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Abstract

Cyclooxygenase-2 [(COX-2) or prostaglandin endoperoxide H2 synthase-2 (PTGS-2)] induces the
production of prostaglandins as part of the host-immune response to infections. Although a
number of studies have demonstrated the effects of COX-2 promoter variants on autoimmune and
inflammatory diseases, their role in malaria remains undefined. As such, we investigated the
relationship between four COX-2 promoter variants (COX-2 -512 C> T, -608 T > C, -765 G >
C, and —1195 A > G) and susceptibility to malaria and severe malarial anemia (SMA) upon
enrollment and longitudinally over a 36-month follow-up period. All-cause mortality was also
explored. The investigation was carried out in children (n= 1081, age; 2—-70 months) residing in a
holoendemic Plasmodium falciparum transmission region of western Kenya. At enrollment,
genotypes/haplotypes (controlling for anemia-promoting covariates) did not reveal any strong
effects on susceptibility to either malaria or SMA. Longitudinal analyses showed decreased
malaria episodes in children who inherited the —608 CC mutant allele (RR = 0.746, £=1.811 x
1074) and -512C/-608T/-765G/-1195G (CTGG) haplotype (RR = 0.856, A= 0.011), and
increased risk in TTCA haplotype carriers (RR = 1.115, £=0.026). Over the follow-up period,
inheritance of the rare TTCG haplotype was associated with enhanced susceptibility to both
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malaria (RR = 1.608, £=0.016) and SMA (RR = 5.714, £=0.004), while carriage of the rare
TTGG haplotype increased the risk of malaria (RR = 1.755, A= 0.007), SMA (RR =8.706, P=
3.97 x 1074), and all-cause mortality (HR = 110.000, 2= 0.001). Collectively, these results show
that SNP variations in the COX-2 promoter, and their inherited combinations, are associated with
the longitudinal risk of malaria, SMA, and all-cause mortality among children living in a high
transmission area for P, falciparum.

Introduction

Malaria remains a significant global health burden, with an estimated 219 million (95%
confidence interval [CI]: 203-262 million) cases reported worldwide in 2017 [1]. The
African region accounted for 92% (200 million) of the cases, 99.7% of which were
attributed fo Plasmodium falciparum infections [1]. Consequently, an estimated 435,000
deaths were reported globally in 2017, with children under 5 years being the most
vulnerable, accounting for 61% (/7= 226,000) of the malaria mortalities worldwide, 93% of
which occurred in the African region [1]. Malaria-related anemia was reported in 79% of
children under 5 years, of which 21% were mild, 50% moderate and 8% severe [1]. In
western Kenya, a holoendemic P, falciparum transmission region, falciparum malaria
remains one of the leading causes of childhood morbidity and mortality [2]. The primary
severe disease manifestation of P falciparum infections in such areas is severe malarial
anemia [SMA, hemoglobin (Hb) < 5.0 g/dL] [3], often with accompanying features of
acidosis, respiratory distress, and acute renal failure, and in rare circumstances,
hypoglycemia and cerebral malaria (CM) [4]. In addition, co-infections (e.g., bacteremia and
HIV-1), nutritional deficiencies, and host genetic factors influence the severity of disease in
malarial anemia [5-8].

The pathogenesis of SMA, at least in part, can be attributed to alterations in host-immune
responses that suppress erythropoiesis and enhance hemolysis, resulting in profoundly low
hemoglobin concentrations [9, 10]. Although the complex immunological cascades which
promote the development of SMA are only partially defined, dysregulation in the
cyclooxygenase-2 [(COX-2)]; prostaglandin endoperoxide H2 synthase-2 (PTGS-2)]
pathway appears to be a central feature in the severity of 2 falciparum infections [11, 12].
COX-2 (PTGS-2) is a rapidly responding gene that is induced by a wide variety of
inflammatory and proliferative stimuli, with a fast mRNA turnover driven by a conserved
element at the 3”-untranslated region [13]. The host immune response to microbial
infections typically promotes increased expression of COX-2, which generates elevated
levels of eicosanoid effector molecules, including prostaglandin E, (PGE,) [14]. However,
previous studies from our laboratory demonstrated that infection with 2 falciparum
suppressed COX-2 gene products and reduced PGE levels, a process which results in
increased clinical severity in cerebral malaria, malaria in pregnancy, and malarial anemia
[11, 15, 16].

The human COX-2gene is ~8.3 kb in size and is located on chromosome 1 (g25.2-925.3),
containing 10 exons that synthesize a 4.6 kb mRNA product [17, 18]. Analysis of the
promoter region reveals a number of regulatory elements, including a TATA box and
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transcription factor binding sites for, among others, stimulatory protein-1 (Sp1), nuclear
factor-xB (NF-xB), nuclear factor for interleukin-6 (NF-1L6), glucocorticoid response
element (GRE), activator protein 1 (AP-1), AP-2, CCAAT-enhancer binding protein (C/
EBP), cyclic-AMP response element (CRE), cAMP response element binding protein
(CREB), E2F transcription factor (E2F), MYB proto-oncogene (MYB) [17, 18].

There is vast literature on single nucleotide polymorphisms (SNPs) in the COX-2 promoter,
which create inter-individual variability that alters susceptibility to a plethora of diseases.
For example, COX-2 promoter SNPs and their haplotypes, can influence susceptibility to
various cancers, cardiovascular disease, Parkinson’s disease, and viral hepatitis C infections
[19-23]. Meta-analyses on some of the more commonly explored COX-2 promoter SNPs
show that the COX-2 (=765 G > C) polymorphism is associated with the risk of prostate
cancer, coronary artery disease, and chronic periodontitis [24-26], whereas variation at
COX-2 (-1195 A > G) can influence susceptibility to hepatocellular carcinoma and other
cancers [27, 28]. Meta-analyses of COX-2 haplotypes (=765 G > C and —1195 A > G) also
reveal that these haplotypes alter susceptibility to gastric, esophageal, and breast cancers,
and Alzheimer’s disease [29-32].

Variation at a number of polymorphic sites in the COX-2 promoter can alter transcriptional
activity (reviewed in [33]), illustrating that altered susceptibility to various diseases is likely
due to functional consequences on transcription regulation. For example, in both single
constructs and haplotypic combinations, the C allele at COX-2 (-765) and the G allele at
COX-2 (=1195) result in decreased luciferase activity through disruption of transcription
factor binding sites [23, 34].

To our knowledge, the relationship between COX-2 promoter polymorphisms and malaria
disease outcomes has not been reported. As such, we investigated the impact of four COX-2
promoter SNPs [-512 C > T (rs20420), —608 T > C (rs20419)], —=765 G > C [rs20417], and
-1195 A > G [rs689466]), and their haplotypes, on susceptibility to malaria and SMA
during acute disease (cross-sectional) in Kenyan children (aged 2—70 months; 7= 1081)
residing in a holoendemic £, falciparum transmission region. In addition, the influence of the
COX-2 promoter variants and haplotypes on susceptibility to malaria, SMA, and all-cause
mortality were explored over a 36 months longitudinal follow-up period during the
developmental phase of naturally acquired malarial immunity.

This study was conducted at Siaya County Referral Hospital (SCRH), a holoendemic 2
falciparum transmission region in western Kenya. Details of the area have previously been
published [35]. One of the primary causes of childhood mortality and morbidity in the Siaya
community is falciparum malaria, which has remained stably transmitted [10]. The clinical
manifestation of severe falciparum malaria in Siaya is SMA which can occur with other
complications such as hyperparasitemia, respiratory distress, hypoglycemia,
hyperlactatemia, renal dysfunction, electrolyte and fluid imbalances, and metabolic acidosis
[36]. As with most holoendemic £ falciparum transmission regions, cerebral malaria as a
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manifestation of severe malaria is exceedingly rare in children who grow up in such regions
[36]. Accordingly, SMA accounts for the highest percentage of hospital bed occupancy and
results in significant in-hospital morbidity and mortality in the Siaya community [3].
Although hyperparasitemia can generate lysis and clearance of RBCs which can contribute
to anemia in non-immune individuals [36], hyperparasitemia is a poor indicator of malaria
disease severity given the complex and continuously evolving disease process [36].
Individuals inhabiting the study area are predominantly from the Luo ethnic group (>96%), a
culturally homogeneous population [37] which provides an enhanced ability to investigate
host-genetic factors that influence the pathogenesis of SMA.

Study design and participants

Since the overall goal of our longitudinal studies is to gain an improved understanding of
how genes and gene pathways influence naturally-acquired malarial immunity, we identified
children (primarily <12 months) who presented at the pediatric ward for their first “hospital
contact’ (for any reason). After screening for malaria parasites, children with varying
severities of malarial anemia were enrolled. Children were excluded from the study if they
had previously been hospitalized and/or had reported use of antimalarials two weeks prior to
presentation. Since CM is a rare manifestation of severe malaria in children who
continuously reside within the region, the exclusion criteria also included a confirmed
diagnosis of CM. However, none of the children presented with CM. Children presenting as
outpatients for childhood vaccinations were also recruited. All study participants were
scheduled for follow-up visits on day 14 after enroliment and quarterly for 36 months.
Children who failed to return for scheduled visits were located using our GIS/GPS system.
In addition, parents/legal guardians were asked to return with their child to the hospital
during any acute illnesses between the scheduled visits (acute episodes). For all scheduled
and acute episodes, patients were managed according to the Ministry of Health (MOH)-
Kenya guidelines. Demographic and clinical laboratory measures for each participant were
collected at each visit. Investigations presented here are for 1081 children followed for 36
months from 2002 to 2014. Details of the clinical laboratory measures for the study
participants are presented below. Parents/legal guardians of the study participants provided
informed written consent. The study was approved by the Ethics Committee of the Kenya
Medical Research Institute, the University of New Mexico Institutional Review Board, the
Los Alamos National Laboratory (LANL) Institutional Review Board and the Maseno
University Ethics Review Committee. Informed written consents were obtained from the
parents or legal guardians of all participating children.

Laboratory investigations

Heel or finger-prick blood samples (<100 uL) were obtained and used to determine key
variables during recruitment and follow-up, namely parasite densities and Hb
concentrations. To determine parasitemia, peripheral blood smears were prepared, stained
with Giemsa reagent and examined under oil immersion. Asexual malaria parasites were
counted against 300 leukocytes and densities estimated using total white blood cells counts.
Upon recruitment, complete blood counts (CBC) were determined using a Beckman Coulter
AcT diff2 (Beckman—Coulter Corporation, FL, USA). Based on Hb levels, children with any
density parasitemia, were stratified into either non-SMA (Hb = 5.0 g/dL; 7= 670) or SMA
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(Hb < 5.0 g/dL; n=150), according to the World Health Organization (WHO) definition of
SMA [38]. The aparasitemic group (7= 261) comprised children with a 2 falciparum
negative blood smear who presented for childhood vaccinations, and those who presented at
hospital for non-malarial diseases. Furthermore, to differentiate anemia caused by malaria
from other causes, HIV-1, bacteremia, sickle-cell trait status, a3--thalassemia deletions, and
Glucose-6-phosphate dehydrogenase (G6PD) deficiency were determined. HIV-1 status was
determined as previously described [7]. Parents/legal guardians of the participating children
received pre- and post-test HIV&AIDS counseling. At the time of enrollment, none of the
children had been started on anti-retroviral therapy. Sickle-cell status was determined by
alkaline cellulose acetate electrophoresis on Titan Il plates (Helena BioSciences,
Sunderland, UK) according to the manufacturer’s instructions. Bacteremia was determined
by microbial cul-tivation according to our standard methods as described previously [8].
Alpha37-thalassemia variants were determined, as previously described [39]. Glucose-6-
phosphate dehydrogenase (G6PD) deficiency was determined using TagMan® polymerase
chain reaction (PCR) assays, as previously published [40].

Selection of COX-2 SNPs

Selection of COX-2 promoter SNPs for genotyping was based on variants with minor allele
frequencies (MAF) >8% from the International HapMap project or 1000 genomes project.
Additional selection criteria included SNPs, which could potentially create or ablate
transcription factor binding sites (TFBS) as determined using Alggen-Promo (v3.0.2)
software. Analysis of linkage disequilibrium (LD) was also performed to ensure that the
SNPs were not in strong LD using Multiallelic Interallelic Disequilibrium Analysis
(MIDAS) software version 1.0 [41].

COX-2 genotyping

Genomic DNA was extracted from buccal swabs using the Buccal Amp™ DNA extraction
kit (Epicentre Biotechnologies, Madison, USA) according to the manufacturer’s instructions
and thereafter subjected to amplification using GenomiPhi® system (GE Healthcare, NJ,
USA) to obtain sufficient quantities for genotyping. COX-2 —512 C > T (rs20420; [Assay
ID: C_11997899_10]), —608 T > C (rs20419; [Assay ID: C_11997907_10]), 765G >C
(rs20417; [Assay ID: C_11997909 40]) and —-1195 A > G (rs689466; [Assay ID:
C_2517145_20]) promoter variants were individually genotyped using high through-put
TagMan® 5’ allelic discrimination Assay-By-Design method on a StepOnePlus Real Time
system (Thermo Fisher Scientific, Carlsbad, CA, USA). PCR was performed in a total
reaction volume of 10 pL with the following amplification cycles: initial denaturation (60 °C
for 30 s and 95 °C for 10 min) followed by 40 cycles of (95 °C for 15 s and 60 °C for 1
min.) and a final extension (60 °C for 30 s). StepOne™ Software Version 2.3 was used for
allelic discrimination. To validate results obtained with the Tagman® real-time genotyping
assays, ~10% of the samples were randomly selected and genotyped using restriction
fragment length polymorphism (RFLP) PCR. There was 100% concordance between the two
methods for the randomly selected samples.
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Haplotype combinations

Since haplotypes often reveal how combinations of different functional polymorphic alleles
which interact to amplify, or moderate, their individual effects [36], haplotypes were
constructed using the HPlus software program (Fred Hutchinson Cancer Research Center,
WA, USA) with their distribution frequencies estimated based on a Bayesian algorithm. For
this study, haplotypes were defined as a combination of four SNP alleles, where -512C/
—-608T/-765G/-1195A is equivalent to haplotype CTGA. As such, “carriage’ of haplotypes
was defined as the co-inheritance of combinations of the four COX-2 SNP alleles (e.g.,
CTGA), while ‘non-carriers’ were defined as absence of the haplotype for a defined allele
combination (e.g., non-CTGA haplotype).

Statistical analyses

Results

Statistical software SPSS version 24.0 (IBM SPSS Inc., Chicago, IL, USA) was used for all
cross-sectional (enrollment) data analyses. Demographic and clinical data between
aparasitemic, SMA and non-SMA groups were compared using Pearson’s Chi square (XZ),
and Kruskal Wallis tests. Differences in parasitological variables between SMA and non-
SMA were computed using Mann-Whitney U test and Students #test. Allele, genotype, and
haplotype proportions of COX-2 promoter variants were compared across groups using
Pearson’s Chi Square (Xz) and Fisher’s exact tests. Hardy—Weinberg Equilibrium (HWE)
was computed using a XZ goodness of fit test.

To investigate the relationship between genotypes or haplotypes and episodes of malaria or
SMA at enrollment, binary logistic regression analysis was used to calculate the odds ratio
(OR) and 95% confidence interval (CI). This model controlled for the potential confounding
effects of age, sex, sickle-cell trait status, G6PD deficiency, a.3-"-thalassemia deletions,
bacterial infections, and HIV-1 positivity.

The association between COX-2 genotypes/haplotypes and longitudinal clinical outcomes
were analyzed using R version 3.1.3 [42]. The impact of genotypes and haplotypes on
longitudinal outcomes and number of malaria or SMA episodes were estimated using a
bidirectional elimination stepwise Poisson regression model selected using the Akaike
information criterion (AIC), accounting for covariates (age, sex, sickle-cell trait status,
G6PD deficiency, a3’-thalassemia deletions, bacterial infections, and HIV-1 positivity). For
the loglinear models, we accounted for the varying length of observation, by treating the
logarithm of the length of the observational window as an offset to the logarithm of the
expected number of events. Further, survival analyses were conducted using Cox regression/
survival analysis (R survival package [v. 2.38.2] coxph function) to model the risk of all-
cause mortality associated with COX-2 genotypes/haplotypes over a 36-month follow-up
period. Statistical significance was considered at £< 0.050.

Characteristics of the study participants

Children (n=1081) were categorized into aparasitemic (/7= 261), and parasitemic [non-
SMA (Hb = 5.0 g/dL, n=670), and SMA (Hb < 5.0 g/dL, n=150)] groups. The clinical,
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demographic, and laboratory characteristics of study participants are presented in Table 1.
Although the sex distribution was comparable (= 0.381), children with SMA were younger
(P<0.001), whereas glucose levels (£=0.002) and admission temperature (£ < 0.001) were
lower in aparasitemic children.

Based on a priori classification of the clinical groups, analyses of hematological indices
demonstrated that children with SMA had significantly lower Hb levels (P < 0.001), relative
to both non-SMA and aparasitemic groups. Consequently, relative to the non-SMA and
aparasitemic groups, children with SMA group presented with decreased hematocrit (P <
0.001) and erythrocyte (P < 0.001) levels, and elevated mean corpuscular volume (MCV; P<
0.001) and mean corpuscular hemoglobin (MCH; P < 0.001). The mean cell hemoglobin
concentration (MCHC; P = 0.006) was decreased in non-SMA group, and the platelet counts
(P<0.001) lower in the SMA group compared to the non-SMA and aparasitemic groups.
Mean platelet volume (MPV) was elevated in the SMA group relative to non-SMA and
aparasitemic children (£< 0.001). Similarly, children with SMA had elevated white blood
cells (WBCs, P< 0.001), lymphocytes (£ < 0.001), monocytes (P < 0.001), and granulocytes
(P<0.001) relative to the other two groups. Parasitological indices, including parasite
densities (P < 0.001), geometric mean parasitemia (£ < 0.001), and high-density parasitemia
(HDP; parasites = 10,000/uL; P < 0.001) were all lower among children with SMA
compared to the non-SMA group.

Analyses of genetic variants that can influence anemia revealed more children with sickle-
cell trait (HbAS) in the aparasitemic and non-SMA groups (P = 0.011), relative to the SMA
group. However, glucose-6-phosphate (G6PD) deficiently (P=0.235), as well as
heterozygous (-a3/aa) and homozygous (—a3-//-a37) a-thalassemia variants (P = 0.462)
were comparable across the groups.

Since we have previously reported that HIV-1 and bacteremia influence the severity of
malarial anemia, these two endemic co-infections were determined in the clinical groups [7,
8]. The SMA group had higher rates of HIV-1 exposure (= 0.011) and HIV-1 (£ =0.007)
than the non-SMA and aparasitemic groups. However, the number of children with blood-
borne bacterial infections were comparable between the groups (P = 0.318).

COX-2 promoter SNP selection

The COX-2 gene and the position of the promoter SNPs (i.e., =512 C > T, -608 T > C —-765
G > C, and 1195 A > G) selected for genotyping are detailed in Fig. 1a. Data from the
International HapMap Project and 1000 Genomes Project were used to determine the allelic
distributions of the four SNPs in different African populations [Luhya (LWK) and Maasali
(MKK)], Yoruba (YRI; Nigeria), and African (AFR)] populations, and globally (Fig. 1b).
Transcription factor binding site (TFBS) analyses revealed that all of the SNPs could
potentially alter binding patterns for transcription factors (Fig. 1c). Additional analyses after
genotyping the SNPs showed a modest amount of LD, based on the D’ score, between 512
C>Tand-608 T>C (D": -0.6646, /2: 0.00886) and 512 C > T and -765 G > C (D":
0.6709, /2: 0.07556). However, the low /2 values indicate that these SNPs are not good
proxies for one another [43]. Based on results from the different analyses, we included all
four SNPs in the investigations presented here.
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Distribution of COX-2 variants

The distribution of the COX-2 promoter SNPs [-512 C > T (rs20420), =608 T > C
(rs20419), —765 G > C (rs20417) and —1195 A > G (rs689466)], allele frequencies, and
Hardy—Weinberg Equilibrium (HWE) for each of the variants are shown in Table 2. There
were no significant differences in the proportions of any of the four genotypic variants
across the clinical groups. For each of the four SNPs, there was significant departure from
HWE in the overall population, aparasitemic and non-SMA groups, but not in children with
SMA (Table 2).

Since haplotypic combinations offer important information about patterns of inheritance that
influence susceptibility to SMA [36], their frequencies across groups were determined. The
proportional distribution of non-carriers and carriers of the haplotypes in the overall
population and clinical groups is shown in Table 2. Comparison of non-carriers versus
carriers did not reveal any significant differences between any of the COX-2 haplotypes.

Relationship between COX-2 genetic variants, malaria, and SMA at enroliment

The cross-sectional influence of the COX-2 SNPs on susceptibility to malaria and SMA was
determined using binary logistic regression analyses controlling for potential confounders
(i.e., age, sex, sickle-cell trait status, G6PD deficiency, a3-"-thalassemia deletions, bacterial
infections, and HIV-1 positivity) [5, 7, 8, 44] (Table 3). The wild-type variants (COX-2 =512
CC, -608 TT, —765 GG, and -1195 AA) were used as the reference groups in the analyses.

Inheritance of the heterozygous CT genotype at —512 decreased susceptibility to malaria by
35% [OR = 0.648 (95% CI = 0.419-1.000), A= 0.050, Table 3]. None of the other genotypes
were significantly associated with susceptibility to malaria in the cross-sectional analyses
(Table 3). Moreover, variation at the four SNPs did not significantly alter the cross-sectional
risk of developing SMA (Table 3).

To determine the impact of the haplotypes on susceptibility to malaria and SMA (cross-
sectionally), we performed binary logistic regression analyses (IBM SPSS Inc., Chicago, IL,
USA), with non-carriage versus carriage as the predictor variables, controlling for identical
covariates. None of the haplotypes revealed a significant risk profile for susceptibility to
malaria (Table 3). However, inheritance of the CTGA haplotype increased the risk (53%) of
developing SMA [OR = 1.533 (95% CI = 0.998-2.354), A= 0.051], while none of the other
haplotypes significantly altered susceptibility to SMA (Table 3). Haplotypes with low
frequencies and no SMA events (i.e., CTCG, TCGA, CCGG, and TTGG) were not run in
the models.

Impact of COX-2 genotypes on the longitudinal risk of malaria and SMA

Children residing in holoendemic £ falciparum transmission regions typically experience
repeated episodes of malaria prior to developing naturally-acquired immunity [10]. Prior to
the development of malarial immunity, children can also experience one or more life-
threatening episodes of SMA [10]. As such, we examined the impact of the COX-2
genotypes on susceptibility to malaria and SMA over 36 months of follow-up using Poisson
regression modeling with age at enrollment, sex, sickle-cell trait status, G6PD deficiency,
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a37-thalassemia deletions, and bacteremia and HIV-1 positivity as covariates (Table 4).
There were 5331 malaria episodes and 238 cases of SMA over the follow-up period. The
number of malaria and SMA episodes for each of the genotypes is listed in Table 4.

Variation at =512 did not significantly alter the risk to either malaria or SMA. Although
carriage of the TC allele at —608 did not impact on susceptibility to either malaria or SMA,
inheritance of the CC allele decreased the longitudinal risk of malaria by 25% [RR = 0.746
(95% CI = 0.640-0.869, P=1.811%74], but had no influence on the development of SMA.
None of the =765 genotypes significantly altered the risk profile for acquiring malaria or
SMA. Although not significant, carriage of the CC allele at —795 decreased the risk of SMA
by 35% [RR = 0.654 (95% CI = 0.397-1.076), = 0.095]. Inheritance of the AG allele at
-1195 did not affect the risk of either malaria or SMA. However, carriers of the GG allele at
-1195 had a 20% decreased likelihood of developing repeated episodes of malaria during
the follow-up [RR = 0.798 (95% CI = 0.615-1.035), 2= 0.089], while the reduced risk of
SMA in the small number of carriers was non-significant.

Secondary analyses were performed to determine if any of the SNPs showed an additive
effect on susceptibility to malaria and SMA over the follow-up period. The additive models
revealed a decreased risk of malaria for the —608 [RR = 0.945 (95% CI = 0.897-0.996), P=
0.034] and —1195 [RR = 0.911 (95% CI = 0.839-0.989), £ = 0.026] genotypes, while the
additive effect of the other SNPs did not alter the risk of developing either malaria or SMA.

Impact of COX-2 haplotypes on the longitudinal risk of clinical malaria and SMA

To further examine the relationship between COX-2 promoter variants and the risk of
malaria and SMA, the impact of haplotypes on risk profiles was determined with Poisson
regression analyses using identical covariates in which individuals without the haplotype
were used as the reference group (Table 4). Stratification of malaria and SMA episodes for
each of the haplotypes is listed in Table 4. Carriage of the CTGA haplotypes was associated
with a marginal level of increased risk for both malaria [RR = 1.077 (95% CI = 0.987—
1.174), P=0.096] and SMA [RR = 1.464 (95% CI = 0.971-2.207), P=0.069]. There was
an enhanced risk of developing malaria in children who inherited the TTCA haplotype [RR
=1.115 (95% CI = 1.013-1.227), P=0.026], but the enhanced risk of SMA (32%) was not
significant [RR = 1.320 (95% CI = 0.842-2.068), A= 0.226]. Inheritance of the TTGG
haplotype increased the risk of malaria by 75% [RR = 1.755 (95% CI = 1.170-2.634), P=
0.007], and the risk of developing SMA by 8.7-fold in the low number of carriers [RR =
8.706 (95% CI = 2.633-28.790), P = 3.97 x 1074]. Similarly, carriage of the TTCG
haplotype also enhanced susceptibility to malaria [RR = 1.608 (95% CI = 1.091-2.371), P=
0.016] and SMA [RR =5.714 (95% CI = 1.725-18.930, A= 0.004).

The only haplotype in which inheritance significantly reduced the risk of malaria (14%) was
observed for CTGG [RR = 0.856 (95% CI = 0.760-0.965), A= 0.011].However, carriage of
this haplotype had no impact on the development of SMA [RR = 0.965 (95% CI = 0.563-
1.654), P=0.897]. Secondary analyses using an additive model of inheritance did not reveal
any significant relationships between any of the haplotypes and either malaria or SMA.
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Association between COX-2 promoter variants and mortality

Since SMA is a significant cause of childhood mortality in holoendemic transmission
regions, we used Cox stepwise proportional hazards regression to investigate the relationship
between COX-2 variants and survival over the follow-up period. For this analysis, we used
identical covariates that were in the longitudinal malaria and SMA models. There were 68
deaths in the cohort of children. There were no associations between any of the COX-2
genotypes and mortality. However, carriage of the TTGG haplotype which increased
susceptibility to SMA by 8.7-fold also substantially enhanced the risk of mortality [HR =
110.00 (95% CI = 6.420-1.88 x 103), £=0.001]. None of the other haplotypes had a
significant impact on the risk of mortality over the follow-up period.

Discussion

Historical presence of malaria in populations in endemic regions has exerted a substantial
impact on the human genome, which includes the preservation of harmful variants, largely
due to the advantageous protective effect against malaria fatalities in individuals with
heterozygous alleles [44]. Although clinical immunity to malaria is largely mediated by the
development of antibodies after repeated episodes of disease, immune-naive children, who
suffer the greatest burden of severe malaria, must rely on innate immune responses prior to
the acquisition of naturally-acquired immunity [10, 36, 45]. As such, our efforts are focused
on innate immune response genes and gene pathways that mediate the development of SMA
in young children once an individual becomes infected [36]. To extend these findings, we
investigated the impact of COX-2 promoter polymorphic alleles (-512 C > T, =608 T> C,
-765 G > C, and —1195 A > G) on malaria and SMA cross-sectionally and longitudinally
over a 36-month period during the development of malarial immunity. In addition, since
SMA is a significant risk factor for childhood mortality in holoendemic £ falciparum
transmission regions, we also determined the impact of inheritance of the COX-2 variants on
all-cause mortality.

Prior to determining the relationship between genotypes/haplotypes and susceptibility to
clinical outcomes of malaria, we compared the variant frequencies of the four loci
independently. There were no significant variations in frequencies of the genotypes across
the clinical groups (i.e., aparasitemic, non-SMA, and SMA). The allele frequencies in the
Luo ethnic group (investigated) here most closely resemble those reported for the Yoruba
population in the HapMap Project and the African population in the 1000 Genome Project.
All four SNPs displayed significant departure from HWE in the overall study population.
Although such departure could be attributed to genotyping error, this does not appear to
explain the findings here since 10% of the samples from the overall population were
randomly selected, and each polymorphic variant was genotyped using restriction fragment
length polymorphism PCR, yielding identical results to the high-throughput assays. Since
we largely sampled diseased individuals, the significant departure from HWE likely reflects
an association of the variants with malaria [43, 46]. Given the genetic homogeneity of the
population under study (>98% Luo), which resides in a holoendemic £ falciparum
transmission region, it is feasible that deviation from HWE is due to the intense selection
pressure from malaria. Collectively, these results suggest that the promoter variants
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investigated here have been largely maintained in African ethnic groups, potentially due to
the selective pressure by life-threatening malaria.

To better understand the role of genetic variation in the pathogenesis of severe malaria,
combinations of gene variants have been used to formulate multi-site haplotypes since they
may reveal how combinations of different functional polymorphic alleles interact to amplify
or moderate individual allelic effects. Since the combination of haplotypic constructs
investigated here have not been previously reported, we performed LD analyses, which
revealed low LD between the variants, particularly across the entire block. Comparison of
genotype frequencies across groups revealed no variabilities in distribution. The genotypes
displayed a significant departure from HWE in the aparasitemic and non-SMA groups, but
not in the SMA group, suggesting possible selection for the mutations in the population.
Further, comparison of haplotype frequencies revealed non-significant differences in
proportions across groups.

Assessment of the relationship between individual genotypes and cross-sectional
susceptibility to malaria and SMA, using a binary logistic regression model controlling for
potential confounders, revealed that heterozygous carriage (CT) at the =512 locus decreased
the risk of malaria, but not SMA. None of the other genotypes altered the risk to either
malaria or SMA at enrollment. While none of the haplotypes significantly influenced the
risk of malaria upon enrollment, inheritance of the CTGA haplotype moderately predisposed
children to enhanced susceptibility to SMA. To our knowledge, there are no previous reports
in human populations describing the relationship between the SNPs presented here and
susceptibility to either malaria or SMA.

Children (<5 years) in high malaria transmission regions often experience multiple episodes
of malaria before maturation of competent immunity [47]. Analysis of a single cross-
sectional time point for genetic association studies investigating susceptibility to malaria and
SMA may not suitably capture the changing dynamics of the disease burden and
development of naturally-acquired immunity. To address this challenge, we performed
longitudinal analysis to determine the influence of the COX-2 variants on malaria and SMA
episodes across 36 months of follow-up, as well as all-cause mortality. Inheritance of the CC
allele at the —608 loci decreased the longitudinal risk of malaria in the non-carriage vs
carriage model, with the additive model at these loci also showing a protective effect.
Variation at the —1195 loci was associated with protection against malaria only in the
additive model. None of the COX-2 SNPs altered the risk to either SMA or all-cause
mortality over the follow-up period.

Modeling of the longitudinal risk profiles associated with the haplotypes showed that
inheritance of the TTCA haplotype significantly enhanced the risk of malaria, and
marginally increased susceptibility to SMA. Carriage of the TTGG and TTCG haplotypes,
however, significantly enhanced susceptibility to both malaria and SMA. The only haplotype
associated with protective effects was CTGG, which decreased the risk of malaria, but not
SMA. Collectively, these results show that haplotypic inheritance patterns of the four COX-2
promoter SNPs significantly influence the acquisition malaria across time, as well as the
development of SMA once an individual becomes infected with falciparum. While the exact
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nature of the COX-2 inheritance patterns on the immune response to malaria remains to be
determined, we postulate that the SNPs selected for investigation impart functional changes
on COX-2gene expression, and hence, the production of PGE,.

Our previous investigations showed that £ falciparum induces suppression of COX-2-
derived PGE,, which in turn, enhances disease severity in malaria during pregnancy, and in
children with either cerebral malaria or SMA [11, 15, 16]. As such, we speculate that the
haplotypes, which enhanced the longitudinal risk of malaria and SMA, are associated with
functionally less COX-2-derived PGE> production. Unfortunately, there was not enough
biological material available in the repository to test this hypothesis. Previous functional
studies demonstrated that both single constructs and haplotypic combinations of the C allele
at =765 and the G allele at —1195 have reduced COX-2 expression [23, 34]. As such, we
selected these two variants, along with two others SNPs which have the potential to
functionally alter COX-2expression (see Fig. 1c). Although it is challenging to speculate
about how combinatorial diverse of haplotypic constructs from the four SNPs functionally
impact on COX-2expression and PGE, production without directly generating constructs,
our hypothesis that enhanced risk to malaria and SMA in carriers of the rare TTGG and
TTCG haplotypes is, at least in part, due to reduced COX-2-derived PGE, production is
consistent with previous functional promoter construct studies. Additional investigations
aimed at defining the functional consequences of haplotypes derived from the four COX-2
SNPs are currently ongoing in our laboratory.

In western Kenya, SMA is among the leading causes of mortality of children below 5 years
of age [2]. Our previous studies in this falciparum holoendemic region revealed that younger
age, reticulocytosis, reduced erythropoiesis, elevated pigment-containing monocytes, and
conjunctival and palmar pallor were significant predictors of SMA (reviewed in [36]). We
and others have also shown that children with SMA have lower peripheral parasite densities
than parasitemic children without anemia (Hb >11.0 g/dL) [35, 48], suggesting that acute
hemolysis of RBCs is not likely the primary cause of low Hb levels in life-threatening SMA
in this holoendemic transmission region [36]. Although CM is an important cause of
mortality in children with malaria, such cases are rare is Siaya. This is largely because CM
occurs in areas of low-to-moderate endemicity with seasonal variation, and primarily affects
older children, adolescents, and adults with low levels of acquired immunity to malaria [49].
As such, CM cases are excluded from our studies since the presence of childhood CM in
Siaya typically suggests recent migration into the study area. While CM is not a primary
factor for childhood mortality in the region, our previous studies showed that HIV-1 and
bacteremia substantially increase life-threatening anemia in Siaya [6—8]. Despite the burden
of malaria and co-infections, the study cohort only had an all-cause mortality rate of 5.51%.
Approximately 51% of the deaths occurred at the children’s homes and were recorded
during the quarterly visits over the 36 months follow-up period. The mortality rates are
much lower than those reported during a comparable time period for Nyanza Province, in
which there were ~206 deaths per 1000 live births [50]. The lower number of deaths in our
cohort can be attributed to: (1) enhanced and rapid laboratory diagnostics for common
infectious causes of childhood diseases, including antimicrobial susceptibility testing, (2)
improved clinical management with the availability of second-line antimicrobial agents
(when required), and (3) a follow-up schedule which included the parent/guardian being
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asked to bring their child back to the hospital during acute febrile episodes for a complete
clinical work-up and treatment. Cox stepwise proportional hazards regression modeling
failed to find any associations between genotypes and all-cause mortality. However, analysis
of the relationship between haplotypic carriage and all-cause mortality revealed that
inheritance of the rare TTGG haplotype, which increased the longitudinal risk of malaria
and SMA, also markedly enhanced the risk of mortality. The rarity of this haplotype may,
therefore, be the result of selection pressure due to the substantial impact of TTGG
inheritance on the development of severe malaria and all-cause mortality.

In conclusion, investigations reported here reveal novel relationships between COX-2
promoter variants and the longitudinal risk of malaria, SMA, and all-cause mortality. To our
knowledge, this is the first study examining the impact of COX-2 genetic variation on
malaria disease outcomes. It will be important for future studies to define the molecular
consequences of the COX-2 variants presented here. Such information could be important
for selective therapeutic interventions in individuals with particular COX-2 gene inheritance
patterns, particularly since COX-2 altering pharmacological agents are widely used in
clinical practice for other diseases.
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Fig. 1.

COX-2 chromosome location and linkage disequilibrium of SNPs. a Location of
prostaglandin-endoperoxide synthase 2 (PTGS2; COX-2) on chromosome 1g31. COX-2 is
8,616 bp and is composed of 10 exons. Chromosome position (build GRCh38.p12) for the
selected SNPs under investigation; rs20420 (-512 C > T) is located at 186680936, rs20419
(=608 T > C) located at 186681031, rs20417 (=765 G > C) located at 186681189 and
rs689466 (—1195 A > G) located at 186681619. The alignment and gene structure of COX-2
are based the Golden Helix Genome Browse 1.0.1. b COX-2 genotypes minor allele
frequencies (MAF) from the International HapMap project for the Kenyan [Luhya (LWK)
and Maasai (MKK)] populations and Yoruba (YRI; Nigeria). MAFs from the 1000 Genome
project shows African (AFR) ancestry and global allele frequencies. ¢ Transcription factor
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binding analyses of the COX-2 variants. NF-E Eucaryotic nuclear factor, GR Glucocorticoid
receptor, LEF Lymphocyte enhancing factor, LVa Lava lamp, TCF T-cell factor, SP1
stimulatory protein 1, E2F E2F transcription factor family, CTCF CCCTC binding factor, c-
Myb MY B proto-oncogene, and MyoD myogenic differentiation. d Linkage disequilibrium
between the selected COX-2 SNPs: =512 C > T and -608 T > C (D": —0.6646, r2: 0.00886);
-512C>Tand -765 G > C (D": 0.6709, r2: 0.07556); =512 C > T and 1195 A>G (D":
0.0148, r2: 0.00015); -608 T > C and 765 G > C (D": -0.4787, r%: 0.02736); =608 T > C
and -1195 A > G (D": —0.3384, r2: 0.00154), and =765 G > C and -1195 A> G (D”:
-0.3934, r2: 0.00517).
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