another variant, chr1:82267090:G:A (hg38, rs113813898), also 

showed genome-wide significance in both mv0 and mv01 GWASs (Figure 3a,b). It only 

exists in African ancestry populations (MAF = 1.1% in TOP-LD23 AFR versus 0 in other 

populations) and MAF = 2.1% in OMG-SCD cohort. We failed to find annotation evidence 

supporting this single variant, likely due to its low frequency. Other suggestive loci (p 

< 1e-6) are reported in Table S3, S4 for mv0 and mv01 GWASs, respectively. Further 

investigations are needed to advance variants to function at these suggestive loci.

GWAS sensitivity analyses

We further performed GWAS sensitivity analyses by adding the number of RBC units 

transfused as an additional covariate. Due to missing data of this variable, our sample 

size was reduced from 236 to 208. Nonetheless, such sensitivity analyses of the 

alloimmunization GWAS achieved very consistent results, with the same genome-wide 

significant locus (Figure S3, Table S5).

Discussion

We performed GWAS with 236 AA SCD patients from the OMG-SCD cohort, using 

WGS data generated from TOPMed. This is one of the largest alloimmunization studies 

based on WGS to date. Despite the relatively small sample size, we identified one genome-

wide significant locus on chr12 (p = 3.1e-9). We also performed sensitivity analyses 

adjusting for additional covariates and applying different sample grouping strategies based 

on the number of alloantibodies patients developed (>=2 vs 0 and >=2 vs <=1). These 

analyses revealed several additional loci worthy of further investigation, including functional 

genomics validation and replication in independent cohorts.

Only a subset of SCD patients develop red cell alloantibodies,28–30 despite the fact 

that almost all adult SCD patients have been exposed to allogeneic RBCs. Alloantibody 

production involves a highly complex interaction influenced by both genetic and clinical 

factors at the time of transfusion, such as (but not limited to) the extent of antigenic 

incompatibility between donor and host, the gender and RH status of the recipient, the 

immunogenicity of a specific alloantigen, and the level of systemic inflammation1,31–36. 

Interplay between the recipient HLA and the specific red cell antigen incompatibility also 

increases or decreases alloimmunization risk. For instance, HLA types such as DRB1 

generally increase risk for alloimmunization37,38. While DRB1*04 and DRB1*15 alleles 

are more frequently associated with risk for Fya alloimmunization39, HLA-DRB1*09:01 is 

more often associated with anti-E formation40.
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Alloimmunization requires the uptake of transfused allogenic RBC antigens by antigen-

presenting cells, via presentation of that antigen by the HLA class II complex to CD4+T 

helper cells, and subsequent B-cell activation with antibody production41,42. Consequently, 

it is hypothesized that those with SCD have a higher risk for alloimmunization to red cells 

than other populations because they have unique differences that allow this process to occur 

more easily than others34. Specifically, in SCD patients, the hemolysis of autologous red 

cells release excess free hemoglobin and heme, which activate an inflammatory cascade, 

including pro-inflammatory cytokines (i.e. interferon-gamma, tumor necrosis factor alpha, 

and interleukin-6 [IL-6]), neutrophil activation, and release of neutrophil extracellular traps 

(NETs), which together can promote alloimmunization43. Recent studies have also shown 

that monocytes from alloimmunized patients with SCD have decreased heme-oxygenase-1 

compared with their non-alloimmunized counterparts, suggesting ineffective upregulation 

of anti-inflammatory signals44. Alloimmunized patients may also have variations of 

haptoglobin that render it less potent in disabling free heme, increasing free-heme 

bioavailability and leading to increased inflammation45,46. Lastly, regulatory B cells from 

alloimmunized SCD patients secrete less anti-inflammatory IL-10 and have a diminished 

capacity to suppress pro-inflammatory cytokine release by monocytes47. These factors may 

add to the well-established stimulus provided by pronounced RBC antigen differences 

between largely Caucasian blood donors and largely African-American SCD recipients.

Not surprisingly, genetic studies attempting to identify alloimmunization risk factors have 

also sought and identified inflammatory-specific polymorphisms. Oliveira et al. identified a 

specific polymorphism in CTLA4 that negatively influences the antigen-presenting process 

and is significantly elevated in those with SCD and RBC alloantibodies48. Neto et al.49 

demonstrated that polymorphisms increasing the risk of autoimmunity, specifically in 

FcγR2B, could increase the risk of alloimmunization when identified in SCD patients (OR 

4.55). Other potential genetic regulators of alloimmunization risk have also been identified, 

including TRIM21, CD81, TNF, and IL1B50–52.

GWAS studies of alloimmunization in SCD patients have neither confirmed the risk 

genes noted by previous studies nor identified genes that met criteria for genome-wide 

significance. Hanchard et al. performed a pilot case-control GWAS using 1,000,000 SNPs 

in 94 alloimmune responders (cases) and non-responders (controls). In addition to their 

study revealing no loci that met genome-wide significance, no significant association was 

observed for the loci TRIM21 or HLA. Instead, they found suggestive associations with 

loci in the ARAP1/STARD10 and TLR10 genes9. Williams et al. similarly performed 

a GWAS analysis on 267 SCD patients and again found no loci meeting true genome-

wide significance and no associations with HLA-DRB1, TRIM21, CD81, and FCGR2C11. 

However, unique to their GWAS study, they found an association between alloimmunization 

and a chr5 locus which overlaps a putative cis-acting enhancer predicted to regulate 

transcription of ADRA1B and the lncRNA LINC01847, both of which are associated 

with immune regulation. Lastly, Meinderts10 tested 275 patients with SCD (130 controls, 

145 cases) and used a customized genotyping panel to genotype 690 variants. As with 

each of the other studies, no variants were found to be significantly associated with 

alloimmunization after correction for multiple-testing, and none of their genes of interest 
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appeared to overlap with either of the previous GWAS studies (i.e. TLR1/TANK and 

MALT1).

In our own cohort of 236 well characterized patients with SCD, our analysis revealed a 

unique genome-wide significant locus on chromosome 12. We were not able to confirm 

in our cohort significant relationships between alloimmunization and any of the previously 

reported loci, even when looking at the important loci noted using prior GWAS methods. 

Our potential underlying genes, ARHGAP9, STAT6, and ATP23, are highly intriguing and 

will require further confirmation and evaluation. ARHGAP9 appears important for cell 

endocytosis, and polymorphisms of this gene could prevent or even enhance the likelihood 

of foreign red cell antigen endocytosis and subsequent processing and presentation53,54. 

STAT6 appears important for IgG class switching, and polymorphisms of this gene may 

be responsible for specific IgG development after foreign red cell antigen exposure. 

Specifically, in one recent study, mice deficient in STAT6 produced less anti-HEL IgG2b 

after HOD exposure and demonstrated altered levels of all IgG subtypes following Alum 

vaccination55. Lastly, ATP23 is a kinase involved in double-strand break repair (DSB), as 

well as a metalloprotease thought to be important in the biosynthesis of mitochondrial 

ATPase56,57. Thus, polymorphisms in ATP23 could also theoretically affect immune 

responses.

Our multiple alloantibodies GWAS also identified an intriguing association at the LRFN5 
locus. Proteins in the LRFN family are thought to participate in the cell-cell interactions 

necessary for both neuronal development and synapse formation and appear associated with 

pain, a common consequence of SCD58. At least one previous study has supported the 

notion that those patients with a worse clinical phenotype and chronic pain were also more 

likely to have more alloantibodies15.

While GWAS will continue to be critically important to identify markers of 

alloimmunization risk in patients with SCD, the results from this study and that of other 

GWAS studies of similar type need to be interpreted with caution. The studies reviewed 

here, including our own, reveal that more efforts are needed to identify which genes are truly 

critical to red cell alloimmunization risk in SCD patients. First and foremost, much larger 

sample sizes are needed to confirm and validate truly critical risk genes. The GWAS studies 

completed to date, including our own, are relatively small, and study size likely explains the 

inconsistencies between different studies. We performed a power analysis for the chr12 lead 

variant (rs148635520), assuming an additive genetic model and setting all the parameters 

from our empirical estimates. We observed that it will require about 350 samples to achieve 

an 80% statistical power, and the power of our current sample size is only about 36.9% 

(Figure S4). Second, the techniques and definitions used to define antibody responders 

and non-responders need to be standardized for all future studies for further validations. 

Our alloimmunization data all comes from the longitudinal transfusion service records at 

Duke and UNC, but does not include detailed clinical circumstances surrounding transfusion 

or alloimmunization event. So while it is known that up to about 50% of alloantibodies 

become senescent over time59, the fact that our data includes multiple antibody screens 

over many years (the entire transfusion service history of each patient), rather than a single 

antibody screen, makes the issue of missing senescent antibodies less likely. Unfortunately, 
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the circumstances surrounding each transfusion was not documented in this cohort, and so 

the timing of antibody formation and the clinical acuity of each patient’s transfusion events 

could not be accounted for in our analysis. Third, transfusion management has changed 

over time, so genes necessary for anti-C formation, for instance, may no longer be relevant 

in current GWAS if all patients in that cohort are being antigen-matched for that antigen. 

Lastly, genetic background may also play a complex role in such analyses. SCD patients 

come from many different genetic/regional/ethnic backgrounds; thus the genetic basis of 

alloimmunization may also be slightly different, despite the fact that the patients all have the 

same disease.

Despite these caveats, we report here the first locus of genome-wide significance for 

alloimmunization in SCD patients with potential genes ARHGAP9, STAT6, and ATP23. 

These genes, including LRFN5 identified in multi-alloantibody GWAS, have possible 

biological relationships to the risk of alloimmunization and are certainly worthy of 

additional confirmation and follow-up with larger cohorts, as well as additional basic human 

or animal model studies to further elucidate their roles in alloimmunization. We call for the 

community to collect additional alloantibody information within SCD cohorts with more 

robust and granular clinical details to extend our understanding of the genetic basis of 

alloimmunization, in order to improve transfusion outcomes and prevent alloimmunization 

and its morbidity in at-risk individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GWAS of alloimmunization in Duke OMG cohort, adjusting for autoantibodies, 
hemoglobin genotype and sex as covariates.
(a). Manhattan plot of the GWAS results. Each dot represents one genetic variant. We 

removed variants with MAC < 5. The red horizontal line denotes the genome-wide 

significance threshold (p = 5e-8). (b). QQ plot of the GWAS results. We plotted the observed 

p-values against the expected p-values to check for inflation. The genome inflation lambda 

is 0.999, indicating no evidence of inflated results. The red triangles and green circles 

denote variants with MAF in the two categories [0.01, 0.05) and [0.05, 0.5) respectively. (c). 

Locuszoom plot of the genome-wide significant locus on chr12. Each dot denotes a genetic 

variant, with the purple diamond representing the lead variant chr12:57968223:C:T (hg38, 

rs148635520). The color legend denotes the LD with the lead variant calculated from our 

Duke OMG discovery cohort. Nearby genes were also plotted below.
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Figure 2. Tissue-specific bulk gene expression for (a) ARHGAP9 and (b) STAT6 in GTEx.
TPM: transcripts per million. Figures were taken from the GTEx portal, accessed in 

September 2023.
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Figure 3. GWAS results comparing multiple versus 0, and multiple versus 0 or 1 alloantibodies.
(a). Manhattan plot of the multiple versus 0 alloantibody GWAS results. (b). Manhattan plot 

of the multiple versus 0 or 1 alloantibodies GWAS results. (c). QQ plot of the multiple 

versus 0 alloantibody GWAS results. Genome inflation coefficient lambda = 1.02. (d). QQ 

plot of the multiple versus 0 or 1 alloantibodies GWAS results. Genome inflation coefficient 

lambda = 1.01. (e) Locuszoom plot of the two GWAS at the genome-wide significant 

locus on chr12 from the alloimmunization GWAS (comparing individuals with and without 

alloantibodies). The upper panel shows the p-values from the multiple versus 0 alloantibody 
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GWAS; the lower panel shows the p-values from the multiple versus 0 or 1 alloantibodies 

GWAS.
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Table 1.

Characteristics of Duke OMG patients

Age at enrollment (years) % n

18–25 26.3 62

26–35 23.7 56

36–50 34.3 81

>50 12.3 29

NA 3.4 8

Sex

Female 56 132

Male 44 104

Hemoglobin genotype

SB+ 7 17

SB0 6 14

SC 14 32

SS 73 173

Autoantibody reported

Yes 8 18

No 92 218

Alloantibody reported

Yes 29 68

No 71 168
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Table 2.

Non-genetic risk factors associated with alloimmunization (p < 0.05).

Variable Sample size log(OR) SE p-value

Autoantibody 236 3.24 0.77 2.4e-5

HbSS/SB0 compared to HbSC/SB+* 236 1.77 0.54 0.0012

Female compared to male 236 0.78 0.30 0.010

Number of RBC units transfused ** 208

None 12 ref ref ref

1–10 100 1.30 1.07 0.224

11–20 39 2.14 1.09 0.050

21–50 25 1.25 1.14 0.166

>50 32 2.15 1.10 0.052

Daily short-acting narcotics use for pain 162 0.71 0.34 0.034

WBC count (baseline at enrollment) 217 0.08 0.04 0.038

Daily long-acting narcotics use for pain 179 0.66 0.33 0.047

*
Hemoglobin genotype category, 0=SC,Sβ+; 1=SS,Sβ0.

**
Estimate the number of units of blood ever received (None, 1–10, 11–20, 21–50, >50). We used None as the reference category.
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