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Abstract. Cerebral malaria (CM) remains an important cause of morbidity and mortality. Risk for developing CM
partially depends on host genetic factors, including variants encoded in the type I interferon (IFN) receptor 1 (IFNAR1).
Type I IFNs bind to IFNAR1 resulting in increased expression of IFN responsive genes, which modulate innate and
adaptive immune responses. To comprehensively study IFNAR1 genetic variant associations in Malawians with CM or
uncomplicated malaria, we used a tag single nucleotide polymorphism approach, based on the HapMap Yoruba in
Ibadan, Nigeria, population database. We identified three novel (rs914142, rs12626750, and rs1041867) and one pre-
viously published (Chr21:34696785 [C>G]) IFNAR1variants to be associatedwithCM.Someof these variants are in gene
regulatory regions. Chr21:34696785 (C>G) is in a region encoding histonemodifications and transcription factor–binding
sites,which suggests gene regulatory activity. Rs12626750 is predicted tobindembryonic lethal abnormal vision system-
likeRNA-binding protein 1, a RNA-binding proteinwhich can increase the type I IFN response. Furthermore, we examined
these variants in an expression quantitative trait loci database and found that a protective variant, rs914142, is associated
with lower expressionof IFNAR1,whereas theCM-associated variant rs12626750wasassociatedwith increased IFNAR1
expression, suggesting that activation of the type I IFN pathwaymay contribute to pathogenesis of CM. Future functional
studies of IFNAR1 variants are now needed to clarify the role of this pathway in severe malarial diseases.

INTRODUCTION

Plasmodium falciparum infection continues to cause high
rates of morbidity and mortality, with 216 million cases and an
estimated 445,000deaths in 2016, largely inAfrican children.1,2

Malaria has affected human populations for millennia, resulting
in evolutionary pressure and selection for host mutations that
confer protection againstmalaria-related death. Some of these
variants alter the human red cell niche of the parasite, such as
sickle cell trait, G6PD deficiency, and β-thalassemia, whereas
other protective variants are found in immune response genes,
including CD36, CD40 ligand, TNF-α, IFN-γ, IL-4, and IL-12.3

Type I interferon (IFN) receptor 1 (IFNAR1) genetic variants
have also been associatedwith protection to severemalaria.4–6

IFNAR1 encodes a membrane protein that forms one of the
two chains of a receptor for type I IFN cytokines. Type I IFNs
modulate host response to viral, mycobacterial, and other
infections by binding to IFNAR1 which in turn induces
expression of IFN responsive genes (IRGs), which have
broad immunomodulatory properties.7–10 It is unknown
how variants in IFNAR1 provide protection from severe
malaria.
Theexpressionof type I IFNcytokines and IRGs is increased

during natural malaria infection, though their roles in immunity
is unclear.11–13 Animal models of malaria infection demon-
strate both protective and harmful effects of the type I IFN
pathway depending on the model studied.12,14,15–19 These
data reflect the balancing act that type I IFN pathway plays on
modulating host responses to infection over a range of clinical
presentations from severe to mild disease.20

To explore the contribution of specific IFNAR1 variants to
malaria disease severity, we examined IFNAR1 polymor-
phisms with a tag SNP approach, through a case–control
study of Malawian children with cerebral malaria (CM) and
uncomplicated malaria (UM). To explore the function of the
disease-associated variants, we determined if they resided
in regulatory sequences and mined an expression quanti-
tative trait loci (eQTL) database.

MATERIALS AND METHODS

Study subjects. The CM subjects were selected from an
ongoing observational study of the pathogenesis of CM in
Blantyre, Malawi. The inclusion criteria included the World
HealthOrganization definition for CM (Blantyre coma score < 3,
peripheral asexual P. falciparum, and no other obvious cause
of coma) and the presence of malarial retinopathy.21–23 Study
subjects were between 6 months and 12 years of age. Sub-
jects who were human immunodeficiency virus (HIV) infected
or had a positive blood or cerebrospinal fluid bacterial culture
were excluded from the analysis. Samples analyzed for this
study were randomly chosen from enrolled subjects in the
2009, 2011, and 2013–2014 rainy seasons. The UM subjects
were selected from the Mfera cohort study, a longitudinal
study of UM in the Chikwawa District of Malawi, a wet, low-
lying rural district in the Shire Valley with high malaria trans-
mission, which is 22 miles from the CM study site.24 Enrolled
subjects were aged between 1 and 31 years, were HIV nega-
tive, and had microscopy-confirmed P. falciparum infection
on peripheral blood smear analysis. Uncomplicated malaria
subjectswere excluded from the study if they hadacute illness
requiring hospitalization, had signs or symptoms of severe
malaria, or were receiving chronic medication with any drug
that has antimalarial activity (e.g., HIV exposed infants).22 We
analyzed all UM samples collected between June 2014 and
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September 2014 and all subjects aged < 12 years who were
enrolled between October 2014 and January 2015. For both
groups, parental consent was obtained before study enroll-
ment, a clinical examination was performed, and data were
extracted from the study record.
For subsequent DNA extraction and genetic analysis

(Whatman, NJ), whole blood was collected at enrollment in
ethylenediaminetetraacetic acid tubes by venipuncture and
spotted onto FTA classic cards. Study participants received
standard treatment of malaria. Institutional Review Board
approvals were obtained from the Albert Einstein College of
Medicine, Michigan State University, the University of Mary-
land, and the University of Malawi College of Medicine Re-
search and Ethics Committee.
IFNAR1 genotyping. To study IFNAR1 variants, DNA was

extracted from the blood spots using DNeasy Blood and
Tissue kits (Qiagen, Redwood City, CA). When a blood spot
was unavailable for the CM subjects, DNA was extracted
according to manufacturer instructions from an enrollment
aliquot of whole blood that was stored in Tri-reagent BD
at −80�C (Molecular Research Center, Cincinnati, OH).
We usedmultiple strategies to select IFNAR1 gene SNPs to

provide a comprehensive genetic association analysis. For a
tag SNP approach, we first identified 16 tagging SNPs from
theHapmapdatabaseof all highly linkedSNPs (R2 >0.9) found
in the Yoruba in Ibadan, Nigerian (YRI) population within the
IFNAR1 coding and noncoding sequences including 2 kb
upstream using Haploview (Supplemental Figure 1).25,26

These tagging SNPs included one in the 59 untranslated
region (UTR), 11 in introns, and four in the 39UTR. Second, we
selected the two IFNAR1 coding variants with a minor allele
frequency > 0.01 in the YRI population from the 1000 Ge-
nomes and Exome Sequencing Project database.27,28 Finally,
we analyzed the five published IFNAR1 SNPs associated
with malaria disease severity in other geographical sites
(rs1012325, rs2257167, rs2253923, rs2856968, and Chr21:
34696785 [C > G]).4–6 After removing two overlapping vari-
ants, a total of 21 variants were examined.
We designed polymerase chain reaction (PCR) and iPLEX

extension primers for each SNP of interest using Assay Design
Suite software to iPLEX (Sequenom, San Diego, CA). Sample
DNA was PCR amplified using a multiplex reaction and ana-
lyzed using matrix assisted laser desorption ionization-time of
flight mass spectrometry analysis (MassArray, San Diego, CA).
Mass spectrometry peaks were visualized in the MassARRAY
Typer 4.0 software. The iPLEX assay genotyping was per-
formed in the Genomics Shared Facility at Albert Einstein Col-
lege of Medicine.
Statistical analysis. The Hardy–Weinberg equilibrium

(HWE) test is used as an essential quality control step in the
population-based genetic association studies. Deviation from
HWE has been associated with problems such as genotyping
errors, batch effects, population stratification, and selection
bias. Failure to remove variants that are out of HWE may lead
to biased study inferences.29 Thus, the HWE test was per-
formed to test the genotype distribution of all the variants.
Variants that followedHWE (P> 0.01) were further analyzed. For
each variant, three association tests were performed—allelic
(major allele A versus minor allele a), genotypic (AA versus Aa
versus aa), and logistic regression using an additive model
(AA = 0, Aa = 1, and aa = 2) adjusted for age. Statistical dif-
ferences among groups were assessed by Fisher’s exact and

logistic regression tests of association in software package
PLINK.30 A two-tailed P value of < 0.05 was considered sig-
nificant. We also report the false discovery rate (FDR) method
of Benjamin and Hochberg MassARRAY.31

Evaluation of regulatory elements associated with
identified loci. Encyclopedia of DNA Elements at University
California, Santa Cruz (UCSC), (ENCODE) and ROADMAP epi-
genomics project data were assessed using Haploreg, UCSC
genome browser, and RegulomeDB to characterize the region
where the variants were found.32–34 Histonemarks, transcription
factor–binding tracks, andRNA-bindingprotein tracks inFigure3
were downloaded from the UCSC Genome Browser.

RESULTS

The 21 IFNAR1 SNPs analyzed include previously identified
disease-associated SNPs and tagging SNPs to identify novel
variants associated with retinopathy-positive CM compared
with UMsubjects. Of the 21SNPs examined, one did notmeet
the quality control criteria of the iPLEX assay and was elimi-
nated from the analysis. Individual sample data were included
in the analysis if ³ 14 of 20 SNPs provided high-quality data.
Samples from all 87 retinopathy-positive CM subjects and 54
of the 71 UM subjects passed the quality criteria and were
analyzed (Table 1). The CM subjects had higher temperatures
and respiratory rates and lower hemoglobin values (Mann–
Whitney; P value < 0.001). There was no significant difference
in peripheral parasitemia between UM and CM subjects
(Mann–Whitney; P value = 0.083). The CM subjects were
significantly younger, with lower body weights and heights
(Mann–Whitney; P value < 0.001). Because older age is as-
sociatedwith protection fromseveredisease,we includedage
as a covariate in the logistic model.35

Three (rs2253923, rs7280108, and rs17875834) of the
remaining 20 variants deviated from the HWE and were ex-
cluded, leaving 17 SNPs for the analysis. To investigate the
association of IFNAR1 variants and malaria disease severity,
allele frequencies and genotype frequencies were compared
between the CM and UM cohorts. We first examined allelic
associations between CM and UM and identified five IFNAR1
SNPs with a significant allelic association with CM: rs914142,
Chr21:34696785 (C > G), rs12626750, rs17875863, and
rs1041867 (χ2; P < 0.05) (Figure 1). These SNPs are in non-
coding regions including the 59UTR, introns, and 39UTR
(Figure 1A and B). The variant rs914142 has the lowest FDR of
0.006and theother variants have FDRsof less than 0.15. These
variants are independent and not in linkage disequilibrium (LD)

TABLE 1
Characteristics of subjects with UM and CM

Characteristic UM (N = 54) CM (N = 87) P value

Age (months) 78 (39–123) 44 (27–62) < 0.001
Gender (% Male) 41 43 0.834
Weight (kg) 19 (14–26) 12.2 (10.2–15.4) < 0.001
Height (cm) 113 (93–132) 94 (81–106) < 0.001
Temperature (�C) 37.7 (36.3–38.8) 39.0 (38.2–39.8) < 0.001
Hemoglobin (g/dL) 11.2 (10.1–12.2) 7.3 (5.9–8.3) < 0.001
Parasitemia (×103/μL) 23 (1–68) 32 (1–186) 0.083
Respirations (breaths/

minutes)
32 (26–36) 40 (36–52) < 0.001

CM = cerebral malaria; UM = uncomplicated malaria. Continuous variables are compared
using the Mann–Whitney test and dichotomous variables are compared with the χ2 test.
Values are reported asmedianand interquartile range for continuousvariables andpercent for
dichotomous variables.
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with each other (Supplemental Figure 1). Distribution of the
allelic variants is reported (Figure 1C).
To then examine differences in genotype, we removed three

variants that did not have a homozygous minor allele in our
study population (rs17875887, rs1012325, and Chr21:
34696785 [C > G]) and examined the remaining 14 variants.
Two variants were significantly different between the CM and
UM subjects in this analysis: rs914142 and rs12626750. The
genotypic frequencies of rs914142were significantly different
(Fisher’s exact;P= 0.001) with 0 (GG), 0.21 (GA), and 0.79 (AA)
for theCMgroupand0.15 (GG), 0.27 (GA), and0.58 (AA) for the
UM group. The variant rs12626750 also differed between CM
and UM (Fisher’s exact; P = 0.053) with 0.06 (AA), 0.40 (AC),
and 0.54 (CC) in the CM group and 0.04 (AA), 0.21 (AC), and
0.75 (CC) in the UM group (Figure 1D).
Age is associated with development of clinical immunity;

thus, we carried out logistic regression using an additive ge-
netic model with age as a covariate (Figure 2). After age cor-
rection, three variants (rs914142, Chr21:34696785 (C > G),
and rs12626750) remained significantly associated with dis-
ease outcome (P < 0.05) and one variant (rs1041867)

approached significance (P = 0.051). For rs12626750, relative
to the UM group, subjects carrying the A allele had increased
risk of developingCM (odds ratio [OR] = 2.08 [95%confidence
interval (CI) = 1.07–4.02], P = 0.030). The G allele of
Chr21:34696785(C > G), and rs1041867 showed a significant
association with increased risk of CM (OR = 3.78 [95% CI =
1.21–11.84], P = 0.023 and OR = 1.80 [95% CI = 1.00–3.26],
P = 0.051), respectively, as comparedwith UM. Relative to the
UM group, subjects carrying the G allele of rs914142 had re-
duced risk of developing CM (OR= 0.34 [95%CI = 0.17–0.66],
P = 0.0016).
To explore a potential functional role of the SNPs identified

in the logistic regression model, we examined whether the
disease-associated loci are found in functional noncoding
sequences involved in gene regulation and mined the epige-
netic ENCODEandROADMAPdata for associatedSNPs using
Haploreg. Functional noncoding regions are defined by the
presence of histone marks and predicted and experimentally
validated transcription factor–binding and RNA-binding pro-
tein data. The gene regulatory and epigenetic context surround-
ing CM-associated SNPs is shown in Figure 3.
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SNP BP N A1/A2 Allele frequency CHISQ OR (CI 95%) P FDR
CM UM

Chr21:34696785 34696785 134 G/C 0.13 0.04 5.23 3.37 (1.13–10.10)

–
–

0.022 0.145
rs12626750 34698385 133 A/C 0.26 0.14 4.98 2.08 (1.08–3.98) 0.026 0.145
rs914142 34725807 124 G/A 0.11 0.28 12.71 0.30 (0.15–0.60) 0.000 0.006
rs1041867 34727252 125 G/T 0.35 0.23 3.87 1.78 (1.00 3.18) 0.049 0.149
rs17875863 34729233 135 A/G 0.11 0.04 4.16 3.02 (1.00 9.15) 0.041 0.149

SNP BP N A1/A2 Genotype (A1A1/A1A2/A2A2) N (%) P FDR
CM UM

rs914142 34725807 124 G/A 0(0.0) /16(21.1) /60(78.9) 7(14.6) /13(27.1) /28(58.3) 0.001 0.003
rs12626750 34727252 133 A/C 5(6.2) /32(39.5) /44(54.3) 2(3.90) /11(21.1) /39(75) 0.053 0.145

FIGURE 1. Allelic and genotypic associations of interferon-alpha receptor 1 (IFNAR1) single nucleotide polymorphisms (SNP) with cerebral malaria.
Associationstudyof IFNAR1variantswithcerebralmalaria (CM)comparedwithuncomplicatedmalaria (UM).AnalyzedSNPswereselectedusing tagging
SNP analysis and previously identified disease-associated SNPs. (A) Schematic of IFNAR1 gene structure: exons are marked with their corresponding
number. The 59 untranslated region (UTR) and 39UTRs are represented by light green boxes and introns are represented by black lines between exons.
Allelic andgenotypic associationP valueswere obtained by comparing 87CMsubjectswith 54UMsubjects. (B andC) Therewere five significant alleles
(P < 0.05). (D) There were two significant genotypic association results (P < 0.05). A1 = affected/alternate allele; A2 = reference allele; BP = genomic
position in base pair according to human GRCh37/hg19 assembly; CI = confidence interval; FDR = false discovery rate; OR = odds ratio.
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Chr21:34696785(C > G) SNP lies within peaks of histone
marks associated with strong promoter activity in nine cell
lines including lymphocytes, hepatocytes, and endothelial
cells. Moreover, this SNP is located within ChIP-identified
binding regions for several transcription factors including
POLR2A, PHF8, ELF1, SPI1, and MAX. The variant rs12626750
also falls in a region with predicted promoter and enhancer ac-
tivity. In addition, rs12626750 localizes in the region predicted
to bind the RNA-binding protein embryonic lethal, abnormal
vision-like 1 (ELAV1).
To further determine the contribution of these variants on

gene expression, we examined a published eQTL meta-
analysis of peripheral blood of 5,311 individuals.36 Three of
our variants (rs914142, rs12626750, and rs1041867) had
significant associations within the eQTL data (FDR = 0)
(Supplemental Table 1) by affecting the expression of IFNAR1
and/or interleukin 10 receptor, beta subunit (IL10RB). The
protective rs914142 G allele is linked to decreased IFNAR1
expression (P value 3.01E-49) and the susceptible rs12625750
A allele is linked to increased IFNAR1 expression (P value 3.80E-
28). All threevariants (rs914142, rs12626750, and rs1041867) are
associatedwithalterations in theexpressionof IL10RB.TwoCM-
associated variants (rs12626750 and rs1041867) had increased
IL10RB (P value 1.06E-06 and 1.17E-10). Conversely, the pro-
tective variant (rs914142) produces a decrease in IL10RB ex-
pression (P value 5.63E-07). The variant Chr21:34696785 does
not have an associated RefSNP (rs) designation and thus we
could not evaluate its association with the eQTL data.

DISCUSSION

The type I IFN pathway is involved in host response to
malaria infection and variants within the IFNAR1 have been
associated with severe illness in African populations.4–6 To
provide a more comprehensive analysis of IFNAR1 variants
and malaria disease outcomes, we carried out an association
study of the previously identified IFNAR1 variants and novel

variants selected through a tagging SNP approach in Mala-
wian children with CM and UM. We identified four disease-
associated variants in the logistic regression analysis. All
variants are in noncoding regions that have predicted gene
regulatory roles, with one CM-associated variant linked to
higher IFNAR1 transcript levels and one protective variant
associated with lower IFNAR1 transcript level identified from
previously published eQTL data. These data generate novel
testable hypotheses regarding the role of IFNAR1 in CM.
We examined previously identified disease association

IFNAR1 SNPs and tagging SNPs identified in the YRI pop-
ulation from the International HapMap dataset to also provide
a comprehensive disease association analysis in a Malawian
cohort.We confirmed the association of Chr21:34696785 (C >
G), also known as IFNAR1 272354c-g, a variant located at
position -576 relative to the transcription start site of IFNAR1,
with CM in the Malawian cohort.5 This variant was also re-
ported in association studies of severe malaria from geo-
graphically diverse study sites including Gambia, Kenya, and
Vietnam, suggesting that this variant is strongly selected for
and thus an important candidate for functional studies.5 Our
logistic regression analysis also identified three novel IFNAR1
variants associated with disease outcomes.
There are no functional studies on the role of these variants,

but these data suggest that they are involved in the regulation
of gene expression. Chr21:34696785 (C > G) is located in a
transcription factor–binding region which can bind POLR2A,
PHF8, ELF1, SPI1, and MAX and this region also contains
histone marks.37–40 The variant rs12626750 lies in a region
predicted to bind ELAVL1, which stabilizes adenylate
uridylate-rich elements–containing mRNAs.41 ELAV-like
RNA-binding protein 1 expression has been shown to in-
crease the type I IFN response as it is required for the sta-
bilization of IFN-β and ELAV1 inhibition hampers the cellular
type I IFN response.42,43 Both rs914142 and rs1041867 are
found in regions with transcriptional elongation activity.
To further analyze how these variants may impact host

physiology, we examined previously published eQTL data to
identify a role in gene expression and found consistent dis-
ease association changes in IFNAR1 expression. The UM-
associated variant rs914142 was associated with a decrease
in IFNAR1 expression, whereas the CM-associated variants
rs12626750 and rs1041867 were associated with increased
IFNAR1 expression. This suggests a model where higher
IFNAR1 expression drives increased IRG expression and cy-
tokine production to increase the risk for CM. The effect of
these variants on the IFNAR1pathway cannowbe functionally
tested in genetic systems.
The UM-associated variant rs914142 was associated

with a decrease in IL10RB expression, whereas CM-
associated variants rs12626750 and rs1041867 were as-
sociated with increased IL10RB expression. IL10RB encodes
part of the interleukin 10 receptor complex and is found in a
cytokine receptor gene cluster with IFNAR1 on chromo-
some 21. IL10RB variants have been found to be associated
with severe malaria in prior studies.5,44,45 How IL10RB
variants impact severe disease outcomes will require fur-
ther study.
One potential limitation of this study is that the CM-

associated tagging SNPs studied are in intronic or noncoding
regions and the true genetic effect on disease outcome could
be because of one of the linked variants within the LD block.

SNP BP A1/A2 N OR (CI 95%) P FDR
rs914142 34725807 G/A 124 0.34 (0.17–

–
–
–

0.66) 0.002 0.03
chr21:34696785 34696785 G/C 134 3.78 (1.21 11.84) 0.023 0.17

rs12626750 34698385 A/C 133 2.08 (1.07 4.02) 0.030 0.17
rs1041867 34727252 G/T 125 1.80 (1.00 3.26) 0.051 0.22

FIGURE 2. Relationship between interferon-alpha receptor 1 ge-
notypes and malaria disease severity. Odds ratios (OR) and confi-
dence intervals (CI) were determinedusing logistic regression analysis
with an additivemodel, controlling for age. Dotted line represents null.
A1 = affected/alternate allele; A2 = reference allele; BP = genomic
position in base pair on chromosome 21 according to human
GRCh37/hg19 assembly; FDR = false discovery rate.
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Second, there are regional genetic differences between Mala-
wians and the YRI population, though studies show good
generalizability of HapMap tagSNPs usedwithin a continent of
nonisolated populations.46,47 Alternative approaches include
designing tagging SNPs from the 1000Genomes Project using
the data from East African populations or sequencing of
IFNAR1 directly from Malawian CM and UM samples.27 Our
data confirmed the association ofChr21:34696785 (C>G)with
severe disease, which has been reported in other African and
Southeast Asian countries and provides confidence to the
novel associations presented here.
In conclusion, we identified three novel IFNAR1 variants

and confirmed one previously described IFNAR1 variant as
being associated with CM in Malawi. The in silico and eQTL
analyses suggest that these variants may have a regulatory
role in IFNAR1 expression. Future studies will determine the
function of these variants in the type I IFN pathway and fur-
ther define the role of these disease-associated mutations
in CM.
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