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Abstract

Complement receptor 1 (CR1) gene polymorphisms that are associated with Knops blood group antigens may influ-
ence the binding of Plasmodium parasites to erythrocytes, thereby affecting susceptibility to malaria. The aim of this
study was to evaluate the genotype and allele and haplotype frequencies of single-nucleotide polymorphisms
(SNPs) of Knops blood group antigens and examine their association with susceptibility to malaria in an endemic
area of Brazil. One hundred and twenty-six individuals from the Brazilian Amazon were studied. The CR1-genomic
fragment was amplified by PCR and six SNPs and haplotypes were identified after DNA sequence analysis. Allele
and haplotype frequencies revealed that the Kn” allele and H8 haplotype were possibly associated with susceptibility
to Plasmodium falciparum. The odds ratios were reasonably high, suggesting a potentially important association be-
tween two Knops blood antigens (Kn” and KAM’) that confer susceptibility to P. falciparum in individuals from the Bra-

zilian Amazon.
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Introduction

Malaria is a widespread parasitic disease of humans.
Up to 800,000 people die from this disease each year and >
40% of the world population lives with some risk of con-
tracting malaria (Kappe et al., 2010). Malaria in humans
can be caused by four species of Plasmodium, of which
Plasmodium falciparum is responsible for most cases of the
disease and death across sub-Saharan Africa, while
Plasmodium vivax is the most prevalent parasite in other
parts of the world where malaria is present (Kappe et al.,
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2010). In Brazil, 457,659 cases of malaria were registered
in the Amazon region in 2007, which corresponded to an
annual parasitic incidence (API) of 19.2 cases/1,000 indi-
viduals (Fernandes de Oliveira et al., 2010).

There is a complex host-parasite interaction that in-
volves both of these genomes, as well as environmental fac-
tors. No matter how prominent the role of the environment,
the primary importance of genetic factors is best demon-
strated by the species-specific nature of plasmodial infec-
tions. For example, the capacity of a given Plasmodium
species to infect one host and not another may reflect ge-
netic differences between the two hosts. However, the com-
plexity of host-parasite interactions is generally so great
that the nature of such genetic differences is not easy to ana-
lyze (Luzzatto, 1974).
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One of the features of infection by Plasmodium is the
process of rosetting, which is characterized by the binding
of P. falciparum-infected erythrocytes to uninfected eryth-
rocytes to form clusters of cells that contribute to the pa-
thology of P. falciparum malaria by obstructing blood flow
in small blood vessels (Rowe et al., 1995, 1997). Comple-
ment receptor 1 (CR1) gene polymorphisms are associated
with rosetting of Plasmodium-infected erythrocytes. Previ-
ous studies demonstrated that CR1 gene polymorphisms
may influence the binding of protozoa to erythrocytes or of
infected erythrocytes to non-infected cells (Rowe et al.,
1997, 2000, Moulds et al., 2000).

The Knops blood system consists of the antithetical
pairs of Knops antigens a and b (Kn“ and Kn"), McCoy a
and b (McC* and McC®), KAM'/KAM and Swain-Lan-
gley/Vil (SI1 and S12), as well as SI4, Si5, Yk* and SI3.
These antigens, which are associated with the CR1 gene,
are membrane-bound molecules found in various cell
types, including erythrocytes, macrophages, lymphocytes,
dendritic cells and renal podocytes (Daniels et al., 2004,
2007; Moulds et al., 2002, 2004).

The domain responsible for the Knops system anti-
gens is associated with the plasma membrane and consists
of 30 short consensus repeats (SCRs), each composed of 60
amino acids. The Knops blood system antigens are mapped
to the SCR25 domain of the CR1 protein and each of these
polymorphic forms results from the substitution of a single
amino acid in this region. Thus, the variant antigens Kn”,
Mch, S12, Si4 and KAM result from amino acid substitu-
tions V1561M, K1590E, R1601G, S1610T and [1615V, re-
spectively (Daniels et al., 2004, 2007; Moulds et al., 2001,
2002).

We recently demonstrated a new polymorphism in
the SCR25 domain of the CR1 protein at -46464 > G that,
together with the five previously described polymor-
phisms, gives rise to 12 haplotypes (Covas et al., 2007).
The frequency of these haplotypes varies considerably
among populations of African and non-African descendant.
The H3 haplotype is the most frequent haplotype among
African-Brazilians and includes the SI2 and KAM " antigens
(Covas et al., 2007).

One of the most studied SNP of the Knops blood sys-
tem is the -48284 > G polymorphism that produces the S/2
antigen (R1601G), which is associated with reduced rosette
formation by P. falciparum-infected erythrocytes in vitro
when compared to non-infected erythrocytes. These results
were obtained with erythrocytes from American subjects of
African descendant carrying the SI2 phenotype. The eryth-
rocytes of these individuals showed lower binding to re-
combinant COS cells carrying the P. falciparum erythro-
cyte membrane protein 1 (PfEMP1) compared to normal
erythrocytes (S/1) (Rowe et al., 1997). These data were
later confirmed in studies with P. falciparum isolates
(Rowe et al., 2000). These findings led to the hypothesis
that the SI2 phenotype may protect against severe forms of
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malaria because erythrocytes expressing this Knops blood
group antigen have a lower propensity to form rosettes.

Based on these considerations, in this study we exam-
ined the frequency of -46464 > G, -4708G > A4,-47954 > G,
-48284 > G, -4855T > A and -4870A4 > G single-nucleotide
polymorphisms (SNPs) and the 12 derived haplotypes, as
well as their relationship to the susceptibility of infection
by different species of malaria parasites in individuals from
an endemic area in the Brazilian state of Amazonas.

Material and Methods

Subjects

121 Brazilian subjects from an endemic malaria re-
gion (Presidente Figueiredo town) in the state of Amazonas
answered a questionnaire designed to obtain epidemiologi-
cal data related to malaria infection and specific infectious
agents. Five individuals for whom no age was recorded
were excluded from the analysis, resulting in 119 subjects.
These individuals were classified into two groups: infected
cases (n = 92) if they had any history of infection by
Plasmodium species, and controls (n = 27) if they had no
history of infection. The subjects considered to be infected
were classified according to the Plasmodium species in-
volved: P. falciparum (n = 25), P. vivax (n = 34) and
P. falciparum plus P. vivax (n = 33). The study was ap-
proved by the Institutional Ethics Committee from
Hemocentro of Amazonas and all individuals gave written
informed consent prior to participating in the study. The
control subjects were matched to the infected subjects with
regard to gender and caboclo ethnicity, but they were sig-
nificantly older than the cases (33 years old control group
and 39 years old infected group, p = 0.044).

Polymerase chain reaction

Genomic DNA was isolated from 10 mL peripheral
blood samples using Super Quick-Gene DNA isolation kits
(Analytical Genetic Testing Center, Denver, CO, USA) ac-
cording to the manufacturer’s instructions. After extraction
and solubilization in ultra pure water, the DNA was con-
centration was adjusted to 100 ng/uL based on photometric
analysis. The CR1 gene was amplified by the polymerase
chain reaction (PCR) using the following pair of primers:
5’-CCCTCACACCCAGCAAAGTC-3’ and 5’-TAAAAA
ATAAGCTGTTTTACCATACTC-3* which amplify a
476 bp DNA fragment. The amplification reactions con-
taining 100 ng of DNA, 1.0 U of Tag DNA polymerase
(Invitrogen Life Technologies, Sdo Paulo, Brazil), 50 mM
KCI, 20 mM Tris-HCI, pH 8.3, 1.5 mM MgCl,, 0.2 mM of
each deoxynucleotide triphosphate (INTP) and 0.3 pmol of
each specific primer were run in a GeneAmp PCR System
9700 (Applied Biosystems, Foster City, CA, USA). The cy-
cle conditions were: 35 cycles at 94 °C for 40 s, 60 °C for
40 s and 72 °C for 40 s, with a final extension at 72 °C for
10 min. The amplified products were analyzed by electro-
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phoresis in 1% agarose gels followed by ethidium bromide
staining.

DNA sequencing

Polymorphisms related to the Knops blood system
(CR1-4708G > A, CRI-47954 > G, CRI-48284 > G,
CRI1-4855T > A, CRI-48704 > G and CRI-46464 > G)
were investigated by DNA sequencing of the CR1 gene. Se-
quencing reactions were done using the PCR primers indi-
cated above and the DYEnamic ET dye terminator kit (GE
Healthcare UK Ltd., Amersham, UK) according to the
manufacturer’s instructions. Electrophoresis was done us-
ing an automated MegaBace DNA sequencing system 1000
(Amersham Biosciences, Uppsala, Sweden). The electro-
pherograms were analyzed using Sequence Analyzer soft-
ware version 1 (Amersham Biosciences) and the data were
processed using the Phred program (Ewing and Green,
1998; Ewing et al., 1998) that generated files containing in-
formation about the base content and quality of each se-
quence. The sequences were aligned pairwise to the
specific genomic regions using the Cross Match program
(http://www.phrap.org). Multiple alignments were pro-
duced with PolyBayes multiple alignment algorithms
(Marth et al., 1999). Single nucleotide polymorphisms
(SNPs) were detected in the highly similar regions of multi-
ple anchored alignments using the PolyPhred program (Ni-
ckerson et al., 1997).

Haplotype definition

The 12 haplotypes reported elsewhere (Covas et al.,
2007) were analyzed. These haplotypes (Table 1) were de-
posited in GenBank under accession numbers AY701493
to AY701504.

Table 1 - Haplotyes previously defined by six SNPs in the CR1 gene.
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Statistical analysis

The agreement of genotype frequencies with Hardy-
Weinberg expectations was tested using the Genepop pro-
gram, version 4.0.10. The haplotype frequency was esti-
mated using Arlequin, version 3 (Excoffier et al., 2005).
The genotype and allele frequencies of infected and control
subjects were compared by the Chi-square test for trend and
Fisher’s exact test, respectively, using GraphPad Instat
software, version 5.0. The level of significance was set at
5% (p < 0.05) for all tests.

A separate series of analyses (based on using logistic
regression) was done at loci 4708 and 4646 by including
gender and age as covariates to determine the odds ratio
(OR) and the p-values for the correlation between geno-
typic content and infection status. Four such tests were
done by comparing the healthy controls with each of the in-
fected groups and with all infected groups combined. The R
software was used for the latter analyses. Although the con-
fidence intervals were calculated for all tests they were not
always reliable or reproducible because of the low counts in
some cells and were therefore not always reported.

Results

Table 2 shows the genotype frequencies of the in-
fected groups and controls. The 4708GA heterozygous ge-
notype was more frequent in cases infected with P.
falciparum (28%, p = 0.021) compared with controls
(3.7%), but there was no significant difference in relation to
individuals infected with P. vivax or both species. There
were no significant differences between infected groups
and controls for any of the other genotype frequencies.

When the infected group as a whole was analyzed
(Table 3), the 4708GA heterozygous genotype was again

Identifier Haplotype
Kn/Kn  McC/McC®  SII/SI2 SI4/SI5  KAM/KAM *
N1540S V1561M V1590E R1601G S1610T 11615V
46464 > G  4708G>A  47954>G  48284>G  4855T>A 48704 > G
HI A G A A A
H2 A G A A T G
H3 A G A G T G
H4 A G G A T G
H5 A G G G T G
H6 A G G G T A
H7 A G A G T A
H8 A A A A T G
H9 G G A A T G
HI10 G G A A T A
HI1 A A A A T A
H12 A G A A A G
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Table 2 - Genotype frequencies of six SNPs in the CR1 gene in control subjects and three groups of infected subjects (P. falciparum, P. vivax and

P.falciparum + P. vivax).

Controls P. falciparum p P. vivax P P. falciparum
(n=27) (n=25) (n=134) + P vivax (n=133)
CR1-4646 4> G A/A 18 (66.6%) 21 (84%) 28 (82.3%) 27 (81.8%)
N1540S A/G 7 (25%) 4 (16%) 6 (17.7%) 6 (18.2%)
G/G 2 (7.4%) 0 (0%) 0 (0%) 0 (0%)
CR1-4708 G>A4 GIG 26 (93.3%) 18 (72%) 28 (82.3%) 26 (78.8%)
V1561M G/A 1(3.7%) 7 (28%) 6 (17.7%) 7 (21.2%)
Kn"" A/A 0 (0%) 0 (0%) 0 (0%) 0 (0%)
0.0216 0.1207 0.063
CR1-47954>G A/A 25 (92.6%) 21 (84%) 31 (91.2%) 31 (93.9%)
K1590E A/G 2 (7.4%) 4 (16%) 2 (5.9%) 2(6.1%)
McC™ G/G 0 (0%) 0 (0%) 1(2.9%) 0 (0%)
CR1-48284>G A/A 20 (74.1%) 17 (68%) 30 (88.2%) 23 (69.7%)
R1601G A/G 7 (25.9%) 8 (32%) 3 (8.8%) 9(27.3%)
S11/S12 G/G 0 (0%) 0 (0%) 1 (3%) 1 (3%)
0.630 0.319 0.563
CR1-4855T>A4 T/T 27 (100%) 25 (100%) 34 (100%) 33 (100%)
S1610T T/A 0 (0%) 0 (0%) 0 (0%) 0 (0%)
S14/S15 A/A 0 (0%) 0 (0%) 0 (0%) 0 (0%)
CR1-4870 4> G A/A 10 (37%) 5 (20%) 12 (35.3%) 12 (36.4%)
11615V A/G 11 (40.7%) 15 (60%) 14 (41.2%) 12 (36.4%)
KAM /KAM * G/G 6 (22.3%) 5 (20%) 8 (23.5%) 9 (27.2%)
0.448 0.876 0.776

more frequent in the infected group (21.7%) compared to
the controls (3.7%, p = 0.0415). The genotype frequencies
of all polymorphisms agreed with those expected for Har-
dy-Weinberg equilibrium. The p-values listed in Table 3
are those obtained with Fishers exact test for association
between case/control status and the GG or G4 genotypes.

The allele frequencies for the antigens of the Knops
blood system are shown in Table 4. The frequency of the
Kn" allele (-47084) in patients infected with P. falciparum
(14%) was greater than in the controls (2%, p = 0.027).
However, there was no significant difference in relation to
individuals infected with P. vivax or P. falciparum + P.
vivax.

The other SNPs showed no significant differences in
the genotypic and allelic frequencies between infected and
control groups. This finding suggested a possible depend-
ence among alleles. To evaluate this dependence, we ana-
lyzed the haplotype frequencies among the studied groups.
Twelve previously reported haplotypes (Covas et al., 2007)
were evaluated. Comparison of the infected and control
groups revealed the presence of six haplotypes (Table 5),

with the H1 and H2 haplotypes being the most frequent in
all groups. The H8 haplotype was most frequent in individ-
uals infected with P. falciparum (14%) compared to con-
trols (2%). A similar result was obtained when all infected
individuals were compared to healthy subjects.

Although the number of Kn” alleles and H8 haplo-
types in the control group was small, there were neverthe-
less indications of possible correlations with susceptibility
to disease. As a further check on the possible association
between the -4708G > A SNP and susceptibility to disease,
we performed logistic regression of case/control status
against genotype using age and gender as covariates. An
appreciable effect of age on logistic regression was ob-
served, with mild evidence linking the genotype to suscep-
tibility to infection by P. falciparum when the controls were
tested against individuals infected with P. falciparum
(OR = 6.68) or against all infected cases (OR = 6.06). In
each case, the one sided p-values were ~0.04. A separate
permutation test showed that the mean age of the controls
was significantly lower than that of infected individuals
(p=0.044). Population stratification would not be expected
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Table 3 - Genotype frequencies of six SNPs in the CR1 gene in control
subjects and all Plasmodium-infected groups combined.

Controls  Infected cases p
(n=27) (n=92)
CRI-4646 4> G A/A 18 (66.7%) 76 (82.6%)
N15408 A/G 7(25.9%) 16 (17.4%)
G/G 2 (7.4%) 0 (0%)
CR1-4708 G> 4 G/G  26(96.3%) 72 (78.3%)
V1561M G/A 1(3.7%) 20 (21.7%)
Kn™ A/A 0 (0%) 0 (0%)
0.0415

CRI-47954>G  A/A  25(92.6%) 83 (90.2%)

K1590E A/G 2 (7.4%) 8 (8.7%)
McC™ G/G 0 (0%) 1(1.1%)
CR1-4828 4> G A/A 20(74.1%) 70 (76.1%)
R1601G A/G  T(259%) 20 (21.7%)
S11/812 G/G 0 (0%) 2 (2.2%)
CR1-4855 T > A T/T  27(100%) 92 (100%)
S1610T T/A 0 (0%) 0 (0%)
S14/S15 A/A 0 (0%) 0 (0%)
CR1-48704 > G A/A 10(37.0%) 29 (31.5%)
11615V A/G  11(40.7%) 41 (44.5%)
KAM /KAM * GIG  6(223%) 22 (24.0%)

to introduce any substantial additional loss of significance
in this analysis since all of the individuals in the study were
of the same ethnicity. Furthermore, the environmental risk
factors were comparable for infected and healthy individu-
als.

Discussion

In this study, we evaluated the frequencies of -4646A4
> @, -4708G > A4,-47954 > G, -48284 > G, -4855T > A and
-48704 > G SNPs in the CR1 gene, and their association
with susceptibility to infection by malaria in individuals
from an endemic area in the Brazilian state of Amazonas.
There was a significant difference in the frequency of the
CR1-4708G > A SNP between the infected groups and the
controls. The -4708GA (Kn‘/K’) heterozygous genotype
was more frequent in cases infected with P. falciparum
(28%) compared to the controls (3.7%). The Kn” mutant al-
lele (-4708A4) also showed a higher incidence in cases in-
fected with P. falciparum (14%) than in uninfected
individuals (2%). This finding contrasts with a study of 100
Indians infected with P. falciparum who had a lower fre-
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quency of Kn” compared to the controls (Gandhi ef al.,
2009). These divergent findings may reflect ethnic differ-
ences among the two populations, i.e., caboclo (in this
study) versus Indian.

Haplotype analysis revealed that the -47084 mutant
allele (Kn") had only one haplotype (H8) that is character-
ized by two Knops alleles as mutants [-4708G > A (Kn")
and -48704 > G (KAM")]. On the other hand, haplotype 11,
which consists of the Kn” mutant allele by itself, was not
found in this population. These findings suggest that the
Kn" allele may associate with the KAM" allele to confer sus-
ceptibility to infection by P. falciparum. Consequently,
parasites that invade erythrocytes through the CR1 receptor
may be more successful in individuals that express both the
Kn” and KAM" Knops blood antigens.

There was no significant difference in the frequencies
of the -47954 > G (McC*®) and 48284 > G (S11/S12) SNPs
between infected and control groups. S/2 undergoes posi-
tive selection in African populations and it has been hy-
pothesized that SI2 by itself and in association with the
McC? allele probably confers a survival advantage in the
populations involved (Moulds et al., 2004; Thathy et al.,
2005; Barreiro et al., 2008). In contrast, although several
studies have examined the effect of the S/2 and McC” al-
leles on susceptibility to malaria the results are conflicting.

A case-control study from Gambia found no signifi-
cant association between the SI2 or McC” alleles and pro-
tection from severe malaria (Zimmerman et al., 2003;
Gandhi et al., 2009). Moreover, two recent studies, one
from India (Gandhi et al., 2009) and another from Gambia
(Jallow et al., 2009), found no significant effect of the S/2
SNP on susceptibility to malaria. In contrast, a study in
western Kenya found that children with the S/2/5/2 geno-
type had a reduced risk of cerebral malaria (OR = 0.17;
95%CI 0.04 to 0.72; p = 0.02) compared to children with
S11/S11 (Thathy et al., 2005).

The discrepancies among these studies may again re-
flect ethnic differences, variation in CR1 expression levels,
study design and divergent pathogenic mechanisms (in-
cluding the intensity of transmission, levels of immunity
and interactions with other malaria-resistant genes) in dif-
ferent areas. Additional studies on caboclo Brazilian popu-
lations are warranted in order to clarify the influence of
genetic background on susceptibility to malaria.

Few case-control studies of Knops blood group SNPs
have been reported and most publications have dealt with
studies of population structure. The present report provides
a case-control study of CR1 gene SNPs that have not previ-
ously been studied in individuals from the state of Ama-
zonas in Brazil.

In conclusion, the results described here suggest that
susceptibility to P. falciparum infection is associated with
Kn” allele carrier status and with a combination of this al-
lele and the KAM" allele (H8 haplotype). Repeating this
study in a larger sample could confirm these associations.
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Table 4 - Allele frequencies in the Knops blood system in control subjects and in three groups of infected individuals (P. falciparum, P. vivax and P.

falciparum + P. vivax).

Controls (n=27) P. falciparum P P. vivax (n = 34) p P. falciparum
(n=25) + P. vivax (n = 33)

CRI-4646 4> G A 0.80 0.92 0.91 0.91
N15408 G 0.20 0.08 0.09 0.09

0.096 0.112 0.113
CRI-4708G>4  Kn' 0.98 0.86 0.91 0.89
Kn® Kn® 0.02 0.14 0.09 0.11

0.027 0.132 0.072
CRI-47954>G  McC* 0.96 0.92 0.94 0.97
MeC*” McC® 0.04 0.08 0.06 0.03

0.424 0.692 1.000
CRI-4828A>G  SlI 0.87 0.84 0.93 0.83
St/siz si2 0.13 0.16 0.07 0.17

0.782 0.366 0.617
CRI-4855 T > 4 Sl4 1.00 1.00 1.00 1.00
S/SI3 SI5 0.00 0.00 0.00 0.00
CRI-48704> G KAM- 0.57 0.50 0.56 0.54
KAM/KAM ™ KAM' 0.43 0.50 0.44 0.46

0.555 1.000 0.854

Table 5 - Haplotype frequencies of six SNPs in the CR1 gene in control subjects and in three groups of infected individuals (P. falciparum, P. vivax and

P. falciparum + P. vivax).

Group H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12
Controls (n=27) 0.37 0.28 0.9 _ 0.04 _ 0.02 _ 0.20 _ _
P. falciparum (n = 25) 0.42 0.20 0.08 _ 0.08 _ _ 0.14 _ 0.08 _ _
P. vivax (n=34) 0.47 0.28 0.01 _ 0.06 _ _ 0.09 _ 0.09 _ _
P. falciparum + P. vivax (n=33)  0.45 0.18 0.14 B 0.03 -~ _ 0.11 _ 0.09 _ _

Further studies will be needed to establish whether these al-
leles are risk factors or protective factors, and whether other
polymorphisms in the CR1 gene are also involved. Func-
tional studies are also needed to determine the mechanism
whereby CR1 receptor mutations contribute to the suscepti-
bility of infection by P. falciparum in this population.
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