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Impact statement

Malaria remains a major public health
problem globally. Recent data show that
229 million cases resulted in 409,000
malaria-related deaths globally in 2019.
Genetic variation in immune genes may
impact on malaria disease outcomes.
However, little is known about the variation
on innate immunity genes such as com-
plement 3, which is the focus of this study.
As such this piece of work advances the
already existing knowledge on relationship
between genetic variation and malaria
outcomes. For the first time we demon-
strate that inheritance of the missense
mutations in MG1 and thioester-containing
domain influence the longitudinal risk of
malaria and SMA in children exposed to
intense P. falciparum transmission. These
findings will be integral in the development
of immunotherapy for malaria.

Abstract

Severe malarial anemia (SMA) is a leading cause of childhood morbidity and mortality in
holoendemic Plasmodium falciparum transmission regions. To gain enhanced under-
standing of predisposing factors for SMA, we explored the relationship between comple-
ment component 3 (C3) missense mutations [rs2230199 (2307C>G, Arg>Gly'%) and
rs11569534 (34420G>A, Gly>Asp'??%], malaria, and SMA in a cohort of children
(n=1617 children) over 36 months of follow-up. Variants were selected based on their
ability to impart amino acid substitutions that can alter the structure and function of C3.
The 2307C>G mutation results in a basic to a polar residue change (Arg to Gly) at
position 102 (f-chain) in the macroglobulin-1 (MG1) domain, while 34420G>A elicits a
polar to acidic residue change (Gly to Asp) at position 1224 (x-chain) in the thioester-
containing domain. After adjusting for multiple comparisons, longitudinal analyses
revealed that inheritance of the homozygous mutant (GG) at 2307 enhanced the risk of
SMA (RR=2.142, 95%CI: 1.229-3.735, P=0.007). The haplotype containing both wild-
type alleles (CG) decreased the incident risk ratio of both malaria (RR=0.897, 95%Cl:

0.828-0.972, P=0.008) and SMA (RR=0.617, 95%CI: 0.448-0.848, P =0.003). Malaria incident risk ratio was also reduced in
carriers of the GG (Gly'®Gly'?2%) haplotype (RR=0.941, 95%Cl: 0.888-0.997, P=0.040). Collectively, inheritance of the
missense mutations in MG1 and thioester-containing domain influence the longitudinal risk of malaria and SMA in children
exposed to intense Plasmodium falciparum transmission.
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Introduction

Malaria remains a major global public health challenge.
Recent data show that 229 million cases resulted in
409,000 malaria-related deaths globally in 2019.' The
African region had 215 million cases and 384,000 deaths.
These accounted for approximately 94% of the cases and
deaths globally. The majority of cases in the African region
are due to Plasmodium falciparum (P. falciparum) infections.'
Severe malaria in children under the age of threeyears in
holoendemic regions presents primarily as severe malarial
anemia [SMA, hemoglobin (Hb) <5.0g/dL] with rare
occurrences of cerebral malaria.” Previous studies from
our group have shown that polymorphic variability, partic-
ularly in immune response genes, influences the risk of
malaria and SMA at enrollment and over the follow-up
period.>”

The complement system (or complement cascade) of the
innate immune surveillance system plays a key role in
enhancing phagocytosis and killing invading pathogens.
The system is comprised of more than 50 proteins (includ-
ing complement C3) that work together as a cascade to clear
immune complexes and maintain physiological homeosta-
sis through clearance of apoptotic and necrotic cells.® There
are three distinct complement activation pathways: classi-
cal, alternative, and mannose-binding lectin, all of which
lead to cleavage of C3 into functional C3a and C3b subu-
nits.” C3a, C4a, and C5a are anaphylatoxins that directly
stimulate the activation of neutrophils and macrophages,
whereas C3b is an opsonin that enhances phagocytosis.®
The culmination of complement activation is cell lysis via
the membrane attack complex (MAC).*® Previous investi-
gations have revealed that the complement cascade
is activated during acute malaria.'”" Additionally,
complement-fixing antibodies to P. falciparum merozoites
show a stronger correlation with protective immunity
than parasite growth-inhibiting antibodies.'?

Studies in Kenyan children with SMA suggest that the
complement system is an important source of erythrocyte
destruction during P. falciparum infections.'*'* Kenyan
children with SMA had elevated plasma levels of C3a,
C4a, and Cba, high levels of immune complexes, reduced
complement hemolytic activity, and diminished activity of
the three major complement activation pathways.'> These
results suggest that complement consumption in SMA
exceeds the regenerative capacity. In addition, children
with SMA have elevated surface levels of IgG deposition
on erythrocytes, along with acquired deficiencies of com-
plement receptor 1 (CR1/CD35) and decay-accelerating
factor (DAF/CD55).1>!*1€ These events result in impaired
immune complex (IC) binding capacity and increased C3b
deposition on erythrocytes.'” Furthermore, in vitro studies
show that hematin, the oxidized product of heme, activates
the complement alternative pathway (AP) and enhances
deposition of C3b on erythrocytes,'® suggesting that break-
down products of intravascular hemolysis, such as hema-
tin, may be an important source of complement activation
in malaria.

Although previous investigations have explored the
impact of polymorphic variability in the complement
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mannose-binding lectin (MBL) pathway on severe malar-
ia, 22 to the best of our knowledge, no studies have
focused on the effect of genetic variants in C3 on suscepti-
bility to malaria and its severe disease outcomes. Since C3
has been shown to influence SMA development, a better
understanding of the genetic aspects of this protein could
reveal important insight into the role of complement in
malaria pathogenesis.

The human C3 gene (C3) is located on the short arm of
chromosome 19 (19p13.3), contains 41 exons, and is highly
polymorphic, suggesting that selection of C3 alleles within
a population may confer differences in immune responses
to various pathogens.®®> A common non-synonymous
single nucleotide polymorphism (SNP) in the f-chain of
C3 (12230199, 2307C>G) creates an amino acid replace-
ment at position 102 (Arg/Gly'"%). In hemolysis assays,
the minor mutant allele [2307G (Gly'*%)] activates the AP
more efficiently than the wild-type (WT) major allele
[2307C (Arg'®)]. It favors AP amplification by having a
lower affinity for factor H (FH).** A recent meta-analysis
illustrates that carriage of the minor allele 2307G (Gly'®)
increases the risk of advanced age-related macular degen-
eration (AMD), most strongly pronounced in Middle
Eastern populations.” Carriage of the minor allele [2307G
(Gly'*)] is also associated with worse cognitive perfor-
mance, lower brain parenchymal fraction, and higher
lesion burden in patients with multiple sclerosis.?
Investigations in bacterial meningitis revealed that homo-
zygosity of the major allele 2307C [i.e., genotype CC (Arg/
Arg'%%)] was associated with elevated C3 levels, and lower
Cba and terminal complement complex (C5b-9) concentra-
tions in cerebrospinal fluid.?”

Since rs2230199 induces an amino acid replacement in
the fi-chain of C3 that has been associated with altered risk
profiles for numerous diseases, we investigated the impact
of this SNP on susceptibility to malaria and SMA across 36
months. In addition, we also examined a SNP (ie.,
1511569534, 34420G>A) in the o-chain that causes a substi-
tution of Gly to Asp at codon 1224 (Gly/ Asp'***). The effect
of this SNP on disease outcomes in malaria and other dis-
eases has not been reported. Here, we present findings on
the impact of the selected C3 variants (genotypes/haplo-
types) on susceptibility to malaria and SMA over a 36
months of follow-up in a cohort of Kenyan children
(n=1617) residing in a holoendemic transmission region
for P. falciparum.

Materials and methods

Study site and participants

Study participants [children aged 2-48 months (n=1617)
with confirmed P. falciparum malaria] were enrolled at the
Siaya County Referral Hospital in Siaya, Kenya in two
cohorts between April 2004 and September 2008 (cohort
1) and from February 2009 to September 2015 (cohort 2).
Siaya County is a rural region in western Kenya comprised
primarily of individuals from the Luo ethnic group (>96%)
where P. falciparum malaria transmission is holoendemic.*®
A comprehensive evaluation was performed to collect
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clinical and demographic information as well as the history
of present illness. Exclusion criteria included: testing posi-
tive for non-P. falciparum species, any previous hospitaliza-
tion (for any reason), recent blood transfusion (<1 month),
and diagnosis with cerebral malaria. Children (aged 2-
48 months) presenting for routine childhood vaccinations
with a negative P. falciparum blood smear were enrolled
as aparasitemic controls and also followed quarterly for
36 months. Study participants who presented with P. falcip-
arum malaria (any density) were stratified based on hemo-
globin concentrations into uncomplicated malaria (UM,
Hb>5.0g/dL) and SMA (Hb<5.0g/dL). Additionally,
since we have previously shown that HIV and bacteremia
influence the severity of malarial anemia, these infections
were characterized in all study participants.”*° Parents/
legal guardians of the children were provided with pre-
and post-test HIV counselling. All treatment interventions
in the study participants were carried out according to the
Ministry of Health (MOH)-Kenya guidelines. This study
was approved by the Maseno University Ethics Research
Committee (MUERC; MSU/DRPI/MUERC/00510/18)
and the University of New Mexico Institutional Review
Board (16-284). For enrollment into the study, written
informed consent was obtained from the parent/legal
guardian of every study participant in the language of
choice (English, Kiswabhili, or Dholuo).

Longitudinal follow-up

Upon enrollment of children into the study (n=1617, Day
0), parents/guardians were asked to return with their child
quarterly. If parents/guardians failed to return to the hos-
pital on their scheduled quarterly visits, study staff would
visit children’s residences to check on their health status
(including mortality) using our GIS/GPS surveillance
system which captured participant locations at enrollment.
To document all the malaria episodes, and/or other pedi-
atric infectious diseases during the study period, we asked
the parents/guardians to bring the child to the hospital
whenever their child had any febrile episode(s) or illnesses.
At each acute and quarterly visit, the participants under-
went all laboratory tests required for proper clinical man-
agement of the patients including complete blood count,
malaria parasitemia determination, and evaluation of bac-
terial infections (if clinically indicated). Additionally,
throughout the 36-month follow-up period, all-cause mor-
tality data were collected from the hospital or by verbal
autopsy in cases where deaths occurred outside the hospi-
tal. The association between the two C3 genetic variations
(rs2230199 and rs11569534) and longitudinal outcomes was
based on clinical and laboratory measures measured at
each visit.

Laboratory procedures

Venipuncture blood samples (<3.0mL) were collected into
EDTA-containing vacutainer tubes for diagnostic and
experimental measures. Quantification of P. falciparum den-
sity (parasites/pL) and the reticulocyte production index
(RPI) were performed per our previously published meth-
ods.*® Complete hematological profiles were determined

using a Beckman Coulter® AcT diff2™ hematology analyz-
er (Beckman-Coulter Inc., Brea, CA, USA). Hemoglobin
variants were determined using cellulose acetate electro-
phoresis per the manufacturer’s protocol (Helena Bio-
Sciences, Oxford, United Kingdom). HIV exposure was
assessed by serological testing (Determine™™ HIV-1/2,
Abbott, Woodmead, South Africa and Uni-Gold™ HIV-
1/2, Trinity Biotech Plc., Wicklow, Ireland). All children
with positive results, on either or both of the serological
tests, were examined for HIV infection by proviral DNA
PCR testing according to our published methods.”® The
presence of bacteremia was determined by microbial culti-
vation according to standard methods per our previous
description.®

Selection of C3 variants

Selection of C3 SNPs for genotyping was based on variants
that resulted in amino acid replacements (i.e.,, missense
mutations) that had the potential to impart changes in pro-
tein function/structure (i.e, non-conservative replace-
ments). Visual Molecular Dynamics (VMD) software
(v1.9.3) was used to display and analyze the molecular
assemblies” (see below). The first SNP, 152230199
(2307C>G, Arg/Gly'") was selected since it is a missense
mutation in C3 that has been shown to influence suscepti-
bility to several diseases (non-malarial).”>>" The minor
allele frequency (MAF) of this SNP was considered when
selecting the second SNP so that the two alleles (potential-
ly) had similar distributions within the cohort. Data from
the International HapMap Project and 1000 Genomes
Project were used to determine allelic distributions of
potential C3 variants for the following populations:
Luhya (LWK), Yoruba (YRI; Nigeria), African (AFR), and
globally. Additional selection criteria were alleles that did
not display strong linkage disequilibrium (LD), as deter-
mined by Multiallelic Interallelic Disequilibrium Analysis
(MIDAS) software version 1.0.>* Based on the selection cri-
teria listed above and knowledge known about rs2230199, a
second SNP was selected in C3. The second missense muta-
tion, 1511569543, imparts a G to A change at position 34420,
resulting in a non-synonymous amino acid change from
Gly to Asp at residue 1224 in the protein sequence. The
effect of this missence mutation on susceptibility to malaria
and other diseases has not been previously reported.

Modeling the effects of the C3 variants on
three-dimensional (3D) protein structures

The human C3 protein sequence was retrieved from
Genbank at the National Center for Biotechnology
Information (NCBI) with the accession number
AAAS85332.1. To determine the potential impact of the
selected C3 SNPs on the overall protein structure, we mod-
eled the mutations in protein sequence with Modeller,**
and then visualized changes in the 3D protein structures
of the two wild-type alleles using the VMD (v1.9.3) soft-
ware.*? The 3D protein structure for native (i.e., wild-type)
C3 was originally determined bg/ Janssen et al., at 3.3 A res-
olution using X-ray diffraction,” and is deposited as code
2a73 in the Protein Data Bank (pdb). Amino acid sequence
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changes for the two mutant C3 alleles were generated using
the software Modeller (9.22, r11413). Thereafter, the 3D pro-
tein structures of the wild-type and mutant alleles were
visualized and analyzed using VMD.

C3 genotyping

Genomic DNA was isolated from cheek cells collected on
buccal swabs using the BuccalAmp™ DNA extraction kit
(Epicentre Biotechnologies, Madison, W1, USA) followed
by amplification using GenomiPhi'™ (GE Healthcare Life
Sciences, Amersham, UK). C3 variants were genotyped by
TagMan 5’ allelic discrimination Assay-By-Design methods
according to the manufacturer’s instructions [Assay ID:
C_26330755_10 for 152230199 (2307C>G, Arg/Gly'®)
and C__31045915_10 for rs11569543 (34420G>A, Gly/
Asp1224), Thermo Fisher Scientific, Carlsbad, CA, USA].
PCR was performed in a total reaction volume of 10 uL
with the following amplification cycles: initial incubation
at 60 °C for 30s and 95 °C for 10 min, followed by 45 cycles
of 95°C for 15s and 60 °C for 1 min with a final extension
at 60°C for 30s. Allelic discrimination was determined
using allele-specific fluorescence on the StepOnePlus™
Real-Time PCR System (Thermo Fisher Scientific) using
the manufacturer’s software (Version 2.3, Thermo Fisher
Scientific).

Statistical analyses

Data collected at enrollment were analyzed using SPSS,
version 23.0 (SPSS Inc., Chicago, IL, USA). Comparisons
of demographic, clinical, and laboratory characteristics
across the groups were determined using the Kruskal-
Wallis tests. Whenever there were significant differences,
pairwise comparisons were performed using the Mann-
Whitney U test. Fisher’s exact test (two-sided except other-
wise noted) for homogeneity was used to compare
proportions and performed in R (version 3.1.3). Exact test
for Hardy-Weinberg equilibrium (HWE) were performed
as described elsewhere.?® P-values <0.05 were considered
statistically significant.

Haplotypes of the C3 missense mutants were con-
structed using HPlus (Version 2.5).>” The impact of C3
genotypes/haplotypes on longitudinal clinical outcomes
was analyzed using R (version 3.1.3). A Poisson rate
regression (R glm function, family=Poisson) was used
to explore the relationship between C3 genotypes/haplo-
types and the number of malaria and SMA episodes over
the three-year follow-up period, with the (logarithm of)
age at the patients last visits being the offset variable (rate
regression). The Poisson regression was performed with a
forward-backward model selection minimizing the AIC.
Either C3 genotypes or haplotypes entered the model as
covariates. Additional covariates were age at enrollment,
sex, HIV, cohort, and sickle cell status (sickle trait and
sickle cell disease). Lastly, we investigated the relation-
ship between C3 genotypes or haplotypes and all-cause
mortality using Cox regression/survival analysis (R sur-
vival package version 2.38.2, coxph function). Model
selection was performed analogously to the Poisson rate
regression with forward-backward selection. Covariates
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were included analogously to the Poisson rate regression.
After model selection in the Poisson rate regression and
the Cox model parameter estimates were tested to be sig-
nificantly different from zero. More precisely, for the
Poisson rate regression or Cox models we tested whether
the incidence risk ratios or the hazard ratios of the
retained covariates were significantly different from 1.
Separately for each model Bonferroni-Holm corrections
were used to adjust for multiple comparisons.

Results

Demographic, clinical, and laboratory characteristics
at enroliment

Study participants (n =1617) were grouped into three cat-
egories: aparasitemic (n=2302), uncomplicated malaria
(UM, Hb>5.0 g/dL, n=1009) and SMA (Hb <5.0 g/dL,
n=306). Demographic, clinical, and laboratory character-
istics 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 =0.822).
However, age differed across the three groups
(P=0.001). Children with SMA were younger than those
with UM (P < 0.001).

Based on a priori assignment, hematological indices,
hematocrit, Hb concentrations, and red blood cells (RBCs)
counts progressively declined across the three groups and
were lowest in children with SMA (P < 0.001, respectively).
Mean corpuscular volume (MCV) was elevated in the SMA
group compared to UM and aparasitemic groups
(P <0.001). In contrast, both the mean corpuscular hemo-
globin (MCH) and mean corpuscular hemoglobin concen-
tration (MCHC) were elevated in the aparasitemic group
relative to children with UM and SMA (P < 0.001, respec-
tively). The red cell distribution width (RDW), white blood
cells (WBCs), monocyte, and granulocyte counts differed
across the groups [(P <0.001, respectively), with highest
values in the SMA group and lowest in the aparasitemic
group], while lymphocytes were lowest in the UM group
and highest in children with SMA (P <0.001). Platelet
counts progressively decreased across the groups and
were lowest in SMA (P =0.001). Peripheral blood parasite
density was lower in children with SMA compared to those
with UM (P =0.008).

Inheritance of genetic variants that can impact the clin-
ical outcomes in children with malaria was also exam-
ined. The frequency of HbAS was highest in the UM
group and lowest in children who presented with SMA
(P<0.001). Since our previous investigations have
revealed that bacteremia and HIV exacerbate the devel-
opment of SMA,*3° absence/presence of these co-
infections was determined in the study population. The
frequency of bacteremia was comparable between the
groups (P=0.071); however, it was significantly higher
in the SMA compared with the UM group (P=0.030,
one-sided Fisher’s exact test). The proportion of children
with HIV differed across the groups (P =0.001) and was
highest in the SMA group.
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Table 1. Demographic, clinical, and laboratory characteristics of study participants at enroliment.

Characteristics Aparasitemic UM (Hb >5.0 g/dL) SMA (Hb<5.0 g/dL) P
Demographic parameters
Sample size (n) 302 1009 306
Sex, n (%)
Female 153 (50.66) 497 (49.26) 156 (50.98) 0.822°%
Male 149 (49.34) 512 (50.74) 150 (49.02)
Age (months) 11.04 (13.20) 12.67 (10.50) 9.88 (10.60)** <0.001°
Hematological indices and parasitemia
Hematocrit (Hct. %) 32.90 (7.80) 25.30 (8.90) 14.30 (3.80)* <0.001°
Hemoglobin (g/dL) 10.35 (2.50) 7.70 (2.90) 4.30 (1.20)** <0.001°
RBCs (x10'2/uL) 4.65 (1.11) 3.78 (1.41) 1.91 (0.69)** <0.001°
MCV 69.90 (10.25) 68.80 (11.20) 73.35 (13.77)* <0.001°
MCH 22.30 (3.80) 21.30 (4.00) 22.05 (4.30)* <0.001°
MCHC 31.70 (2.70) 30.70 (2.60) 30.20 (4.30)" <0.001°
RDW 18.50 (5.50) 20.30 (4.60) 22.75 (5.90)** <0.001°
WBCs (x10%/uL) 11.00 (7.30) 11.60 (6.50) 14.40 (9.80)* <0.001°
Monocytes (x10%/uL) 7.60 (4.2) 7.90 (5.30) 9.15 (6.80)** <0.001°
Granulocytes (x10%/uL) 36.10 (20.50) 44.90 (25.00) 39.50 (21.00)** <0.001°
Lymphocytes (x10%/uL) 55.80 (18080) 46.35 (21.20) 49.95 (17.10) <0.001°
Platelet counts (x10%/uL) 343.00 (224.50) 152.00 (123.00) 141.00 (93.50) 0.001°
Parasite density (uL) 0.00 (0.00) 29,583.70 (79,084) 23,242.35 (65,934)* 0.008°
Genetic variants
Sickle cell trait, n (%)
HbAA 230 (78.23) 830 (83.17) 271 (91.25)
HbAS 55 (18.71) 164 (16.43) 20 (6.73) <0.001?2
HbSS 9 (3.06) 4 (0.40) 6 (2.21)*
Co-infections
Bacteremia, n (%) 27 (9.03) 61 (6.45) 28 (10.11)* 0.0712
HIV-1, n (%) 12 (4.01) 29 (2.88) 26 (8.55)" <0.0012

Data presented are medians (interquartile range, IQR), unless otherwise stated.

AStatistical significance determined by Fisher’s exact test.

PDifferences 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. Boldface indicates a P value of <0.050. *Represents significant pairwise comparisons between UM and SMA P-val-

ue < 0.050, and ** represents P-value < 0.001.

°Differences 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 else).
RBCs: red blood cells; MCV: Mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHCH: mean corpuscular hemoglobin concentration; RDW: red
blood cell distribution width; WBCs: white blood cells; Hb AA: hemoglobin AA; Hb AS: hemoglobin AS; Hb SS: hemoglobin SS.

Collectively, the demographic, clinical, and laboratory
results support our previous findings showing that chil-
dren with SMA have distinct clinical and hematological
features, and elevated co-infections.?>%-8

Potential effects of selected C3 variants on protein
structure and function

Prior to genotyping the two missense mutations in the
cohorts, we first determined whether the selected variants
could impart amino acid substitutions that had the ability
to alter the structure and function of C3. Examination of the
protein structure with VMD revealed that rs2230199
(2307C>G, Arg/Gly'") is located in the macroglobulin 1
(MG1) domain of C3 within the f-chain (shown in
Figure 1), while rs11569543 (34420G>A, Gly/Asp'**) is
located in the thioester-containing domain (TED) region
of C3 within the a-chain (shown in Figure 1). The Arg to
Gly transition at position 102 results in the change from a
basic residue (Arg) to that of a polar residue (Gly), while the
Gly to Asp transition at position 1224 imparts a change
from a polar residue to an acidic residue.

While (2307C>G, Arg/Gly'%) is on the surface of the
un-activated C3 structure as shown in Figure 1, inspection

of the C3b structure (pdb code 2i07)*° shows the positively
charged Arg in the WT structure is interacting with a pair of
negatively charged Glu on the TED domain, perhaps ori-
enting the TED domain in an active configuration of the
C3b molecule. The (34420G>A, Gly/Asp'***) mutation
adds a negatively charged sidechain to the TED domain.
Homology modeling this residue into the C3 structure
using Modeller*” shows a close interaction with a positively
charged lysine residue on the macroglobulin domain. No
clear interaction partner of (34420G>A, Gly/ Asp'***) is evi-
dent in the C3b structure.

Inspection of C3b in complex with Factor B (pdb code
2xwj),*! or Factors H and I (pdb code 5032),** and C3d
with the C3 receptor (pdb code 4m76)** shows both muta-
tions considered here are not directly interacting with
these binding partners of C3b. Although allosteric and
indirect impacts on binding are always possible, the
structural evidence suggest both of these mutations
impact the C3 — C3b conversion process. Taken together,
these results suggest that the amino acid substitutions
from both missense mutations have the potential to
impact C3 function, most directly impacting the activa-
tion of C3 to C3b.
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Distribution of C3 genotypic and haplotypic variants

The allelic distributions of rs2230199 and rs11569543 were
then explored using available data from the International

ETC
(C345)
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&y
g s

34420G>A~ ¥

Figure 1. The human C3 protein sequence was retrieved from Genbank at the
National Center for Biotechnology Information (NCBI) with the accession number
AAA85332.1. To determine the potential impact of the selected C3 SNPs on the
overall protein structure, we modeled the mutations in protein sequence with
Modeller, and then visualized changes in the 3D protein structures of the two
wild-type alleles using the VMD (v1.9.3) software. The color coding is as follows:
a-helix=purple, 3_10 helix=blue, extended b=yellow, bridge b=turn, turn, cyan,
and coil=white. Relative to the published C3 structure,®*® we observed that
Arg>Gly'® mutation is located in the macroglobulin MG1domain, while the
Gly>Asp'??* is located on the TED.

Table 2. Distribution of C3 genotypic and haplotypic variants.
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HapMap Project and 1000 Genomes Project. The minor alle-
lic distributions for rs2230199 (2307C>G, Arg/Gly'*?) were
0.07 for Luhya (LWK), 0.01 for Yoruba (YRL Nigeria), 0.03
for African (AFR), and 0.09 globally. The minor allelic dis-
tributions for rs11569543 (34420G>A, Gly/Asp'***) were
0.02 for LWK, 0.04 for YRI, 0.03 for AFR, and 0.01 globally.
Although the minor allele frequencies (MAF) for the two
variants were relatively low in African populations, we
proceeded with genotyping the two missense mutations
since they had the potential to impart functional conse-
quences and may be reduced due to selective pressure
from malaria. Allele frequencies in the overall cohort for
rs2230199 were C=0.890 and G=0.110, while those for
1511569543 were G=0.920 and A =0.080, indicating that
the MAFs for both variants were higher than previously
cataloged. Analysis of linkage disequilibrium indicated
that the two SNPs were not strongly associated
(D'=0.079, LOD = 0.04, r><0.001).

The distribution of genotypes and haplotypes for
152230199 (2307C>G, Arg/Gly'™) and rs11569543
(34420G>A, Gly/Asp'?*) is presented in Table 2. Allele
frequencies for rs2230199 were C=0.930 and G=0.070 in
the aparasitemic group, C =0.930 and G =0.070 in UM, and
C=0.880 and G=0.120 in SMA. Allele frequencies for
1511569543 were G=0.932 and A =0.068 in aparasitemic
children, G=0.917 and A=0.083 in the UM group, and
G=0.900 and A =0.100 in children with SMA. The propor-
tion of rs2230199 genotypes differed across the study
groups (Fisher’s exact test, P=0.027, Table 2) with the
overall cohort in HWE (exact test for HWE, P=0.072).
Genotypic distributions in all three groups were also con-
sistent with HWE: aparasitemic (P = 0.342), UM (P = 0.587),
and SMA (P =0.095).

Although the frequency of genotypes for rs11569543 was
comparable between the groups (Fisher’s exact test,
P =0.078, Table 2), there was a significant departure from
HWE in the overall population (exact test for HWE,

U] ] SMA
Genotype/haplotype Amino acid Aparasitemic (Hb >5.0 g/dL) (Hb <5.0 g/dL) Total P
2307C>G (rs2230199) Arg>Gly'0? n =300 n=1008 n=303 n=1611
CC, n (%) Arg/Arg'0? 223 (74.33) 824 (81.75) 240 (79.21) 1287 (79.89)
CG, n (%) Arg/Gly'%? 69 (23.00) 173 (17.16) 56 (18.48) 298 (18.50) 0.027
GG, n (%) Gly/Gly'%? 8 (2.67) 11 (1.09) 7 (2.31) 26 (1.61)
34420G>A (rs11569534) Gly>Asp'?2* n=299 n=1002 n=302 n=1603
GG, n (%) Gly/Gly'224 268 (89.63) 893 (89.12) 259 (85.80) 1420 (88.58)
GA, n (%) Gly/Asp'?2* 23 (7.70) 56 (5.59) 26 (8.60) 105 (6.55) 0.078
AA, n (%) Asp/Asp 224 8 (2.67) 53 (5.29) 17 (5.60) 78 (4.87)
2307C>G/34420G>A Arg>Gly'%%/Gly>Asp'?2* n=302 n=1009 n=306 n=1617
Non-CG, n (%) Non-Arg'®Non-Gly 224 19 (6.29) 73 (7.23) 33 (10.78) 125 (7.73) 0.084
CG, n (%) Arg'%2Gly'224 283 (93.71) 936 (92.77) 273 (89.22) 1492 (92.27)
Non-CA, n (%) Non-Arg'®Asp'224 271 (89.74) 902 (89.40) 263 (85.95) 1436 (88.81) 0.216
CA, n (%) Arg'%Asp'?24 31 (10.26) 107 (10.60) 43 (14.05) 181 (11.19)
Non-GG, n (%) Non-Gly'%2Gly'224 225 (74.50) 839 (83.15) 244 (79.74) 1308 (80.89) 0.004
GG, n (%) Gly'02Gly 1224 77 (25.50) 170 (16.85) 62 (20.26) 309 (19.11)
Non-GA, n (%) Non-Gly'%Asp 224 302 (100.00) 995 (98.61) 305 (99.67) 1602 (99.07) 0.048
GA, n (%) Gly'%Asp 224 0 (0.00) 14 (1.39) 1 (0.33) 15 (0.093)

Data are presented as proportions [n (%)] of genetic variants within the study groups. Study participants were categorized 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). Statistical significance determined by Fisher’s exact test. Boldface

indicates a values of P < 0.05.
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P <0.001) and within each of the three study groups (exact
test for HWE: aparasitemic, P < 0.001; UM, P=<0.001; and
SMA, P <0.001).

Frequency distributions of the haplotypes constructed
from rs2230199 and 1rs2230199 were similar for the CG
(Arg'”Gly'**, P=0073) and CA (Arg'®Asp'*,
P=0.209) haplotypes, whereas the GG (Gly'“Gly'**,
P=0.003) and GA (Gly'®Asp'**, P=0.042) differed
across the groups.

Impact of C3 genotypes/haplotypes on malaria and
SMA over 36-months

Children in holoendemic P. falciparum transmission regions
encounter multiple malaria episodes prior to either devel-
oping naturally acquired immunity or suffering mortality.
As such, the impact of inheritance on susceptibility to
malaria and SMA can be more rigorously investigated
using longitudinal outcome measures. We therefore inves-
tigated the impact of the C3 variants on malaria and SMA
episodes and all-cause mortality across the 36-month
follow-up period. The number of malaria and SMA epi-
sodes, along with mortality for each of the genotypes and
haplotypes are listed in Table 3. Poisson rate regression
analyses (using the logarithm of age at the last hospital
visit as offset variable) were performed in models that
included genotype, haplotype, age at enrollment, sex, co-
infections (HIV and bacteremia), and sickle cell trait status
to account for co-factors that influence the development of
SMA.*?°71 Model selection identified relevant co-variates.
All parameter estimates of the final model were tested for
being significantly different from zero using Bonferroni-
Holm adjustment for multiple testing.

Although none of the 2307C>G genotypes altered the
risk for the number of malaria episodes encountered
during the longitudinal follow-up period, carriers of
34420AA (Asp/Asp'?*) had increased susceptibility to
malaria (RR=1.112, 95%CI: 1.009-1.225, P =0.032, shown
in Figure 2(a)). However, this finding was not significant

after correction for multiple comparisons. Next, we deter-
mined the influence of the genotypes on susceptibility to
SMA. Children who inherited the 2307GG (Arg/Gly'?)
genotype were more likely to develop SMA [RR=2.142,
95%ClI: 1.229-3.735, P =0.007 (significant after Bonferroni-
Holm correction), shown in Figure 2(a)], while none of the
other genotypes for either 2307C>G or 34420G>A influ-
enced susceptibility to SMA.

Modelling of the relationship between haplotypes and
longitudinal outcomes revealed that children with the CG
(Arg'®®Gly'**) haplotype had a reduced risk of malaria
during the follow-up [RR=0.897, 95%CI: 0.828-0.972,
P =0.008 (Bonferroni-Holm significant), shown in Figure
2(b)]. Malaria incident risk ratio was also reduced in car-
riers of the GG (Gly'%*Gly'***) haplotype [RR = 0.941, 95%
CIL: 0.888-0.997, P=0.040 (Bonferroni-Holm significant),
shown in Figure 2(b)]. Based on the selection criteria, the
CA and GA haplotypes were dropped from the model,
indicating that they did not have a significant impact on
the number of malaria episodes.

Examination of the longitudinal risk of developing SMA
revealed that inheritance of the CG (Arg'®*Gly'***) haplo-
type provided a protective effect across the 36-month
follow-up [RR=0.617, 95%CI: 0.448-0.848, P =0.003
(Bonferroni-Holm significant), shown in Figure 2(b)].
Model selection dropped the CA and GG haplotypes as
covariates, revealing that they did not influence the inci-
dent risk ratio of SMA. The GA haplotype was also
dropped from the model, but in this case, due to the
small number of children with the GA haplotype who
had SMA across the follow-up period (n=23).

The impact of the genotypes/haplotypes on mortality
was examined using Cox regression survival analysis
with identical covariates as the other models. Although
none of the variants significantly influenced all-cause mor-
tality, carriage of the 2307GG (Arg/Gly'%%) genotype that
significantly enhanced susceptibility to SMA was also asso-
ciated with a 73% higher chance of morality across the 36-

Table 3. Malaria, SMA, and mortality stratified by genotype/haplotype across the 36-month follow-up period.

Genotype/haplotype Amino acid Malaria episodes SMA episodes Mortality
2307C>G (rs2230199) Arg>Gly'°? Total =7717 Total =444 Total =99

cc Arg/Arg'%? 6127 349 75

CG Arg/Gly'%2 1465 81 21

GG Gly/Gly'®? 125 14 3
34420G>A (rs11569534) Gly>Asp'22* Total = 7695 Total =442 Total =95

GG Gly/Gly'224 6763 385 82

GA Gly/Asp'22* 494 36 7

AA Asp/Asp 224 438 21 6
2307C>G/34420G>A Arg>Gly'%%/Gly>Asp'??* Total = 7755 Total =447 Total =100

Non-CG Non-Arg'®?Non-Gly'#?* 682 46 9

CcG Arg'02Gly'224 7073 401 91

Non-CA Non-Arg'%?Asp'224 6838 390 87

CA Arg'%?Asp 224 917 57 13

Non-GG Non-Gly'%2Gly'224 6279 355 77

GG Gly'%2Gly'224 1476 92 23

Non-GA Non-Gly'%Asp'224 7639 444 99

GA Gly'2Asp'224 116 3 1

Data are presented as the number of malaria and SMA episodes, and all-cause mortality stratified according genotypes and haplotypes during the 36-month follow-

up period.
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Figure 2. A Poisson rate regression (R glm function, family=Poisson) was used to explore the relationship between C3 genotypes/haplotypes and the number of
malaria and SMA episodes over the three-year follow-up period, with the (logarithm of) age at the patients last visits being the offset variable (rate regression). The
Poisson regression was performed with a forward-backward model selection minimizing the AIC. Either C3 genotypes or haplotypes entered the model as covariates.
Additional covariates were age at enroliment, sex, HIV, cohort, and sickle cell status (sickle trait and sickle cell disease). Longitudinal relationship between C3
genotypes (2307C>G and 34420G>A), haplotypes (2307C>G/34420G>A), malaria, and SMA. Data presented as relative risk (midline dot) and 95% confidence
intervals determined using log-linear regression analyses, adjusting for age at enroliment, sex, HIV, cohort, and sickle cell status (sickle trait and sickle cell disease).
Longitudinal follow-up for the cohort was 36 months from the time of enroliment. Correction for multiple comparisons were performed by using the Bonferroni-Holm
correction. *significant after Bonferroni-Holm correction. Estimates were not determined (ND) if a covariate was dropped by model selection. (a) Results for models
using genotypes as covariates (with the wild types being references absorbed in the models intercept). (b) Results for models with haplotypes as covariates.

month follow-up (HR=2.750, 95%CI: 0.859-8.780,
P =0.089). Collectively, these results demonstrate that the
C3 variants selected for investigation alter the risk of devel-
oping both malaria and SMA during the time at which chil-
dren develop naturally acquired immunity, and may
potentially influence all-cause mortality.

Discussion

SMA is one of the leading causes of childhood morbidity
and mortality in western Kenya. C3 plays a central role in
innate immunity by activating both the classical and alter-
native complement pathways.” Earlier studies showed that
complement consumption is excessive in children with
SMA." Results presented here extend previous findings
by showing that missense mutations in C3 alter the longi-
tudinal susceptibility to both malaria and SMA.
Importantly, the variants selected for investigation have
the potential to alter the structure and function of C3.

The central step in the activation of complement is the
proteolytic cleavage of C3 into C3b, a process that exposes a
reactive thioester group that promotes C3b binding to
pathogens.®?> The transition from C3 to C3b repositions
the TED for contact with the MG1 domain, thereby gener-
ating surfaces that interact with other complement proteins
that mediate complement activation and regulation.***’
Interactions between TED and the MG1 domain are there-
fore important factors for complement regulation.
Examination of C3 and C3b structures shows that the
(2307C>G, Arg/Gly'"®) mutation participates in a stable
salt bridge from the MG1 domain to the TED domain in
the C3b structure, while homology modeling of the
(34420G>A, Gly/Asp'®*) mutation creates a salt bridge
to another MG domain in the C3 structure. Direct interac-
tions of these two mutation sites with other C3 or C3b bind-
ing partners were not identified.

Activation of C3 to C3b also leads to an extension of the
CUB-TED interface that contains binding sites for members
of the regulators of complement activation (RCA) family,
such as CR1.® The binding of C3b to CR1 on the surface of
RBCs facilitates antibody-mediated phagocytosis in the
liver and spleen.*®*’ Given the importance of the spleen
in malaria’s pathophysiology and the finding that comple-
ment activation increases the rate of RBC destruction in
children with SMA, the Gly/Asp'*** mutation in TED cer-
tainly has the potential to influence the development of
SMA.>

The present study focused on the missense mutations in
MGT1 and TED given their importance in complement acti-
vation, and their potential influence on malarial disease
outcomes. After correcting for multiple comparisons, the
inheritance of homozygous minor alleles (GG) at 2307
increased the incident risk ratio of SMA, whereas none of
the other genotypes influenced susceptibility to either
malaria or SMA.

In addition to examining the impact of the C3 genotypes
on malarial disease outcomes, we also determined the
impact of haplotypes to better understand how combina-
tions of the selected missense mutations influence malaria
and SMA. The most prominent signals that emerged from
the genetic analyses were protection against both malaria
and SMA over 36-months in carriers of both major alleles
(CG haplotype). Although the protection against malaria
was modest (i.e., ~9%), we postulate that such a reduction
may be important since there are ~3.5 million clinical
malaria cases annually in Kenya of which 16.2% are esti-
mated to present with moderate to severe anemia."' While
it is expected that carriage of the minor alleles for both
missense mutations would enhance the risk of SMA, the
results could not be determined due to the small sample
size for GA carriers. The only other haplotype to emerge
from the modeling was the longitudinal protection against
malaria in GG haplotype carriers.
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The factors driving the maintenance of genetic polymor-
phism in human populations, particularly those linked to a
complex phenotype, are hard to elucidate because they
depend on multiple factors. Thus, while it would be
expected that the MAF for the two variants examined
would be lower in the holoendemic region where the
study was conducted than in malaria-free regions, this was
not the case. The reason for this finding is unknown but may
reflect the nature of a high-burden infectious disease region.
For example, in addition to malaria, the region suffers from a
high rate of HIV, tuberculosis, and bacteremia.?”?° Given the
complex nature of the interactions between immune
response genes that afford protection against multiple patho-
gens, there are certainly undefined gene networks that could
explain this finding. Consistent with this premise, the alleles
studied here, particularly 34420G>A (Gly/Asp'***), are not
in HWE, indicating that their frequencies are changing,
potentially due to selective pressure. Nevertheless, our
results suggest that inheritance of the wild-type alleles for
the two missense mutations would be enhanced. In contrast,
we expect that the mutant alleles would be selected against
due to malaria and SMA pressure in the region. Although
we did not find any significant associations between the
genotypes/haplotypes and all-cause mortality, there was a
73% higher chance of mortality across the follow-up in indi-
viduals who inherited the 2307 mutant (GG) alleles. The lack
of a significant association between the C3 variants and mor-
tality is not unexpected given the low number of deaths in
our cohorts compared to those in the region, due to our
enhanced laboratory diagnostics, improved clinical manage-
ment with second-line antimicrobial agents, and robust
follow-up to quickly identify and treat children with acute
disease(s). In any event, the low rate of mortality reduced
power to find robust associations.

Conclusions

Although the precise mechanisms and/or the impact of the
mutations on the structure and function of C3 remain to be
determined, the variants selected for investigation substan-
tially impact on susceptibility to both malaria and SMA. It
will be important in future studies to understand how
potential structural and functional changes in the MG1
and TED regions impact on the acquisition of malaria and
the subsequent development of SMA as identified in our
genetic findings.
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