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Abstract

Evidence from autopsy, mouse-model and /n vitro binding studies suggests that adhesion of
erythrocytes infected with Plasmodium falciparum to the human host intercellular adhesion
molecule (ICAM)-1 receptor is important in the pathogenesis of severe malaria. Previous
association studies between polymorphisms around the /CAMI gene and susceptibility to severe
malarial phenotypes have been inconclusive and often contradictory. We performed genetic
association studies with 15 single-nucleotide-polymorphisms (SNPs) around the /CAMZ locus. All
SNPs were screened in a family study of 1071 trios from Gambia, Malawi and Kenya. Two key
non-synonymous SNPs with previously reported associations, rs5491 (K56M or ‘ICAM-1Kilifi)
and rs5498 (K469E), were tested in an additional 708 Gambian trios and a case-control study of
4058 individuals. None of the polymorphisms were associated with severe malaria phenotypes.
Pooled results across our studies for ICAM-1Kilifi were, in severe malaria, odds ratio (OR) 1.02,
95% confidence interval (CI) 0.96 — 1.09, P=0.54, and cerebral malaria OR 1.07, Cl 0.97 - 1.17,
P=0.17. We assess the available epidemiological, population genetic and functional evidence
which links ICAM-1Kilifi to severe malaria susceptibility.
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Introduction

Several lines of evidence implicate intercellular adhesion molecule (ICAM)-1 in the
pathogenesis of severe Plasmodium falciparum malaria. The causes of severe disease are
complex, but a key feature is the adherence of parasite infected red blood cells (iRBC) to
components of the vascular space and particularly endothelium.1 Adhesion of iRBCs to
brain microvasculature is suspected to contribute to the development of cerebral malaria
(CM) a manifestation of severe disease associated with high rates of mortality.2,3 P.
falciparum erythrocyte membrane protein 1 (PfEMP1) is central to this adhesive behaviour.
PfEMPL1 is expressed by the parasite onto the surface of iRBCs where it is subject to
antigenic variation during the course of an infection.4 PfEMP1 adheres to a range of
molecules expressed by the human host including ICAM-1,5 IRBCs bind the first N-
terminal immunoglobulin-like domain of ICAM-1.6 Autopsy studies of patients with fatal
CM and severe malarial anaemia (SA) found iRBC sequestration on brain vascular
endothelia cells, with enhanced expression of adhesion molecules, including ICAM-1, in the
areas of iRBC binding.7,8,9,10 Studies of parasite isolates have found high rates of in vitro
ICAM-1 binding among wild strains, but reported correlations between ICAM-1 binding
and disease severity have been inconsistent.11,12,13

ICAM-1 (CD54), a member of the immunoglobulin super-family, is typically expressed on
endothelial cells, particularly in the brain where expression is strongly increased by pro-
inflammatory cytokines.14 As a key component of the immune system ICAM-1's role in
malaria susceptibility is not limited to direct interaction with the PFEMP1. ICAM-1 binds
lymphocyte function-associated antigen (LFA)-1, a leukocyte cell surface glycoprotein,15
allowing leukocytes passage through the blood brain barrier. Interaction between LFA-1 and
ICAM-1 activates natural Killer cells during P. falciparum infection.16 ICAM-1 is also a
receptor for plasma protein fibrinogen,17 Mac-118 and Rhinovirus.19

In 1997 Fernandez-Reyes ef al. sequenced the N-terminal domain of ICAM-1 in
asymptomatic Kenyan children and found a non-synonymous coding polymorphism.20 The
new allele, designated ICAM-1Kilifi (rs5491), causes a lysine to methionine change at
position 56 of the coding sequence (position 29 in the mature protein). This raised the
possibility that the mutant allele had been selected for by endemic malaria. However (to
their surprise) a case-control study of Kenyan children (260 severe malaria cases and 287
community controls) suggested that the ICAM-1Kilifi gjlele was associated with an increased
susceptibility to CM. The authors noted ICAM-1Kilifi was common (~30%) in Kenyan and
Gambian populations, but not found in a sample of Caucasians, leading the authors to
speculate that ICAM-1Kilifi provided a compensatory selective advantage through an
unknown mechanism. In contrast to the first study a paired case-control analysis from
Gabon (100 severe malaria cases and 100 mild cases), published in 1999, reported a
protective effect from ICAM-1Kilifi 21 No subsequent association study has replicated either
of these initial findings. Case-control studies in the Gambia,22 Thailand,23 Senegal,24
Nigeria,25 and further case-control26 and longitudinal studies27 in Kenya reported no
significant association between malaria phenotypes and ICAM-1Kilifi_Case-control analysis
in Nigeria did suggest a marginal signal of association with susceptibility to another single-
nucleotide-polymorphism (SNP) in exon 6 (rs5498).

While there is a strong rationale why genetic variation around the /CAM1 gene could affect
susceptibility to severe malarial phenotypes, only a fraction of the common SNPs around the
locus have been tested for disease associations, and the results for the closely studied
ICAM-1Kilifi yariant are inconclusive. We designed and conducted an experiment to screen
common variation across /CAMJ1, while targeting the two non-synonymous /CAMI SNPs
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(ICAM-1Kilifi and rs5498, those with previously reported associations) with well-powered
tests.

Family-based association analysis of ICAM1 SNPs with severe malaria phenotypes

Fifteen SNP makers around the /CAMI gene were selected for genotyping in 1071 parent-
offspring trios from Gambia, Kenya and Malawi. Each trio comprised a child affected by
severe malaria and their parents. The non-synonymous SNPs ICAM-1Kilifi and rs5498 were
also genotyped in 708 additional Gambian families. Further details of subjects and severe
malaria phenotypes are given in the materials and methods section. Markers were tested for
disease associations in additive, dominant and recessive models using the FBAT application.
The results for the additive model in severe malaria, along with allele frequencies for parents
and offspring in the family study are shown in Table 1 (the association results for sub-
phenotypes and specific populations are documented in Supplementary Table S1).

No significant association was found between /CAMI SNPs and severe malaria phenotypes,
or between the SNPs and severe malaria in a specific study region (all P-values > 0.01).
Given that 15 markers are tested for association with three phenotypes, in three genetic
models, all P-values are substantially above relevant thresholds following correction for
multiple testing. With specific reference to ICAM-1Kilifi this variant was not found to be
associated with severe disease (N=1779 trios, p=0.93) or CM (N=842 trios, p=0.1) in our
family-study.

Haplotype-specific association analysis

Using family trio data we performed haplotype-based association analysis with severe
malaria phenotypes in FBAT. Linkage disequilibrium (LD) between /CAM1 SNPs was
inspected using the HAPLOVIEW application. A haplotype block extending across 7 SNPs
in the 5 region of the gene was identified, common to all three study populations (Figure 1).
This 5" haplotype block spans across the exons coding for the first N-terminal domain which
binds PFEMP1, LFA-1 and Rhinoviruses and is the location of ICAM-1Kilifi, FEBAT analysis
of common haplotypes (>5%) revealed no significant disease associations (Table 2).

Population-based association analysis of ICAM-1Kilifi and rs5498 with severe malarial

phenotypes

We genotyped the two non-synonymous SNPs, with previously reported malaria
associations, in three additional population-based studies. The case-control studies were
independent of the family study and in total comprised 2127 cases of severe malaria and
1931 population controls. Further details of subjects and severe malaria phenotypes are
given in the materials and methods section. Both markers were tested for disease
associations in additive, dominant and recessive models using logistic regression. Analysis
of all case-control studies together suggests neither marker is significantly association with
our severe malarial phenotypes (Table 3).

We specifically tested whether ICAM-1Kilifi homozygotes were at altered risk of cerebral
malaria in individual regional populations. In the Gambia case-control study ICAM-1Kilifi
homozygotes demonstrated a possible association with CM susceptibility (taking wild-type
homozygotes as reference; ICAM-1Kilifi homozygotes odds ratio (OR) 2.5, 95% confidence
interval (Cl) 1.37 - 4.75, P=0.003), heterozygotes were not at significantly increased risk
(OR 1.03, C1 0.75 - 1.42, P=0.85). This is reflected in the result for all severe cases in
Gambia under the additive model (Table 3). A similar, but non-significant, trend was found
in the family-study (ICAM-1Kilifi homozygotes OR 1.3, CI 0.75 - 2.24, P=0.35 and
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heterozygotes OR 1.0, C1 0.784 - 1.3, P=0.94 (performed by case-pseudo-control logistic
regression conditioning on parental genotypes28)). This finding merits cautious
interpretation, as (a) ICAM-1Kilifi homozygotes represent a relatively a small sub-group of
the Gambians (6% of all Gambian cases, 50 individuals); (b) the trend was not followed in
the other two populations, including Kenyans where a link with CM was originally reported
20; (c) no association between CM and ICAM-1Kilifi was reported in a previous Gambian
study 22. No other significant region-and-sub-phenotype-specific associations were
observed. Pooled family- and population-based association analysis was performed using the
UNPHASED application (Table 3). Using this large combined dataset we have narrowed the
confidence interval of the risk estimate for ICAM-1Kilifi which does not appear to be
associated with severe disease (OR 1.02, C1 0.96 to 1.09) or CM (OR 1.07, C1 0.97 - 1.17).

Discussion

There is a strong rationale why genetic variation around the /CAM! gene, particularly the
ICAM-1Kilifi yariant could affect susceptibility to severe malarial phenotypes. However
genetic epidemiological studies of the ICAM-1Kilifi varjant have demonstrated a pattern
consistent with other candidate gene studies of complex human disease, in which early
interesting results have not been replicated in subsequent studies29 (Table 4). We conducted
an association screen for common variation across the /CAM1 gene, while targeting two
non-synonymous SNPs with well-powered tests, using family- and population-based
methods. This has led to a substantial refinement of the risk estimates for ICAM-1Kilifi gnd
rs5498. Neither of these non-synonymous SNPs, nor any other genotyped SNP in the
ICAM1 locus were significantly associated with severe disease or cerebral malaria in our
study. We cannot rule out the possibility that ICAM-1Kilifi js associated with a small effect
(e.g. an odds ratio of 1.1 or 1.05), particularly if it is limited to smaller subgroups e.g. a sub-
phenotype of severe disease, or only the rare ICAM-1Kilifi homozygotes. However our
results do not support the existence of the large effect sizes initially reported. Differences in
clinical phenotype definition between study sites could confound results. In our study we
have attempted to standardize phenotype definition using key clinical parameters (such as
Blantyre Coma Score or Haemoglobin concentration), but it is possible that disparity in
phenotype definition between studies is responsible for the diversity of findings reported in
the literature.

Variation in the prevalence of ICAM-1 binding strains between geographic regions (and in
one region over time), could explain some of the differences between studies. Substantial
research has been undertaken investigating the functional differences between wild type
ICAM-1 and ICAM-1Kilifi | aboratory isolates of A. falciparum adherent to ICAM-1 show
differences in adhesive phenotype between reference ICAM-1 and ICAM-1Kilifi 30,31
Binding of the A4 parasite line to ICAM-1Kilifi s reduced under both static and flow
conditions, while interestingly binding of the ItG line (derived from the same Brazilian
isolate as A4 but with repeated selection on ICAM-1) is far less affected by the K29M
residue change. ICAM-1 mutagenesis experiments have suggest that even closely related
parasite strains can use different contact residues for adherence on ICAM-1.31 This raises
the possibility that some wild African P. falciparum strains express PFEMP1 molecules
adapted to preferentially bind ICAM-1Kilifi (or which shows little difference between
ICAM-1 alleles). This could explain the absence of a significant disease association, despite
the pronounced functional differences seen with laboratory strains.

The geographic distribution of the non-synonymous ICAM-1Kilifi has raised the suspicion of
a selective event involving this variant. The ICAM-1Kilifi g[lele SNP is at a derived allele
frequency of around 20-30% in many African populations (Gambia 19.6%, Kenya 28.4%,
Malawi 29.6% (present study), Nigeria 31.6%, Gabon 27%,21 Senegal 17%?24). However
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ICAM-1Kilifi js also present at frequencies around 5% in East Asia (Papua New Guinea
4.9%,21 Thailand 1.7%,23 Han Chinese 7.8%, Japanese 5.7% 32) and is uncommon but not
absent from European-derived populations (Sweden 1.1%,33 North Carolina Caucasians
0.4%34). Although Caucasian allele frequencies might represent recent African admixture,
the presence of ICAM-1Kilifi jn several East Asian and Pacific Rim populations suggests that
the allele has been common in humans for some time (potentially tens of thousands of
years), and may have become rare in European-derived populations due to drift,
demography or even selection.

The /CAM!I locus has been screened in a number of genome-wide surveys for recent
evolutionary selection (with metrics including heterozgosity, excess of rare alleles, high
frequency derived alleles, population differentiation (Fst) and long range haplotype tests)
the locus has not been considered an outlier.32,35,36 There is evidence of selection at
ICAM1 over longer timescales, as comparative sequence analysis has suggested the gene
has been under selection in the human-chimp lineage.37 It should be noted that residue 29 is
not conserved in primate evolution (Figure 2). If we include the ICAM-1Kilifi protein, the
modern range of functional primate ICAM-1 molecules includes four diverse types of
amino-acid side chain: positively charged (Lysine), negatively charged (Aspartic acid), polar
uncharged (Threonine) and non-polar (Methionine). This may indicate that the residue,
located in a coiled loop which projects from the surface of the N-terminal domain38 is
subject to relatively few functional constraints, but would also be consistent with multiple
changes to evade pathogen binding.

The incidence of intermediate frequency non-synonymous mutations is probably greater
than may often be considered. To date over 16 thousand polymorphic non-synonymous
SNPs have been genotyped in a sample of Yoruba ethnicity individuals from Nigeria (YRI)
as part of the International Haplotype Map (HapMap) project (release 22).32 For non-
synonymous SNPs, polymorphic in YRI, 14.7% (2338/15883) have a Wright's FgT between
YRI and the CEPH samples (from Utah but of North-Western European origin) greater than
0.143 (the level of population differentiation seen at rs5491). Using published estimates of
ancestral status (see online supplementary data associated with36 (http://hg-
wen.uchicago.edu/selection/haplotter.htm)) we identified the derived allele in a subset of
non-synonymous SNPs. 48.1% (4016/8344) of non-synonymous SNPs, polymorphic in YRI,
have a derived allele frequency greater than 0.25 (the derived allele frequency of rs5491 in
YRI). However, in the specific situation, where no derived alleles are found in the CEPH
samples (as with rs5491), only 7.9% (86/1089) of non-synonymous SNPs, polymorphic in
YRI, have a derived allele frequency greater that 0.25.

If we accept the geographical distribution of the ICAM-1Kilifi 3ljele as evidence of an
African selection event, particularly in light of the strong functional evidence — how could
we tally selection with lack of a significant association with severe malaria phenotypes? An
interesting explanation would be a frequency-dependant model; here an equilibrium exists
between the human polymorphism frequency, and parasite strain frequency, with competing
strains preferring either ICAM-1Kilifi or [CAM-1R€f binding. Change in host allele
frequency is opposed by expansion in the relevant binding parasite strains, selecting against
the expanded allele and returning the system to equilibrium. At close to equilibrium all
individuals would have similar risk of life-threatening malaria irrespective of their ICAM-1
genotype. A simpler explanation is that ICAM-1Kilifi js under selection through processes
unrelated to severe malaria. The ICAM-1 residue 29 is situated in the region binding
LFA-139 and human rhinoviruses.40 ICAM-1Kilifi has reduced avidity for LFA-1, abolishes
binding to soluble fibrinogen41 and prevents binding of some rhinovirus serotypes.42 A
longitudinal study of Kenyan children has reported a significantly reduced incidence of non-
malarial febrile illness among ICAM-1Kilifi homozygotes.27
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Future research is likely to include increasingly large-scale epidemiological studies, based in
developing countries, encompassing a broad range of infectious diseases. It will be
interesting to see whether the report of an association between ICAM-1Kilifi and non-
malarial infections is replicated in these experiments. The trend in genetic studies of
complex disease has been a move from candidate-based to whole genome approaches. The
possibility of host and parasite allele frequency-dependent models highlights the need to
extend future work to capture information about the genome of the parasite as well. In
conclusion, our analysis has demonstrated that variation in /CAM1, specifically
ICAM-1Kilifi does not have the substantial impact on malaria susceptibility reported in early
studies. However, it is apparent that genetic variation in the /CAM1 gene can modulate
immune function, and may be associated with susceptibility to non-malarial infections.
Therefore ICAM-1 remains an important candidate molecule for future studies of human
health in developing countries.

Materials and Methods

Subjects

Patient samples were collected during ongoing epidemiological studies of severe malaria at
the Royal Victoria Hospital, Banjul, The Gambia; the Queen Elizabeth Central Hospital,
Blantyre, Malawi; and Kilifi District Hospital, Kilifi, Kenya. P. falciparum malaria is
endemic in these study sites, with most life-threatening disease occurring in children under
the age of 5 years. All DNA samples were collected and genotyped following approval from
the relevant research ethics committees and informed consent from participants. Controls
were cord blood samples obtained from birth clinics in the same regions as the cases.
Further demographics of the cases and controls including ethnicity, sex and age distribution
have previously been published.43

Phenotype definition

All cases were children admitted to hospital with evidence of P. falciparum on blood film
and clinical features of severe malaria.44,45 We used a Blantyre coma score of <2 as a
criterion of cerebral malaria (CM), and hemoglobin <5g/dl or packed cell volume <15% as a
criterion of severe malaria anaemia (SA). Some individuals had both CM and SA. Of the
severe malaria cases that were not CM or SA by these criteria, most had lesser degrees of
coma (Blantyre coma score 3) or anemia (Hb 5-6g/dl), or other complications such as
respiratory distress. Our family-based study comprised:

i) 612 Gambian trios genotyped for all markers and an additional 708 Gambian trios
used to genotype ICAM-1Kilifi and rs5498 (in total the Gambian trios included 512 CM
cases and 343 cases of SA).

ii) 225 Malawi trios (216 CM, 39 SA).
iii) 234 Kenyan trios (114 CM, 85 SA).
The population-based study (used to genotype ICAM-1Kilifi and rs5498) comprised:

i) 701 Gambian cases and 624 controls (324 cerebral malaria, 217 severe malarial
anaemia).

ii) 718 Malawian cases and 405 controls (640 cerebral malaria, 101 severe malarial
anaemia).

iii) 708 Kenyan cases and 902 controls (216 cerebral malaria, 270 severe malarial
anaemia).
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Power calculations

Power calculations were performed using the Genetic Power Calculator (http://
pngu.mgh.harvard.edu/~purcell/gpc/)46. Across all case-control studies we would expect
95% power (based on our sample size, allelic odd ratio of 1.2, high risk allele frequency of
0.25 and a type | error rate of 0.05), a single regional case-control study (for example 701
cases and 624 controls) would have 54% power. For a similar effect size across the total
family trio study (1779 trios) we would have 92% power.

SNP selection

Data from HapMap release 19 (October 2005, www.hapmap.org) was used to identify 19
SNPs within 5 kb of the /CAM!I gene, polymorphic in the Yoruba ethnic group from Ibadan
in South West Nigeria (YRI). Assays were developed for these and two further non-
synonymous SNPs: rs5498 which was not typed in HapMap release 19, but has a reported
association with severe malaria,25 and rs1799969 which was typed by HapMap but found to
be monomorphic in the Yoruba. Following initial testing two assays (rs5030399, rs281437)
were rejected on technical grounds, and four further assays were rejected due to low allele
frequencies (less than 2 %) in Gambians (rs5030364, rs5030400, rs5030384, rs1799969).

Sample preparation and genotyping

Genomic DNA samples underwent whole genome amplification through either Primer
Extension Pre-amplification (PEP)47 or Multiple Displacement Amplification (MDA)48,
before genotyping on a Sequenom MassArray genotyping platform49. There were low rates
of missing data and all population control genotypes/ untransmitted parental alleles were in
Hardy-Weinberg equilibrium (P > 0.01) (Supplementary Table S2).

Statistical analysis

Family-based association analysis was performed using FBAT version 1.7.2 50,51. Case-
control association analysis was performed by logistic regression using covariates of ethnic
group, gender and Sickle status. DNA Sequenom genotyping for the Hemoglobin S (HbS)
variant was performed for all samples as previously described.43 For logistic regression we
utilized STATA (v9.2 for windows) and the genassoc package (http:// www-
gene.cimr.cam.ac.uk/clayton/software/) written for STATA by David Clayton. In both
family- and population based studies we tested each marker in additive, dominant and
recessive models, with three phenotypes (CM, SA and all severe cases) and tested for SNP-
based associations with severe disease in each study region (Gambia, Malawi and Kenya).
Pooling across all case-control and family-studies was performed using the UNPHASED
application version 3.0 (http://www.mrc-bsu.cam.ac.uk/personal/frank/software/unphased/)
52,53 which employs a retrospective likelihood framework for performing genetic
association analysis, and can be used to combine data from nuclear families and unrelated
subjects. Ethnic origin was found to be a significant confounder and was retained as a
covariate in the UNPHASED analysis. Haplotype structure around the /CAMI region, in
each of our family datasets was examined using HAPLOVIEW version 3.32 54 (http://
www.broad.mit.edu/mpg/haploview/), haplotype blocks were defined using a solid spine of
LD (as defined by D"> 0.75). Haplotype disease association analysis was conducted within
the FBAT framework using family data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Linkage disequilibrium at the /CAM!Z locus in 612 Gambian family trios. An exonic model
of the /CAM1 gene (along with the nearby /CAM4and /ICAM5 genes), demonstrating the
relative positions of our genotyped SNPs. All SNPs were within 5kb of the /CAM1 gene.
LD (D") calculated using the HAPLOVIEW application. A region of relatively high D’ can
be seen across the 5" of the gene, a section coding for the PFEMP1 binding N-terminal of
ICAM-1. This haplotype block (7 SNPs from rs5490 to rs5496) was used in our haplotype

association analysis.
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Homo sapiens QTSVSPSKVI LPRGGSVLVT CSTSCDQPI’;L LGIETPLPKK ELLLPGNNRK VYELSNVQED
Pan troglodytes
Pan paniscus

Gorilla gorilla
Pongo pygmaeus
Macaca mulatta B
Mus musculus .V.IH.REAF ..Q....Q. ..S..KEDLS

Figure2.

ICAM-1 amino acid alignments. The first 60 residues of the mature ICAM-1 protein in Man,
Common Chimpanzee, Pygmy Chimpanzee, Gorilla, Orangutan, Rhesus Monkey and
Mouse (Genbank identifiers AF340038, AF340033, AF340042, AF340036, AF340041,
AF340040 and NM_010493). The location of the K to M non-synonymous SNP rs5491 or
ICAM-1Kilifi yariant is indicated with an asterisk (position 29 of the mature protein).
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Case-control and pooled case-control/family data association analysis between ICAM-1Kilifi (rs5491), rs5498
and severe malaria phenotypes.

SNP Phenotype  OR 95% ClI. P
Case-control studies ¢

rs5491 CM 1.07 094-121 033
- SA 110 0.95-128 0.21
- All Severe  1.10 1-1.22 0.06
- Gambia 1.23 1.01-15 0.04
- Kenya 1.07 0.92-125 0.40
- Malawi 1.05 0.87-127 0.62
s5498 CM 112 0.95-131 0.19
- SA 097 0.79-1.18 0.75
- All Severe  1.06 0.93-121 041
- Gambia 110 0.86-142 045
- Kenya 1.07 087-132 052
- Malawi 099 0.78-126 0.94
Pooled across case-control and family studies b
rs5491 CM 1065 097-117 0.17
- SA 0.988 0.88-1.11 0.85
- All Severe  1.021 0.96-1.09 0.54
rs5498 CM 1.087 097-122 0.16
- SA 0924 0.79-1.09 0.34
- All Severe  1.029 094-1.12 0.3

a . . L . . .
Results for severe malaria phenotypes across case-control studies and for severe malaria in regional case-control studies (P<0.05 underlined).

bResuIts for severe malaria phenotypes pooled across case-control and family studies (using UNPHASED).
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