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Background: Severe malarial anemia (SMA; Hb < 5.0 g/dl) is a leading cause of

childhood morbidity and mortality in holoendemic Plasmodium falciparum

transmission regions such as western Kenya.

Methods: We investigated the relationship between two novel complement

component 5 (C5) missense mutations [rs17216529:C>T, p(Val145Ile) and

rs17610:C>T, p(Ser1310Asn)] and longitudinal outcomes of malaria in a

cohort of Kenyan children (under 60 mos, n = 1,546). Molecular modeling

was used to investigate the impact of the amino acid transitions on the

C5 protein structure.

Results: Prediction of the wild-type and mutant C5 protein structures did not

revealmajor changes to the overall structure. However, based on the position of

the variants, subtle differences could impact on the stability of C5b. The

influence of the C5 genotypes/haplotypes on the number of malaria and

SMA episodes over 36 months was determined by Poisson regression
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modeling. Genotypic analyses revealed that inheritance of the homozygous

mutant (TT) for rs17216529:C>T enhanced the risk for both malaria (incidence

rate ratio, IRR = 1.144, 95%CI: 1.059–1.236, p = 0.001) and SMA (IRR = 1.627,

95%CI: 1.201–2.204, p = 0.002). In the haplotypic model, carriers of TC had

increased risk of malaria (IRR = 1.068, 95%CI: 1.017–1.122, p = 0.009), while

carriers of both wild-type alleles (CC) were protected against SMA (IRR = 0.679,

95%CI: 0.542–0.850, p = 0.001).

Conclusion: Collectively, these findings show that the selected C5 missense

mutations influence the longitudinal risk of malaria and SMA in immune-naïve

children exposed to holoendemic P. falciparum transmission through a

mechanism that remains to be defined.
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Introduction

Malaria remains a significant global public health challenge.

Recent data from the World Health Organization (WHO) show

that 241 million cases resulted in 627,000 malaria-related deaths

globally (WHO, 2021). The African region had 228 million cases

and 602,000 deaths, accounting for approximately 95% of the

cases and 96% of the deaths globally. The majority of cases in the

African region are due to Plasmodium falciparum infections, with

80% of the deaths occurring in children less than 5 years of age

(WHO, 2021). In holoendemic P. falciparum transmission

regions such as western Kenya, falciparum malaria is a

leading cause of childhood morbidity and mortality (Perkins

et al., 2011). Severe malaria in holoendemic regions primarily

manifests as severe malaria anemia [SMA, hemoglobin (Hb) <
5.0 g/dl] in children less than 5 years of age who are yet to

develop naturally-acquired immunity to malaria (Ong’echa et al.,

2006; Obonyo et al., 2007).

The pathogenesis of SMA is complex and multifactorial,

resulting from overlapping sequelae that include lysis of

infected and uninfected erythrocytes, splenic sequestration of

erythrocytes, and inefficient erythropoietic responses in bone

marrow (Awandare et al., 2011; Perkins et al., 2011). Over the last

2 decades, studies by our team in western Kenya have

demonstrated that dysregulation in the innate immune genes

is central to the pathogenesis of SMA, and that polymorphic

variability in such genes influences susceptibility to P. falciparum

infections, SMA, and mortality (Ouma et al., 2008; Munde et al.,

2017; Achieng et al., 2019; Anyona et al., 2019; Kisia et al., 2019).

An integral part of the innate immune response is the

complement system, comprised of three activation pathways:

classical, alternative, and lectin, all of which converge at

complement component 3 (C3) protein (Ricklin et al., 2010).

Cleavage of C3 results in two subunits: 1) C3a, an anaphylatoxin

that elicits potent pro-inflammatory mediator and

chemoattractant properties that facilitate clearance of

opsonized pathogens by phagocytosis (Klos et al., 2009) and

2) C3b, which binds with C2b4b to form C5 convertase, a serine

protease that cleaves C5 into C5a and C5b. C5a, like C3a, is an

anaphylatoxin, while C5b binds to C6, C7, C8, and C9 to initiate

formation of the membrane attack complex [MAC (C5b-C9)]

(Müller-Eberhard, 1985; Hadders et al., 2012). Membrane

insertion of the MAC causes lysis of the target cell and the

release of pro-inflammatory mediators (Kilgore et al., 1996;

Morgan, 2015).

Previous investigations revealed that the complement

cascade is activated in children and adults during acute

malaria (Greenwood and Brueton, 1974; Helegbe et al., 2007;

Nyakoe et al., 2009). In addition, relative to aparasitemic

children, those with malaria have elevated C3b deposition on

red blood cells, a process that can enhance phagocytosis, and

consequently, promote malarial anemia (Odhiambo et al., 2008).

Mechanism-based in-vitro studies show that the P. falciparum

parasite can induce MAC formation through both the classical

and alternative pathways (Roestenberg et al., 2007). Studies also

show that protection against clinical malaria and high-density

parasitemia is associated with acquired anti-malarial antibodies

that inhibit P. falciparum invasion of erythrocytes, primarily

through C1q fixation and activation of the classical pathway

(Boyle et al., 2015). Recent longitudinal investigations by our

group in Kenyan children also revealed that two missense

mutations in the C3 gene [rs2230199 (2307C>G, Arg>Gly102)
and rs11569534 (34420G>A, Gly>Asp1224)], altered susceptibility
to both malaria and SMA during the developmental phase of

naturally-acquired malarial immunity (Raballah et al., 2021).

To further characterize the role of complement in the

pathogenesis of malaria and SMA, we explored two novel

missense mutations in the C5 gene and its association with

malaria, SMA and all-cause mortality. The human C5 gene

consists of 43 exons and is located on chromosome 9q33.2

(Sherry et al., 1999). Inherited human deficiencies of C5,

including [MAC (C5b-C9)] deficiency, are associated with

recurrent infection by Neisseria species resulting in mild-to-

moderate meningitis (Schejbel et al., 2013; Colobran et al.,
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2016). However, C5 deficient mice (C5−/−) are resistant to

experimental cerebral malaria due to an inability to form the

MAC, and as such, abrogate the immune response that drives

pathogenesis (Colobran et al., 2016). Since the role of

C5 mutations in human malaria pathogenesis has not been

previously reported, we selected two missense mutations that

had an elevated proportion of minor allele frequencies (MAF) in

African populations relative to other variants that induce amino

acid changes. The first variant, rs17216529:C>T, p. (Val145Ile),
results in an amino acid change from valine to isoleucine at

position 145, while the second variant, rs17610:C>T,
p. (Ser1310Asn), causes a serine to asparagine transition at

position 1,310. A previous study in a cohort of patients with

symptomatic coronary artery disease, although underpowered,

showed that carriers of the homozygous minor allele TT for

rs17216529:C>T, p. (Ile145Ile) had a trend towards increased

disease severity and bleeding events (Henes et al., 2021).

However, an earlier study did not find any relationship

between rs17216529:C>T and stroke in a cohort of patients

with sickle cell disease (Flanagan et al., 2013). To date, there

are no reports on the influence of rs17610:C>T on any human

disease outcomes. Here, we present the impact of the two

C5 missense mutations, and their combinations, on

longitudinal susceptibility to malaria and SMA in a cohort of

under- five Kenyan children residing in a holoendmic P.

falciparum transmission region.

Methods

Study site and participants

Children (aged 2–48 months, n = 1,546) were enrolled at the

Siaya County Referral Hospital (SCRH) in Siaya County, Kenya

between April 2004 and September 2015 who had a confirmed

positive blood smear for P. falciparum malaria. In addition,

children were enrolled at SCRH who were receiving routine

childhood vaccinations and had a negative blood smear for P.

falciparum (i.e., aparasitemic controls). Siaya County is a rural

region in western Kenya with holoendemic P. falciparum

transmission whose inhabitants are primarily from the Luo

ethnic group (>96%), hence the participants can be

considered genetically similar (Githeko et al., 1994). Upon

enrollment, comprehensive evaluations were performed on the

study participants to collect clinical and demographic

information, and information on the history of present illness.

Children were excluded from study participation if they were

non- P. falciparum positive on blood films, had prior

hospitalizations (for any reason), underwent recent blood

transfusions, and/or had evidence of cerebral malaria.

Study participants presenting with P. falciparum malaria

(any density) were stratified according to hemoglobin

concentrations into uncomplicated malaria (UM, Hb ≥ 5.0 g/

dl) and SMA (Hb < 5.0 g/dl). All study participants also had

HIV-1/2 and bacteremia status determined since our previous

studies showed that these comorbidities influence the severity of

malarial anemia (Otieno et al., 2006; Were et al., 2011). Parents/

legal guardians of the children were provided with pre- and post-

test HIV counselling. Required treatment interventions for

clinical management followed the Ministry of Health (MOH)-

Kenya guidelines. The study was approved by Maseno University

Ethics Review Committee (MUERC; MSU/DRPI/MUERC/

00510/18) and the University of New Mexico Institutional

Review Board (16–284). Written informed consent was

obtained from the parent/legal guardian of the study

participants in the language of choice (English, Kiswahili, or

Dholuo).

Longitudinal follow-up

Parents/guardians were asked to return with their child every

3 months throughout the 36-months follow-up period (i.e.

quarterly visit). If parents/guardians failed to return with their

child for the scheduled quarterly visit, study personnel visited the

residences to check on the health status of the children (including

mortality). In addition, for proper clinical management and

longitudinal documentation of childhood illnesses, parents/

guardians were asked to bring their child to the hospital

during any febrile episode(s) or other illnesses (i.e., acute

visit). At each acute and quarterly visit, study participants

underwent a complete physical and laboratory workup for

proper clinical management (e.g., complete blood count,

malaria parasitemia determination, evaluation of viral and

bacterial infections, etc.). Throughout the follow-up period,

mortality data were collected either from hospital records or

by verbal autopsy in cases in which death occurred outside the

hospital.

Laboratory measures

Upon informed consent from the parents/legal guardians,

approximately 3.0 ml venous whole blood samples were collected

into EDTA-containing vacutainer tubes for the purposes of

laboratory diagnostics, care and to conduct the experiments.

P. falciparum density was determined following our previously

published reports (Were et al., 2006). Additionally, complete

blood counts were performed using a Beckman Coulter® AcT

diff2™ hematology analyzer (Beckman–Coulter Inc. Brea, CA,

United States). The determination of sickle cell trait and sickle

cell disease was performed using cellulose acetate electrophoresis

according to the manufacturer’s standard operating procedures

(Helena Bio-Sciences, Oxford, United Kingdom). It is however

important to note that according to the manufacturer, this

method has a limitatition in that, it may be difficult to
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discriminate between some abnormal hemoglobins, due to

similarities in electrophoretic mobilities. Therefore, such cases

must be distinguished using other available methods. Serological

tests for HIV (Determine™HIV-1/2, Abbott, Woodmead, South

Africa and Uni-Gold™ HIV-1/2, Trinity Biotech Plc. Wicklow,

Ireland) were used to determine HIV exposure. Proviral DNA

PCR testing was performed for the participants that tested

positive for HIV, with at least one the available serological

tests, based on our previously published reports (Otieno et al.,

2006). Bacterial comorbidity was assessed by culture and

sensitivity assays following our previously published protocols

(Were et al., 2011). Glucose six phosphate dehydrogenase

(G6PD) deficiency (levels: normal, intermediate, deficient) was

determined following the methods of Cherepnalkovski et al.,

(Cherepnalkovski et al., 2015). The α3.7 deletion produces an

HBA2/HBA1 hybrid gene and a 3.7 kb deletion (Borg et al.,

2009). The α3.7− thalassemia deletion was determined according

to published methods (Dode et al., 1993).

C5 variant selection

Variants were selected by cataloging all known missense

mutations reported for C5 with elevated MAFs (>10%) in

African populations in the National Center for Biotechnology

Information (NCBI) database (Sherry et al., 1999). This strategy

was based on the rationale that low penetrance of variants in the

population would likely not explain high rates of malaria in a

region with long-standing holoendemic P. falciparum

transmission. Allelic distributions of C5 candidate variants

were determined for the following populations: global, African

(AFR), Luhya (LWK), and Maasai (MWK) using data from the

International HapMap and 1000 Genomes Projects. Additional

criteria included selecting variants that were in linkage

equilibrium, i.e., not strongly co-inherited (Machiela and

Chanock, 2015). Based on the above criteria, two missense

mutations were selected: 1) rs17216529:C>T - valine to

isoleucine at amino acid position 145 p. (Val145Ile), and 2)

rs17610:C>T - serine to asparagine at position

1,310 p. (Ser1310Asn). Analysis using the GRCh38 high

coverage genome build for the 1000 Genomes Project (Luhya,

Kenya, LWK) revealed that the two SNPs were not linked, i.e., in

linkage equilibrium (D’ = 0.763; R2 = 0.021; χ2 = 4.226; p = 0.040]

(Machiela and Chanock, 2015). Neither of the selected

C5 variants, nor their combinations, have been explored in

malaria.

Visualization of the C5 variants on 3-
dimensional (3D) protein structures

The reference sequence for the human C5 protein was

retrieved from Genbank at the NCBI with the accession

number NP_001304092. The potential impact of the C5 SNPs

on the overall protein structure was investigated using AlphaFold

(Jumper et al., 2021; Varadi et al., 2022) with 3D protein

structures visualized using UCSF Chimera (Pettersen et al.,

2004). The wild-type (WT) 3D protein structure for C5 was

previously determined by Fredslund et al., at 3.1 Å resolution

using X-ray diffraction (Fredslund et al., 2008). The structure is

deposited as code 3CU7 in the Protein Data Bank (PDB). The

WT structure for the membrane attack complex, including C5b,

was previously determined by Menny et al., at 5.6 Å using

electron microscopy and deposited as 6h04 in the PDB

(Menny et al., 2018).

Genotyping of C5 variants

Prior to performing the genotyping assays, genomic DNA

was extracted from cheek cells (WBCs) collected on buccal swabs

using the MasterAmp™ Buccal swab DNA Extraction kit

(Epicentre Biotechnologies, Madison, WI, USA). Further, the

quality of the isolated DNA was assessed using a Qubit

3.0 Fluorometer (Thermofisher Scientific, Waltham, MA,

United States). High-quality DNA samples were amplified

using the GenomiPhi® system (GE Healthcare, South

Plainfield, NJ, United States) to obtain sufficient DNA

quantities for the genotyping assays. TaqMan® 5′ allelic

discrimination Assay-By-Design high-throughput method was

used to genotype the C5 rs17216529:C>T (Assay ID:

C_32672495_10) and rs17610:C>T (C_11720403_20) variants,

following the manufacturer’s protocols (Thermofisher Scientific,

Carlsbad, CA, USA), using a StepOne Plus™ Real-Time PCR

System. The PCR reaction was performed in a total reaction

volume of 10.0 μl 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) using allele-specific fluorescence. The

StepOne™ Software (Version 2.3) was used for allelic

discrimination (Thermofisher Scientific, Carlsbad, CA,

United States).

Statistical analyses

The demographic, clinical, and laboratory characteristics

collected at enrollment were analyzed using SPSS, version 23.0

(IBM SPSS Statistics Inc. Chicago, IL, United States). Across

group comparisons were determined using Kruskal–Wallis tests,

and when significant, pairwise comparisons were performed

using the Mann-Whitney U test. Proportions across the

groups were compared using Chi-square tests. Hardy-

Weinberg equilibrium (HWE) was determined by the exact

test (Schaid et al., 2006). We tested whether the number of

malaria episodes, SMA episodes, and mortality was proportional
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TABLE 1 Demographic, clinical, and laboratory characteristics of study participants at enrollment.

Characteristics Aparasitemic UM (Hb ≥ 5.0 g/dl) SMA (Hb < 5.0 g/dl) P

Demographic parameters

Sample size (n) 288 971 287

Sex, n (%)

Female 145 (50.35) 480 (49.43) 146 (50.87) 0.898a

Male 143 (49.65) 491 (50.57) 141 (49.13)

Age, (months) 11.16 (13.15) 12.77 (10.43) 9.83 (10.60)** 4.480 × 10−4b

Hematological indices and parasitemia

Hematocrit, (Hct. %) 32.90 (7.40) 25.30 (9.00) 14.30 (3.80)** 8.543 × 10−141b

Hemoglobin, g/dL 10.35 (2.70) 7.70 (2.90) 4.30 (1.20)** 4.202 × 10−164b

RBC, (×1012/μl) 4.67 (1.12) 3.79 (1.41) 1.91 (0.69)** 6.420 × 10−131b

MCV 70.00 (10.40) 69.00 (11.05) 73.00 (13.73)** 1.986 × 10−11b

MCH 22.20 (3.90) 21.30 (4.10) 21.90 (4.30)** 5.617 × 10−7b

MCHC 31.70 (2.70) 30.70 (2.60) 30.15 (4.30)* 1.862 × 10−10b

RDW 18.60 (5.50) 20.30 (4.60) 22.75 (5.80)** 4.642 × 10−27b

WBC, (×103/μl) 11.00 (7.20) 11.70 (6.60) 14.30 (9.40)** 1.085 × 10−7b

Monocytes, (×103/μl) 7.70 (4.30) 7.90 (5.30) 9.15 (7.00)** 4.823 × 10−8b

Granulocytes, (×103/μl) 36.00 (20.00) 45.20 (25.10) 39.30 (21.10)** 3.364 × 10−16b

Lymphocytes, (×103/μl) 55.80 (18.40) 46.15 (21.20) 49.90 (17.00)* 2.239 × 10−18b

Platelet Counts, (×103/μl) 341.00 (224.00) 152.00 (123.80) 141.50 (92.50) 1.048 × 10−66b

Parasite density/μl 0.00 (0.00) 28,844.70 (79,216) 24,200.00 (69,659)* 0.032c

Genetic variants

Sickle Cell trait, n (%)

HbAA 221 (78.65) 799 (83.14) 254 (91.04)*

HbAS 51 (18.15) 158 (16.44) 19 (6.81)* 7.113 × 10−7a

HbSS 9 (3.20) 4 (0.42) 6 (2.15)*

G6PD

Normal 180 (62.50) 628 (64.68) 200 (69.69)

Intermediate 47 (16.32) 173 (17.82) 36 (12.54) 0.294a

Deficient 11 (3.82) 36 (3.71) 13 (4.53)

α3.7-Thal deletion, n (%)

αα/αα 97 (33.68) 338 (34.81) 94 (32.75)

α3.7/αα 69 (23.96) 310 (31.93) 97 (21.53) 0.025a

α3.7/αα 62 (21.53) 148 (15.24) 47 (16.38)

Co-infections

Bacteremia, n (%) 25 (8.68) 58 (5.97) 26 (9.06) 0.067a

HIV-1, n (%) 12 (4.17) 28 (2.88) 24 (8.36)* 2.250x10−4a

Study participants (n = 1,546) were stratified into three groups, aparasitemic, SMA (i.e., Hb < 5.0 g/dl with any density parasitemia) or UM (Hb ≥ 5.0 g/dl with any density parasitemia).

Data presented are medians (interquartile range, IQR), unless otherwise stated.
aStatistical significance determined by Fisher’s exact test.
bDifferences were determined using Kruskal–Wallis tests, and where significant differences were observed, pairwise comparisons between UM and SMA group were performed using

Mann-Whitney U tests. Bold values indicates a p value of ≤0.050.
*Represents significant pairwise comparisons between UM and SMA p-value < 0.050, and ** represents p-value < 0.001.
cDifferences between UM and SMA group were performed using Mann-Whitney U tests and Fisher’s exact test (one-sided for Bacteremia and HIV-1, two-sided unless stated otherwise).

NB: The percentages for sex and sickle cell trait are worked down the column, while those of bacteremia and HIV-1 are calculated across the rows.

*RBCs = red blood cells; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHCH = mean corpuscular hemoglobin concentration; RDW = red blood cell

distribution width andWBCs = white blood cells; Hb AA = hemoglobin AA; Hb AS = Hemoglobin AS; Hb SS = Hemoglobin SS; α-Thal = α-thalassemia 3.7 kb deletion; G6PD = glucose 6

phosphate dehydrogenase.

Bold indicate significant p values.
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to the genotype frequencies at the two SNPs using chi-square

goodness-of-fit tests. p-values ≤ 0.05 were considered statistically

significant.

Linkage disequilibrium (LD) for the cohort was

determined by Multiallelic Interallelic Disequilibrium

Analysis (MIDAS) software version 1.0 (Gaunt et al.,

2006). The association between the C5 genotypes/

haplotypes on the longitudinal episodes of malaria, SMA,

and mortality were determined using R (version 3.1.3) (Team,

2019). Whenever necessary, we performed secondary

analyses using the additive model, that discriminates the

presence of either one or two copies of a haplotype.

Phasing of the haplotypes was performed using R. The

association between C5 variants and the frequency of

malaria and SMA episodes was determined by a Poisson

rate regression (R glm function, family = Poisson), with

the (logarithm of) age at the patients’ last visits being the

offset variable (rate regression). A model search based on

minimizing the AIC, using a forward-backward selection was

performed with C5 genotypes/haplotypes as covariates, along

with additional covariates that can influence anemia: age at

enrollment, sex, HIV status (unexposed uninfected, exposed-

uninfected, and positive), cohort, sickle cell status (sickle trait

and sickle cell disease), G6PD deficiency and α3.7−

thalassemia status. In addition, Multiple-event per subject

Cox model (Anderson Gill Ref) (R survival package version

2.38.2, coxph function) was performed to delineate the

relationship between C5 variants and all-cause mortality

(death during the follow-up period, including malaria-

unrelated causes of mortality) using identical covariates as

the Poisson models and a forward-backward selection. For

each model, Bonferroni-Holm corrections were performed to

adjust for multiple comparisons.

Results

Characteristics upon enrollment

The study included a total of 1,546 study participants who

were stratified into three categories at enrollment:

aparasitemic (n = 288), uncomplicated malaria (UM, Hb ≥
5.0 g/dl, n = 971) and SMA (Hb < 5.0 g/dl, n = 287).

Demographic, clinical, and laboratory characteristics of the

study participants upon entry into the study are presented in

Table 1. The distribution of males and females was

comparable across the groups (p = 0.898). However, age

differed across the three groups (p = 4.480 × 10−4), with

the SMA group being the youngest.

Hematocrit (Hct), Hemoglobin (Hb) concentrations, and

red blood cell (RBC) counts progressively declined across the

three groups (p = 8.543x10−141, p = 4.202 × 10−164, p = 6.420 ×

10−131, respectively) and were lowest in children with SMA, as

expected based on a priori grouping. Mean corpuscular

volume (MCV) was elevated in children with SMA and

differed across the groups (p = 1.986 × 10−11), while mean

corpuscular hemoglobin (MCH) and mean corpuscular

hemoglobin concentration (MCHC) were highest in the

aparasitemic group with an overall group difference (p =

5.617 × 10−7 and p = 1.862 × 10−10, respectively). The red

blood cell distribution (RDW) and counts for white blood

cells (WBCs) and monocytes varied in the cohort (p =

4.642x10−27, p = 1.085 × 10−7 and p = 4.823 × 10−8,

respectively) and were highest in children with SMA.

Granulocyte counts also varied (3.364 × 10−16) with the

UM group having the highest values. Lymphocyte counts

differed in the cohort (p = 2.239 × 10−18) and were highest in

aparasitemic children, while platelet counts progressively

decreased across the groups (p = 1.048 × 10−66) and were

lowest in children with SMA. Parasite density in peripheral

blood was lower in children with SMA relative to those with

milder forms of malaria (UM, p = 0.032).

Analysis of hemoglobin S (HbS) carriage revealed that the

frequency of HbAS (protective alleles) was highest in

aparasitemic children and lowest in those presenting with

SMA (p = 7.113 × 10−7). The proportion of G6PD variants

was comparable across the groups (p = 0.294), while the

proportion of thalassemia variants differed across the groups

(p = 0.025). In addition, results from our models show that both

HbAS and HbSS reduced the risk of malaria episoded [incident

risk ratio (IRR) = 0.799, 95%CI: 0.730–0.855, p = 4.666 × 10−9 and

IRR = 0.528, 95%CI: 0.388–0.718, p = 4.796 × 10−5, respectuvely).

Similarly, homozygous mutants (α/α) for thallassemia reduced

malaria during the study period (IRR = 0.900, 95%CI:

0.837–0.967, p = 0.004). However, after acquisistion of malaria

only HbAS and HbSS impacted on the development of SMA.

Carriage of HbAS reduced the risk of SMA (IRR = 0.499, 95%CI:

0.334–0.746, p = 7.042 × 10−4), while inheritance of HbSS

increased the risk of SMA 3-fold (IRR = 3.108, 95%CI:

1.771–5.455, p = 7.77x10−5). The proportions of these genetic

variants in the study population relative to the frequencies of

malaria and SMA epidosodes are shown in Supplementary Table

S2. Since our previous investigations demonstrated that

bacteremia and HIV exacerbate the development of SMA

(Otieno et al., 2006; Were et al., 2011), the absence/presence

of these co-infections was determined in the study population.

The proportion of children with bacteremia did not significantly

differ between the groups (p = 0.067). However, the proportion of

HIV infection differed across the groups (p = 2.250x10−4) and

was highest in children with SMA. As expected based on a priori

grouping, the RBC indices i. e RBC counts, Hct and Hb were

strongly correlated (Supplementary Figure S1). These results are

consistent with our previous findings and underscore the

importance of considering age, carriage of HbS, and co-

infection status in the complex phenotype of SMA (Davenport

et al., 2010; Novelli et al., 2010; Were et al., 2011).
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Modeling of the C5 protein structure

The structure of the C5 protein is shown in Figure 1A.

Analysis of the protein structure revealed that the amino acid

transitions from the missense mutations were in the α−chain.

rs17216529:C>T, p. (Val145Ile) lies within the macroglobulin 2

(MG2) domain, while rs17610:C>T, p. (Ser1310Asn) is in the

CUB domain (for complement C1r/C1s, Uegf, Bmp1). The Val to

Ile transition at position 145 does not change the amino acid

charge since both Val and Ile are non-polar. Similarly, the Ser to

Asn transition at position 1,310 does not impart any changes in

amino acid charge since Ser and Asn are both polar residues.

Accordingly, AlphaFold structure prediction of both

rs17216529:C>T, p. (Val145Ile) and rs17610:C>T,
p. (Ser1310Asn) revealed no significant perturbations to the

overall structure between the WT and mutant proteins

(Figure 1B). However, the mutation does lie close to the

interface between C5b and C7 in the MAC structure.

Therefore, the mutation may still impact C7 binding through

subtle perturbations e.g. through changes to the stability of the

local structure (Pak et al., 2021) and/or changes in

aggregation potential, as is the case with sickle cell disease (Lu

et al., 2019) as current modeling techniques may not adequately

capture these impacts (Pak et al., 2021). Both sites are also distal

from the C5 convertase cleavage site. In theWT structure of both

C5 and C5b in the MAC, rs17216529:C>T, p. (Val145Ile) is

buried, with the hydrophobic side chain oriented into the interior

of the protein (Figure 1C). No clear interaction partner of

rs17216529:C>T, p. (Val145Ile) is evident in either the C5 or

MAC structures. However, the mutation does lie close to the

FIGURE 1
The reference sequence for the human C5 protein was retrieved from Genbank at the NCBI with the accession number NP_001304092. The
potential impact of the C5 SNPs on the overall protein structure were investigated using AlphaFold (Varadi et al., 2022) with 3D protein structures
visualized using UCSF Chimera (Pettersen et al., 2004) (A). The structure of C5 showing the various domains i.e., macroglobulin (MG)1-MG8. Relative
to the published C5 structure (Fredslund et al., 2008), we observed that Val145le mutation is located in the macroglobulin MG2 domain, while
the Ser1310Asn is located on the CUB (B). AlphaFold structure prediction of rs17216529:C>T and rs17610:C>T. Inspection of the wild-type (WT) and
mutant proteins revealed no significant perturbations to the overall structure. However, subtle changes that may not be detected by AlphaFold may
impact on the unstable C5b. The WT molecule for both V145I and S1310N are colored green, while the mutant for V145I is colored red and that of
S1310N is colored orange (C). AlphaFold structure prediction of the two SNPs relative to the cleavage site for C5 convertase. Examination of the
structure revealed that the SNPs are also distal from the C5 convertase cleavage site. Additionally, the WT structure of both C5 and C5b in the MAC,
rs17216529:C>T appeared to be buried, orienting the hydrophobic side chain into the protein. On the other hand, we did not observe a clear
interaction partner for rs17216529:C>T neither in the C5 nor MAC structures. However, the mutation is located near the C5b and C7 in the MAC
structure (D). AlphaFold structure prediction of the location of mutation on rs17610:C>T. Examination of the C5 protein structure revealed that the
mutation is exposed both on the C5 protein, and in the MAC.

Frontiers in Genetics frontiersin.org07

Raballah et al. 10.3389/fgene.2022.977810

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.977810


interface between C5b and C7 in the MAC structure (Figure 1C),

so subtle structural perturbations, not anticipated by AlphaFold,

could impact C7 binding. In contrast, the rs17610:C>T,
p. (Ser1310Asn) mutation is located on the surface of both

the C5 protein, and in the MAC (Figure 1D). The Ser in the

WT structure is not located at an interface with any other

components of the MAC, suggesting minimal impacts on the

MAC structure.

Location and allelic distribution of the
C5 SNPs

The location of the two SNPs in the C5 gene at q33.2 of

chromosome nine is shown in Figure 2A. As discussed above, the

selection strategy for choosing C5 variants included prioritizing

those with elevated MAFs in African populations. The MAFs for

rs17216529:C>T and rs17610:C>T from the International

HapMap Project, 1,000 Genome Project, and genotyping of

the Kenyan cohort (Figure 2B) (Sherry et al., 1999;

International Hap Map, 2003). Relative to the MAF in the

global population (0.147), rs17216529:C>T is enriched in AFR

(0.312), and slightly higher in the cohort studied here (Luo,

0.320). The MAF for rs17610:C>T is also higher in AFR (0.120)

than in the global population (0.034) which is comparable to the

LWK (0.050) and MMK (0.035). Thus, the MAF for the Kenyan

cohort (Luo. 0.110) is comparable to AFR (0.120) and 3-fold

higher than the global population (0.034). Consistent with the

linkage results in the LWK population used to guide variant

selection, MIDAS revealed that rs17216529:C>T and rs17610:

C>T were also in linkage equilibrium (i.e., not considered linked)

in the current cohort (D’ = 0.581, LOD = 10.63, R2=0.02,

Figure 2C). The distribution of genotypes and haplotypes for

rs17216529:C>T, p. (Val145Ile) and rs17610:C>T,
p. (Ser1310Asn), and HWE analyses are presented in

Supplementary Table S1. Collectively, these results show the

selected C5 variants are enriched in the Luo population and

not strongly co-inherited.

Influence of C5 variants on P. falciparum
infections, SMA, and all-cause mortality

Prior to the development of adaptive immunity, children in

holoendemic P. falciparum transmission regions experience

many episodes of malaria. As such, longitudinal studies offer

robust platforms to investigate the influence of genetic variants

on susceptibility to disease outcomes. The impact of the

C5 variants on susceptibility to malaria, SMA, and mortality

were determined throughout a 36-month period coinciding with

the development of naturally-acquired malarial immunity. As

shown in Table 2 (stratified according to genotype/haplotype),

there was a high number of both malaria and SMA episodes in

the cohort across the follow-up period, and a total of 99 deaths.

The number of malaria and SMA episodes, as well as

mortality cases were recorded throughout the 36-months

FIGURE 2
C5 chromosome location and linkage disequilibrium (LD) plot of the selected missense mutations (A). Location of C5 on Chromosome 9q33.2.
C5 consists of 1,682 amino acids and consists of 43 exons. Chromosome position (build GRCh38. p14) for the investigated SNPs rs17216529:C>T and
rs17610:C>T. The alignment and gene structure for C5 was retrieved from dbSNP database (B).C5 genotype minor allele frequencies (MAF) from the
HapMap database for Kenyan populations [Luhya (LWK), Maasai (MKK) and calculated by MIDAS for the Luo (current study). MAFs from the
1,000 Genome project shows the African (AFR) and global allele frequencies. MAFs for the current Luo (Kenyan) population are also presented (C).
Linkage disequilibrium plot for rs17216529:C>T and rs17610:C>T SNPs (D’ = 0.581, LOD = 10.63, R2 = 0.02). The two SNPs are in linkage equilibrium,
that is, they are inherited independently.
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follow-up period (Table 2). A total of 6,892 malaria cases were

reported for rs17216529:C>T. Children with the wild-type CC

genotype had the highest number of malaria cases (3,245),

followed by the heterozygous CT (2,644), and homozygous

mutant TT (1,003) carriers. Cases of malaria for rs17610:C>T,
7,173 were distributed as follows: wild-type CC (6,231),

heterozygous CT (490), and homozygous mutant (452). In

addition, during the study period, 382 cases of SMA were

observed for rs17216529:C>T. The distribution of SMA cases

for rs17610:C>T were: wild-type CC (173), heterozygous CT

(140) and homozygous mutant TT 69) SMA cases. Finally,

mortality cases were recorded for both SNPs during the

follow-up period. There were 81 deaths recorded for

rs17216529:C>T, distributed into wild-type CC (40),

heterozygous CT (33) and homozygous mutant TT (8). For

rs17610:C>T, there were 82 cases of mortality within the 36-

months study period, categorized into wild-type CC (70),

heterozygous CT (7), and homozygous mutant TT (5).

The cases of malaria, SMA, and mortality were also assessed

in the haplotypic combinations. There were 7,758 malaria cases

for all the haplotypes. These were stratified into CC (6,162), CT

(3,499), TC (961), and TT (154). The SMA cases were 447 for all

the haplotypes and distributed into CC (334), CT (200), TC (63),

and TT (10). Lastly, 99 mortality cases were reported across the

haplotypes. The following deaths occurred in CC (83), CT (38),

TC (12), and TT (3). Additionally, we performed chi-square

goodness of fit test to determine if the number of malaria, SMA

and death were elevated that expected in the mutant cases. These

analyses revealed that the number of malaria episodes among

mutant homozygotes at rs17216529:C>T were higher than

expected (Table 2), but lower in the mutant homozygotes at

rs17610:C>T. The distribution of SMA episodes and mortality

did not differ from the genotype distribution for both SNPs.

However, due to the relatively low cases of SMA and mortality

there is not much discriminative power at this aggregate level.

The influence of the C5 variant genotypes and haplotypes on

susceptibility to malaria and SMA is shown in Figure 3.

Genotypic analyses revealed that homozygous carriage of the

mutant allele (TT) for rs17216529:C>T, p. (Ile145Ile) increased
the risk of both malaria [incident risk ratio (IRR) = 1.144, 95%CI:

1.059–1.236, p = 0.001) and SMA (IRR = 1.627, 95%CI:

1.201–2.204, p = 0.002], with both results remaining

TABLE 2 Number of malaria and SMA episodes, and all-cause mortality across the 36-months follow-up period stratified by genotype/haplotype.

Genotype/Haplotype Amino acid Malaria episodes SMA episodes Mortality

rs17216529:C>T Val151Ile Total = 6,892 Total = 382 Total = 81

CC Val151Val 3,245 173 40

CT Val151Ile 2,644 140 33

TT Ile/Ile151 1,003 (14.55) 69 8

χ2 goodness of fit test χ2 = 78.754 χ2 = 0.711 χ2 = 2.562

p<0.001 p = 0.701 p = 0.278

rs17610:C>T Ser1310Asn Total = 7,173 Total = 405 Total = 82

CC Ser1310Ser 6,231 341 70

CT Ser1310Asn 490 35 7

TT Asn1310Asn 452 (6.30) 29 5

χ2goodness of fit test χ2 = 17.981 χ2 = 2.196 χ2 = 0.704

p = 0.00012 p = 0.334 p = 0.703

rs17216529:C>T/rs17610:C>T Val151Ile/Ser1310Asn Total = 7,758 Total = 447 Total = 99

Non-CC non-Val151Ser1310 1,596 113 16

CC Val151Ser1310 6,162 334 83

Non-CT non-Val151Asn1310 4,259 247 61

CT Val151Asn1310 3,499 200 38

Non-TC non-Ile151Ser1310 6,797 384 87

TC Ile151Ser1310 961 63 12

Non-TT non-Ile151Asn1310 7,604 437 96

TT Ile151Asn1310 154 10 3

Data are presented as numbers of malaria, SMA and mortality cases during the 36-months follow-up period. These were classified by the C5 genotypes and haplotypes. The summary

statistics were performed using R (version 3.1.3).

Bold indicate significant p values.

Non-CC refers to non-wild genotypes for both SNPs, consistently non-CT is non-C in the first SNP and non-T in the second SNP.
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significant after adjusting for multiple comparisons. The

genotypic model also showed that heterozygous carriers (CT)

for the rs17610:C>T, p. (Ser1310Asn) variant had a reduced risk

of malaria (IRR = 0.885, 95%CI: 0.794–0.987, p = 0.028],

however, the results did not remain significant after correction

for multiple comparisons. None of the genotypic combinations of

rs17610:C>T significantly altered susceptibility to SMA.

Further analyses exploring the impact of haplotypic

combinations on susceptibility to malaria and SMA revealed

that carriers of the TC p.(Ile145Asn1310) haplotype had an

increased risk of malaria (IRR = 1.068, 95%CI: 1.017–1.122,

p = 0.009, Bonferroni-Holm significant), while inheritance of

both wild-type alleles (CC, Val145Ser1310) reduced the risk of

SMA (IRR = 0.679, 95%CI: 0.542–0.850, p = 0.001, Bonferroni-

Holm significant). Although only results that emerged from the

forward-backward selection were reported for the haplotypic

models, we performed secondary analyses by forcing the TC

haplotype into a binary and additive model for SMA. Carriage of

the TC haplotype non-significantly increased the risk of SMA in

the binary model (IRR = 1.187, 95%CI: 0.968–1.454, p = 0.098),

and significantly increased the risk of SMA in the additive model

(IRR = 1.192, 95%CI: 1.038–1.368, p = 0.013). Thus, it appears

that inheritance of the T allele(s) at rs17216529:C>T has a

substantial impact on both P. falciparum infections and the

development of SMA. None of the other haplotypic

combinations emerged in the selection models for influencing

susceptibility to either malaria or SMA. Moreover, neither the

genotypes nor the haplotypes investigated influenced

susceptibility to all-cause mortality in the Cox regression

analyses.

Discussion

In holoendemic transmission regions for P. falciparum such

as western Kenya, SMA has remained a leading cause of

morbidity and mortality in immune naïve children. Previous

studies in experimental human malaria have shown that

complement activation is an early immune response marker

against P. falciparum infections (Roestenberg et al., 2007). The

cleavage of C5 by C5 convertase is critical for activation of the

terminal complement pathway which forms the MAC (C5b-C6-

C7-C8-C9) on target pathogens, resulting in cell lysis and

apoptosis (Merle et al., 2015). Previous investigations

demonstrated that there are elevated levels of soluble C5b-C9

in falciparum malaria (Wenisch et al., 1997). Prior studies also

FIGURE 3
A total of 1,546 study participants were enrolled into the study. These were grouped into three categories at enrollment: aparasitemic (n = 288),
uncomplicated malaria (UM, Hb ≥ 5.0 g/dl, n = 971) and SMA (Hb < 5.0 g/dl, n = 287). The influence of C5 genotypes/haplotypes on the number of
malaria and SMA episodes throughout the study period was determined by a Poisson rate regression (R glm function, family = Poisson), with the
(logarithm of) age at the patients last visits being the offset variable (rate regression). A forward-backwardmodel selection that minimize the AIC
was used in the Poisson regression. The first covariate inputs into the model were either C5 genotypes or haplotypes. Thereafter, additional
covariates which included age at enrollment, sex, HIV, cohort, sickle cell status (sickle trait and sickle cell disease) glucose six phosphate deficiency
(G6PD) and α thalassemia were entered into the model. The figure shows relative risk (midline dot) and 95% confidence intervals as determined by
log-linear regression analyses, adjusting for age at enrollment, sex, HIV, cohort and sickle cell status (sickle trait and sickle cell disease). This cohort
for followed quarterly for a period of 36 months *Significant after Bonferroni-Holm correction.
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demonstrated C5-dependent P. falciparum sporozoite lysis,

presumably by MAC formation in the presence of immune

antibodies (Behet et al., 2018; Kurtovic et al., 2018). Moreover,

cohort studies in malaria endemic populations have established

that P. falciparum sporozoites are susceptible to antibody-

mediated complement fixation and activation, with the

circumsporozoite protein (CSP) being an important target of

complement fixation (Kurtovic et al., 2018). Additionally,

antibodies against P. falciparum merozoites can activate the

classical pathway, culminating in formation of the MAC and

merozoite lysis (Boyle et al., 2015). Results presented here extend

previous findings by showing that missense mutations in C5 alter

the longitudinal risk for both malaria and SMA.

Selection of the C5 variants for investigation was based on

polymorphic variants that could impart amino acid changes, had

elevated MAFs in African populations, and were in linkage

equilibrium. While both mutations are distal from the

C5 convertase cleavage site and are not predicted to have

major structural impacts, subtle changes in protein structure

may still impact protein function, e.g., by changing the

propensity of a molecule to aggregate or by impacting its

stability (Goldenzweig and Fleishman, 2018). Since C5b is

unstable (Hadders et al., 2012), small changes in stability may

result in more rapid degradation or aggregation before binding of

other MAC components. Interestingly, the rs17216529:C>T,
p. (Val145Ile) variant has previously been non-significantly

associated with decreased risk of stroke in pediatric patients

with sickle cell disease (Flanagan et al., 2013), and increased levels

of the MAC in serum have been associated with incidence and

poor outcome of acute ischemic stroke (Si et al., 2019). In Kenyan

children, reduced complement lytic activity has been reported in

SMA, despite similar levels of C5a between uncomplicated and

severe cases (Nyakoe et al., 2009). Thus, although the variants

selected for investigation are not predicted to substantially alter

the C5 structure, they may impart subtle changes to structure

and/or stability of C5b and the MAC which could result in

reduced lytic activity.

The main findings that emerged when examining the

influence of the C5 variants on longitudinal clinical outcomes

was that inheritance of two mutant alleles TT (Ile145Ile) for

rs17216529:C>T significantly increased susceptibility to both

malaria and SMA. Although SMA is an important cause of

childhood mortality in the region, carriage of TT alleles did

not significantly alter the risk of all-cause mortality, potentially

explaining the relatively high MAF (0.320) maintained in the

cohort.

When investigating additional C5 variant combinations, we

found that the TC haplotype significantly increased the risk of

malaria, consistent with the T allele at rs17216529:C>T being

associated with an increased risk of both malaria and SMA in the

genotypic models. The only other haplotypic combination that

significantly altered longitudinal clinical outcomes was carriage

of the CC haplotype that imparted protection against SMA. This

result is consistent with both wild type alleles for the two

C5 variants being maintained at high proportions in a

population residing in a holoendemic P. falciparum

transmission region.

Consistent with our recent findings showing that C3 variants

inducing non-synonymous amino acid changes failed to alter

susceptibility to all-cause childhood mortality (Raballah et al.,

2021), the C5 variants explored here were also not significantly

associated with mortality. These results, however, should not be

over interpreted since our efforts over the past 2 decades have

dramatically reduced childhood deaths far below what is

expected in rural holoendemic P. falciparum transmission

regions. As such, the influence of the selected C5 variants on

all-cause mortality may not be expected to emerge in the

99 deaths that occurred.

In conclusion, while the high frequency variants selected for

investigation do not appear to confer structural changes to the

protein structure, the two novel mutations in the C5 alter

susceptibility to both malaria and SMA. As such, a limitation

of the current findings is that the specific mechanism(s) by which

the variants impart changes in genetic susceptibility remain

unknown. Future investigations on the mechanistic basis of

the current findings should foster a deeper understanding on

how potential structural and functional changes in C5 alter

susceptibility to malaria and SMA during the developmental

phase of naturally-acquired malarial immunity.
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