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Abstract

Malaria is one of the strongest selective pressures in recent human evolution. African populations
have been and continue to be at risk for malarial infections. However, few studies have re-
sequenced malaria susceptibility loci across geographically and genetically diverse groups in
Africa. We examined nucleotide diversity at Intercellular adhesion molecule-1 (ICAM-1), a
malaria susceptibility candidate locus, in a number of human populations with a specific focus on
diverse African ethnic groups. We used tests of neutrality to assess whether natural selection has
impacted this locus and tested whether SNP variation at ICAM-1 is correlated with malaria
endemicity. We observe differing patterns of nucleotide and haplotype variation in global
populations and higher levels of diversity in Africa. Although we do not observe a deviation from
neutrality based on the allele frequency distribution, we do observe several alleles at ICAM-1,
including the ICAM-1Kilifi alele, that are correlated with malaria endemicity. We show that the
ICAM-1Kilifi glele, which is common in Africa and Asia, exists on distinct haplotype backgrounds
and is likely to have arisen more recently in Asia. Our results suggest that correlation analyses of
allele frequencies and malaria endemicity may be useful for identifying candidate functional
variants that play a role in malaria resistance and susceptibility.

Introduction

Selection due to infectious disease has had a major impact on patterns of genetic variation
within and between modern human populations (Ayodo et al. 2007; Cook and Hill 2001;
Fortin et al. 2002; Hamblin and Di Rienzo 2000; Hamblin et al. 2002; Ko et al. 2011;
Verrelli et al. 2002). Malaria, in particular, has been an important selective force in recent
human evolution (Clegg and Weatherall 1999; Fortin et al. 2002; Kwiatkowski 2000, 2005;
Livingstone 1958, 1971; Verra et al. 2009). Characterizing patterns of nucleotide diversity at
malaria susceptibility candidate loci and testing for signatures of natural selection may be
informative for identifying functional loci that are related to malaria susceptibility (Ayodo et
al. 2007; Ko et al. 2011; Tishkoff et al. 2001).

Intercellular adhesion molecule-1 (ICAM-1) is expressed on the surface of vascular
endothelium cells and is thought to play a role in the pathogenesis of severe malaria
(Chakraborty and Craig 2004; Chattopadhyay et al. 2004; Chen et al. 2000). During the
erythrocytic phase of a Plasmodium falciparum infection, infected erythrocytes (IE) adhere
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to ICAM-1 and a number of other endothelial cell receptors (e.g. CD36, VCAM-1, and
PECAM). The adherence of IEs to ICAM-1 is mediated through PFEMP-1 (P. falciparum
erythrocyte membrane protein-1), which is a P. falciparum protein that is exported to the red
blood cell membrane surface during malarial infections. The adherence of IEs to vascular
endothelium is a critical component of a malaria infection because it is associated with
complications of severe malaria, including cerebral malaria, which is a major cause of
mortality, especially in Africa (Miller et al. 2002; Murphy and Breman 2001; Turner et al.
1994).

Because ICAM-1 has been implicated in the pathogenesis of severe malaria, a number of
studies have investigated how genetic variation at ICAM-1 is related to malaria susceptibility
and malarial disease phenotypes (Adams et al. 2000; Ayodo et al. 2007; Bellamy et al. 1998;
Craig et al. 2000; Fry et al. 2008; Kun et al. 1999). In 1997 Fernandez-Reyes et al. (1997)
identified a high-frequency non-synonymous single-nucleotide polymorphism (SNP) in
ICAM-1 (rs5491). The derived allele of this SNP, designated |CAM-1Kilifi causes a lysine to
methionine change at amino acid position 29, which is located in the domain of ICAM-1
involved in IE adherence. When Fernandez-Reyes et al. (1997) examined the frequency of
this allele among severe malaria cases and age-, time- and location-matched controls, they
found that the ICAM-1Kilifi allele was associated with increased susceptibility to severe
malaria, rather than protection. Subsequent studies have tested for evidence of an association
between | CAM-1Kilifi and susceptibility to malarial disease. These studies have reported
contradictory results. For example, Kun et al. (1999) suggest that ICAM-1Kilifi may be
protective against severe malaria, whereas other studies suggest that no association exists
between variation at ICAM-1 and malarial disease (Fry et al. 2008; Ndiaye et al. 2005;
Ohashi et al. 2001). The ICAM-1Kilifi gllele is also largely restricted to Africa and Asia,
where the prevalence of malaria is high. This has caused some (Fry et al. 2008; Newbold et
al. 1999) to propose that the restricted geographic distribution of this allele is the result of a
selective event related to protection from malaria.

African populations have been and continue to be at risk for malarial disease. In 2007,
approximately 345 million Africans lived in high malaria transmission areas (Hay et al.
2009) and in 2009, 91 % of the global malaria deaths occurred in Africa (WHO 2010).
Because African populations have high levels of genetic sub-structure (Tishkoff et al. 2009)
and live in diverse environments with differing exposure to P. falciparum, they may have
population or regionally specific variants that play a role in malaria susceptibility.
Therefore, we have re-sequenced approximately 6 kb of ICAM-1, located at 19p13.3-p13.2,
in a sample of 416 unrelated, geographically and ethnically diverse, African and non-
African individuals. We applied tests of neutrality to these data to identify signatures of
natural selection and have tested whether patterns of genetic diversity at ICAM-1 are
correlated with levels of malaria endemicity. The results of our study show that the
ICAM-1Kilifi allele and SNPs in linkage disequilibrium (LD) with this site are correlated with
malaria endemicity. This result implies that the ICAM-1Kilifi variant is indeed a candidate
site for protection against malaria and deserves further study. Our results also suggest that
correlation analyses may be useful to detect functional malaria resistance alleles that may
not show simple signatures of natural selection.

Materials and methods

Populations sampled

We sequenced ICAM-1 in 318 individuals from 17 ethnically and geographically diverse
African populations and 98 non-African individuals from four populations (Table 1). The
Africans individuals included in this study come from diverse ethnic groups located in
Nigeria, Cameroon, Tanzania, Kenya, Mozambique, Sdo Tomé, Chad, and Sudan. In some
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cases, the specific ethnic group of a sampled individual was not known and these individuals
are listed by geographic region of origin (see Table 1). In addition to the geographic and
ethnic diversity represented by the African individuals included in this study, these
individuals also live in different climates, practice different subsistence strategies, and live
in areas of Africa where malaria endemicity differs (Snow et al. 2005; Tishkoff et al. 2009).
All samples were collected and analyzed after obtaining approval from the institutional
review boards (IRBs) of the University of Maryland and the University of Pennsylvania.
Research and ethics approval and permits were obtained from the following institutions
prior to sample collection: Commission for Science and Technology and the National
Institute for Medical Research in Dar es Salaam, Tanzania; The Kenya Medical Research
Institute in Nairobi, Kenya; The University of Khartoum in Sudan; The Nigerian Institute
for Research and Pharmacological Development, Abuja, Nigeria; The Ministry of Health
and National Committee of Ethics, Cameroon; The Eduardo Mondlane University, Maputo,
Mozambique; The S&o Tomé Ministry of Health; The University of Porto, Portugal; The
College of Public Health Sciences, Chulalongkorn University, Bangkok, Thailand. Written
informed or oral consent was received from all study participants. The HapMap European
(CEU) and Chinese (CHB) DNA samples were obtained from Coriell Cell Repositories in
Camden, NJ.

PCR and sequencing methods

We re-sequenced 6,134 bp of the ICAM-1 gene, including all seven exons, adjacent intronic
regions, 5" and 3’ UTRs, as well as 1,198 bp upstream of the 5 UTR and 199 bp
downstream of the 3’'UTR. PCR was used to amplify three regions (region | = 2,304 bp;
region Il =527 bp; region 111 = 3,301 bp) of this locus (see Fig. 1). PCR and sequencing
primers were designed using the PRIMER3 (www.frodo.wi.mit.edu) and Primer Select
(Lasergene) software (PCR primers are listed in Supplemental Table 5; sequencing primers
available upon request). PCR fragments were amplified using Platinum HiFi Tag DNA
polymerase (Invitrogen). Each PCR reaction mixture contained 1 x of PCR buffer, 2 mM of
MgSO4, 1 unit of Platinum HiFi Taq DNA polymerase (Invitrogen), 200 mM of dNTP
(Promega), 0.2 mM of each primer, and 100 ng of genomic DNA (final volume, 25 pul). PCR
cycles consisted of one cycle of pre-incubation (94 °C for 1 min), 30 cycles of amplification
(94 °C for 50 s, 65 °C—region Il; 62 °C—region I and 111 for 50 s, and 68 °C for 2-4 min—
depending on product size), and one additional cycle of extension (72 °C 5 min). PCR
amplicons were prepared for sequencing using shrimp alkaline phosphatase and exonuclease
I (U.S. Biochemicals) to eliminate unincorporated dNTPs. Sequencing reactions were
performed using Big Dye Terminator chemistry (Applied Biosystems) and run on an ABI
3730 XL automated capillary sequencer. The Sequencher program (Gene Codes) was used
to assemble and edit all sequence trace files. All singletons were confirmed by re-
sequencing a new PCR amplicon from the genomic DNA template.

Sequence alignment

Sequences were aligned using CLUSTAL X v.2.0 (Larkin et al. 2007) and adjustments were
made manually to the alignment using the editing features of Bioedit (http://
www.mbio.ncsu.edu/bioedit/bioedit.html) and Jalview (Waterhouse et al. 2009). Position
one corresponds to the “A” in the ATG transcription start site, which corresponds to position
10,381,836 on chromosome 19 in GRCh37.p5/hg19 (Ref seq: NT_011295). The first
sequenced nucleotide corresponds to —1520 from the “A” in the ATG transcription start site,
which corresponds to position 10,380,316 on chromosome 19 in GRCh37.p5/hg19 (see
Supplemental Table 1). The derived allele for polymorphic sites was determined using
parsimony by comparing the human allele to the P. troglodytes sequence (NC006486.2).
When the P. troglodytes data were unavailable the ancestral allele was determined using the
ancestral allele determinations available in dbSNP (Sherry et al. 2001).
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Nucleotide diversity, haplotype phase, and linkage disequilibrium analyses

We examined nucleotide diversity at ICAM-1 using two different measures of nucleotide
diversity: average pairwise nucleotide difference (7)) (Nei 1987) and Watterson’s 4,
(Watterson 1975) We used PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/), which is a
tool that predicts the impact of non-synonymous SNPs on the structure and function of
human proteins, to investigate potential consequences of the non-synonymous
polymorphisms identified in this study (Table 2).

Haplotype phase was inferred in individuals pooled by major geographic region (i.e. Africa,
Asia, and Europe) using the program PHASE 2.1.1 (Stephens et al. 2001). Patterns of LD at
ICAM-1 were examined using Haploview (Barrett et al. 2005). To maximize our power to
detect significant patterns of LD, we examined pairwise LD between all SNPs that had a
minor allele frequency =2 % in each continental sample (i.e. LD was examined separately in
African, Asian, and European populations). The correlation between sites was measured
using r2. The significance of each pairwise comparison was calculated using a Fisher’s exact
test and a Bonferroni correction in DnaSP v. 5.10.01 (Librado and Rozas 2009). Because the
frequency of some alleles differed between the African, Asian, and European populations,
the SNPs that were included in analysis of LD in these populations differed slightly. In the
African sample 18 SNPs met our criteria for inclusion into our study of LD. In the Asian
populations 13 SNPs met the inclusion criteria, and in the European sample 11 SNPs were
included in our analysis of LD (Fig. 2).

Tests of neutrality

We used Tajima’s D statistic to examine the site frequency spectrum of ICAM-1 in each
population and to test for deviations from expectations of neutral evolution. Tajima’s D is a
comparison of the statistics 7and Watterson’s 4, which are both estimators of the
population parameter ¢. Because 7and Watterson’s 6, are estimates of the same parameter,
they are expected to be equivalent when a locus is evolving neutrally in a population under a
model of mutation/drift equilibrium (Tajima 1989). Nucleotide diversity and Tajima’s D
were calculated using DnaSP (Librado and Rozas 2009). The significance of Tajima’s D
values was determined using coalescent simulations of the null distribution of Tajima’s D
generated in DnaSP using 10,000 simulations for given number of segregating sites under
the assumption of constant population size.

We also used the McDonald Kreitman test (McDonald and Kreitman 1991) to compare the
ratio of non-synonymous to synonymous polymorphisms within humans to the ratio of fixed
non-synonymous to synonymous polymorphisms between the chimpanzee reference and
humans. This test was used to detect whether natural selection has produced an excess of
fixed or polymorphic non-synonymous changes. This test was implemented in DnaSP and
significance was assessed using a Fisher’s exact test.

Population differentiation

We used Fg1 to examine allele frequency differences between the populations within major
continental groups (i.e. Africa, Asia, and Europe). Fst was estimated following Akey et al.
(2002), which includes a correction for differences in population sample size. When Fgt
estimates were negative these values were set to zero. To determine whether our estimates of
Fst are similar to what is typically found across the genome, we compared our Fgt values
with genome-wide Fgt estimates for the HapMap Phase I11 SNP data found in the
SNP@Evolution database (Cheng et al. 2009). Although the populations included in the
HapMap Phase |11 database are not identical to ours, comparison of Fgt values in our
dataset, pooled by geographic region, with those from the Hap-Map 111 database provide a
conservative comparison. This comparison is conservative because our study includes a
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more genetically diverse group of Africans, which are expected to have higher Fgt values
than what is observed in the African HapMap |11 populations (Tishkoff et al. 2009).

Correlation between allele frequency at ICAM-1 and malaria endemicity

Results

To examine correlations between the allele frequency of SNPs at ICAM-1 and malaria
endemicity, we calculated Spearman’s rank correlation coefficient (r2), using the R
statistical environment (R 2011), between the derived allele frequency of all non-singleton
SNPs at ICAM-1 and the level of malaria endemicity in a subset of the sampled African
populations (Table 1; Supplemental Table 1; Supplemental Table 4). Significance was
determined by testing whether the observed value of r2 is significantly different from zero.
Malaria endemicity for each population was determined by locating the latitude and
longitude coordinates of a sampling site onto the country-level maps of the spatial
distribution of P. falciparum malaria endemicity, measured by PfPR (P. falciparum parasite
rate) and PfAPI (P. falciparumannual parasite incidence), created by the Malaria Atlas
Project (Hay et al. 2009). PfAPI is a broad measure used to assess the spatial limits of P.
falciparum malaria transmission using nationally reported incidence data, medical
intelligence, and environmental factors that affect the locally dominant Anopheles vectors,
including temperature and aridity (Hay et al. 2009). PfPR, a slightly different measure, is a
commonly used index of malaria transmission intensity. It is measured as the proportion of
the population that is found to carry asexual red blood cell-stage parasites (Smith et al.
2007). Here, we classified each population into one of three classes of malaria endemicity:
the low class of endemicity corresponds to a PfAPI <0.1 per 1,000 people per annum (pa),
the intermediate class of endemicity corresponds to 5 % > PfPR < 40 %, and the high class
of endemicity corresponds to PfPR >40 % (Supplemental Table 1).

To assess whether any of our observed correlations are different than what is observed at
other loci across the genome, we compared the observed ICAM-1 r2 values with empirical
distributions of r2 calculated between the derived allele frequency (as indicated by dbSNP)
of randomly chosen SNPs across the genome with malaria endemicity. The empirical
distributions were built using allele frequencies of 260 genic and 370 intergenic SNPs (as
defined by dbSNP) randomly selected from SNPs typed on an Illumina 1 M SNP array. The
Illumina 1 M SNP array was assayed in the same populations used to assess the correlation
between ICAM-1 allele frequencies and malaria endemicity (Table 1). The value of r2 used
to build each distribution was calculated using the same procedure described above. We
noted if any ICAM-1 r2 values occurred in the top 5 % of either the genic or intergenic
distribution.

Patterns of genetic diversity

We identified a total of 87 SNPs. Of the SNPs we identified, 55 (63 %) are not in dbSNP
(Build 135) (Supplemental Table 1). Nucleotide diversity statistics (7and &,) are shown in
Table 1. Overall, African populations had higher levels of diversity than non-Africans
populations (Table 1). We identified 30 SNPs within the coding region of ICAM-1, 21 of
which are non-synonymous (nine are synonymous), including the previously identified non-
synonymous |CAM-1Kilifi gllele (rs5491) (Table 1). Our PolyPhen results indicate that the
majority of the non-synonymous SNPs are predicted to be benign (47 %); 23 % are
predicted to be “possibly damaging,” and 28 % are predicted to be “probably damaging.” It
is interesting to note that two SNPs (rs5491-1CAM-1Kilifi and rs5498) that are thought to be
related to malaria susceptibility (Amodu et al. 2005; Fernandez-Reyes et al. 1997) are
predicted to be benign. Of the non-synonymous SNPs with a minor allele frequency >3 % in
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the global sample (i.e. non-rare SNPs) only two, at positions +13416 and rs5497, are
predicted to be “probably” or “possibly” damaging (Table 2).

The ICAM-1Kilifi gllele was found in all African and Asian (Thailand and CHB) populations
but was absent in our sampled European populations (Portuguese and CEU). The frequency
of the ICAM-1Kilifi allele ranged from 0.08 to 0.34 in Africa. In the CHB and Thai
populations the frequency of ICAM-1Kilifi allele was 0.13 and 0.21, respectively (Table 1).
We calculated pairwise population Fs for rs5491 (ICAM-1Kilifl) in Africans, Asians
(Thailand and CHB), and Europeans (CEU and Portuguese) to determine continental levels
of sub-structure at this site. The pairwise Fst values for rs5491 are: Fst africa/asia = 0,

FsT africa/Europe = 0.095, FsT Asa/Europe = 0-17. When compared with an empirical genome-
wide distribution of Fg1 values derived from HapMap Phase 111 SNP data, the FsT africa/Asia
value is in the lowest 0.9 % of the empirical distribution. These results indicate that allele
frequencies at rs5491 in Africa and Asia are more similar than what is generally observed
across the genome.

Patterns of linkage disequilibrium (LD) and haplotype variation

Because of the different demographic histories among African, European, and Asian
populations, LD was examined separately within major continental groups (Fig. 2).
Generally, we observed low levels of LD in most populations (Fig. 2). In Africa, we
observed significant LD between rs5491 (ICAM-1Kilifiy and two non-coding upstream SNPs,
rs5030351 (r2 = 0.90; P < 0.001), and rs5490 (r2 = 0.56; P < 0.001). In the Asian
populations we observed significant LD between rs5491 (ICAM-1Kilifiy and rs13306429 (r2
=0.91; P <0.001), which is a synonymous SNP in exon five.

In total, we inferred 157 haplotypes using all 87 identified SNPs (Supplemental Fig. 1).
Because many of these haplotypes occurred only once we also inferred haplotypes using
SNPs that showed a minor allele frequency =2 % in each continental region (i.e. the SNPs
used in the LD analysis). The =2 % threshold was chosen because it allowed the greatest
inclusion of polymorphic sites, while also eliminating singleton SNPs. Using this threshold,
we observed a total of 76 haplotypes (Supplemental Table 2; Supplemental Fig. 2). Of these
haplotypes, 45 are specific to African populations, seven are specific to Asian populations,
and five are specific to European populations (Supplemental Table 2). We observed a total
of 17 haplotypes that contain the ICAM-1Kilifi allele, 14 of which are observed only in
African populations. Of the three ICAM-1Kilifi haplotypes that were observed in Asian
populations (H40, H42 and H43) only one was shared between Asian and African
populations (H40). Haplotype H40 has an observed frequency of 1 % in the Asian
populations and a frequency of 0.4 % in the African populations. Haplotype H42, which was
only found in the Thai population, has an observed frequency of 20 % in the Thai
population, and H43, which was only observed in the CHB population, has an observed
frequency of 10 % in the CHB population.

We used the program NETWORK 4.5 (www.fluxus-engineering.com) to build a median
joining network (Bandelt et al. 1999) of the haplotypes that were inferred using SNPs with a
minor allele frequency =2 % in each continental region. The network of all non-singleton
haplotypes is shown in Fig. 3. Our results show that all of the African ICAM-1Kilifi
haplotypes cluster together in the network. The shared Asian and African | CAM-1Kilifi
halotype (H40) clusters with the other African ICAM-1Kilifi haplotypes. However, the
uniquely Asian |CAM-1Kilifi haplotypes (H42 and H43) do not cluster with the other African
ICAM-1Kilifi haplotypes. There are several median vectors that separate these haplotypes
from H40 and the exclusively African ICAM-1Xlifi haplotypes.
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Tests of neutrality

To test whether the observed patterns of nucleotide diversity at ICAM-1 are consistent with
neutrality we used Tajima’s D statistic (Tajima 1989) and the McDonald-Kreitman test
(McDonald and Kreitman 1991). The results of Tajima’s D test are presented in Table 1.
Generally, our values for Tajima’s D are negative and non-significant. We did observe a
significant negative value for Tajima’s D when all African and non-African samples were
pooled. However, this observation may be the result of pooling sub-structured populations
(Ptak and Przeworski 2002; Wall et al. 2008). The results of our McDonald-Kreitman test
(McDonald and Kreitman 1991) do not show a significant deviation from neutral
expectations (P > 0.5, Fisher’s exact test; Supplemental Table 3).

Correlations between genetic diversity and malaria endemicity

To test the hypothesis that the distribution of SNPs at ICAM-1 is related to malaria
endemicity, we assessed the correlation of the derived allele frequency of non-singleton
SNPs at ICAM-1 with malaria endemicity in Africa using Spearman’s rank (r2) correlation
test. Three SNPs (rs5491, rs5490, rs5030351) have derived alleles with an r2 value that is
>0.55 (P < 0.001) and one SNP (rs5494) had r2 = 0.52 (P < 0.002) (Supplemental Table 4).
To test whether the correlations we observed at ICAM-1 are due to demographic factors,
which would affect all regions of the genome, we calculated the correlation between malaria
endemicity and allele frequencies from 260 randomly chosen genic SNPs and 370 intergenic
SNPs from across the genome, excluding the X and Y chromosomes, assayed on an Illumina
1 M SNP array in the same populations included in the correlation analysis. These
correlation values were used to build a comparative empirical distribution of r2 values. We
then compared the observed correlations we found at ICAM-1 with the empirical distribution
of correlation values (Fig. 4). Of the SNPs we identified, the derived allele of four ICAM-1
SNPs (rs5494, rs5491, rs5490, rs5030351) were in the top 5 % of the empirical distribution
of correlations. This result suggests that the high degree of correlation observed at SNPs at
ICAM-1 is unique compared with the level of correlation with malaria endemicity that was
observed at >600 SNPs from across the genome.

Discussion

In the current study we characterized nucleotide variation through targeted re-sequencing of
ICAM-1 in diverse African, European, and Asian populations. Because African populations
are highly diverse it is important to examine genetic variation in many populations to
understand the range of nucleotide variation and the patterns of LD at a given locus (Ko et
al. 2011; Mortensen et al. 2011; Tarazona-Santos and Tishkoff 2005; Tishkoff et al. 2009).
The populations included in this study were selected to maximize ethnic, linguistic, and
genetic diversity (Tishkoff et al. 2009) and to encompass a range of malaria endemicities
(Hay et al. 2009). Our study identified 87 SNPs, 55 of which are novel, in both the coding
and non-coding regions of ICAM-1. The results of our study suggest that ICAM-1 is more
diverse in African populations than non-African populations, consistent with other studies of
genetic variation (Campbell and Tishkoff 2008).

We observed the ICAM-1Kilifi alele in all African populations on a number of different
haplotype backgrounds and analyses of LD indicate that rs5490 and rs5030351 are in LD
with rs5491 (ICAM-1Kilifty ‘which is consistent with previous studies (Fry et al. 2008). The
ICAM-1Kilifi lele was also present in our sampled Asian populations, but was not identified
in the populations of European descent, also consistent with previous reports in the literature
(Ohashi et al. 2001; Vijgen et al. 2003). Because the ICAM-1Kilifi ajlele is found on several
different haplotype backgrounds that are present in multiple African groups, it is likely that
this SNP arose in Africa prior to the structuring of these groups.
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In Asian populations, we observed the ICAM-1Kilifi allele on three different haplotype
backgrounds (H40, H42, and H43), two of which were found exclusively in the Asian
populations (H42 and H43). The presence of H40 in both Africa and Asia suggests that this
haplotype was either present during early “Out-of-Africa” migrations or is present in Asia
due to recent gene flow. Our phylogenetic network analysis shows that the exclusively
Asian |CAM-1Kilifi haplotypes are separated from the other ICAM-1Kilifi haplotypes by
several median vectors. Bandelt et al. (1999) suggests that median vectors can be
biologically interpreted as possible extant un-sampled haplotypes or extinct ancestral
haplotypes. Additionally, in the case of autosomal loci the presence of median vectors can
result from recombination. The observation that several median vectors separate the
exclusively Asian ICAM-1Kilifi haplotypes from the rest of the network indicates that Asian-
specific ICAM-1Kilifi haplotypes are not closely related to African ICAM-1Kilifi haplotypes.
Thus, it is possible that the exclusively Asian ICAM-1Xilifi haplotypes arose independently in
Asia. Alternatively, the Asian ICAM-1Kilifi haplotypes could have been introduced during a
migration of modern humans out of Africa and were lost due to genetic drift in most African
populations. Under either hypothesis, the observation that the ICAM-1Kilifi allele is at
intermediate frequency in Asia (Thai and CHB pooled allele frequency = 0.15) and has little
associated haplotype diversity, indicates that the ICAM-1Kilifi allele rose to high frequency
relatively recently in Asian populations, possibly due to natural selection resulting from
malaria infection. The results of this study warrant further examination of ICAM-1
nucleotide variation in diverse Asian populations to better understand the evolutionary
history of ICAM-1 in that region.

We used Tajima’s D and the MK test to test for signatures of natural selection. We failed to
reject the null hypothesis in both cases (Table 1; Supplemental Table 3). However, it is
possible that we do not have enough statistical power to observe a significant signature of
natural selection using these tests (Simonsen et al. 1995; Wooding et al. 2004). In particular,
Tajima’s D statistic requires a very strong and recent selection signal to be present to reject
the null hypothesis (Simonsen et al. 1995; Wooding et al. 2004). In previous studies of
genetic diversity at GEPD, a locus that is known to contain alleles that confer protection
against malaria, a significant value of Tajima’s D was also not observed (Tishkoff et al.
2001). However, signatures of selection were detected using tests based on long-range LD
(Sabeti et al. 2002; Tishkoff et al. 2001). Because | CAM-1Klifi js quite old in Africa, as
suggested by high levels of haplotype diversity in Africa, if the frequency of this allele has
been shaped by recent natural selection it is possible that the selective event occurred on
standing genetic variation. Thus, even if this allele is causally associated with malaria
resistance in Africa any signatures of extended LD would be substantially weakened due to
the age of the allele (Novembre and Di Rienzo 2009). Therefore, we would have limited
power to detect a significant signature of positive natural selection using methods based on
extended patterns of LD (Barrett and Schluter 2008; Novembre and Di Rienzo 2009;
Przeworski et al. 2005). Indeed, genomic scans for recent positive selection (Pickrell et al.
2009; Voight et al. 2006) have not identified evidence of extended haplotype homozygosity
(EHH) at ICAM-1.

In 2006, Ryan et al. (2006) showed, using publicly available re-sequencing data of African
and European Americans, that the ICAM-1Kilifi alele has an unusually high Fgt value when
compared with SNPs in genes that encode cytokines, adhesion molecules, cytokine
receptors, and Toll-like receptors. Our results indicate that the Fgt value at rs5491
(ICAM-1Klifiy hetween African and European populations (Fst = 0.095) is similar to what
has been observed at other loci across the genome (Fst = 0.10-0.15) (Barreiro et al. 2008;
Coop et al. 2009; Keinan et al. 2007). However, we observed an exceptionally low Fgt
value (FsT = 0) between African and Asian populations at rs5491. The overall similarity in
allele frequencies at rs5491 between African and Asian populations could indicate that these
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populations have high frequencies of the ICAM-1Kilifi allele due to similar environmental
selective pressures, like malaria. Malaria has been an important selective pressure in African
populations (Sabeti et al. 2002; Tishkoff et al. 2001) and it has also been an important
selective pressure in Asia as well (Ohashi et al. 2004). Hay et al. (2009) estimated that in
2007, 0.69 billion people in central and Southeast Asia were at risk for malaria caused by P.
falciparum. These data suggest that malaria is a common selective pressure in both
Southeast Asia and Africa and could explain the overall similar allele frequencies of the
ICAM-1Kilifi glele in populations from those regions.

At ICAM-1 we observed four SNPs (rs5494, rs5491, rs5490, and rs5030351) whose derived
allele frequencies are correlated with malaria endemicity in Africa. This includes the
ICAM-1Kilifi gllele (rs5491) and two sites in LD with the ICAM-1Kilifi (Fig. 4; Supplemental
Table 4). The fourth allele correlated with malaria endemicity (rs5494) is a synonymous site
in exon 4 that has not been shown to have clinical significance (Sherry et al. 2001). The
correlation of polymorphic sites at ICAM-1 with malaria endemicity is similar to previous
observations that variants that are associated with malaria resistance are correlated with
malaria endemicity (e.g. G6PD and HBB) (Cook and Hill 2001). The results reported here
suggest that one or more of the sites highly correlated with malaria endemicity could play a
role in resistance to malaria.

The ICAM-1Kilifi gllele causes a non-synonymous amino acid change in the 1G-like domain
of ICAM-1 that interacts with PFEMP1. Substantial research has been done to understand
the functional consequences of this amino acid change (Adams et al. 2000; Bertonati and
Tramontano 2007; Craig et al. 2000). For example, in vitro adhesion experiments have
shown that a laboratory strain of P. falciparum called A4 shows reduced binding to
ICAM-1Kilifi proteins when compared with ICAM-1R€f proteins (Adams et al. 2000; Craig et
al. 2000; Tse et al. 2004). These data suggest the possible adaptive function conferred by the
|CAM-1Kilifi a[lele. However, case—control association studies in Africa have produced
conflicting results (Fernandez-Reyes et al. 1997; Fry et al. 2008; Kun et al. 1999; Ndiaye et
al. 2005) and, indeed, other in vitro studies (Adams et al. 2000; Tse et al. 2004) indicate that
although the ICAM-1Kilifi gjlele effects cytoadhesion to several laboratory strains of P.
falciparum, these effects vary among laboratory strains. Therefore, the ultimate functional
relevance of the ICAM-1Kilifi gllele remains an open area of study. However, despite the
conflicting epidemiological and experimental results, the data presented here show that the
ICAM-1Kilifi alele is correlated with malaria endemicity in Africa, and has a similar
intermediate frequency in Southeast Asia where malaria is also prevalent. Our data suggest
that it is possible to use correlation analyses to identify functional variants that may not be
identified using tests of neutrality designed to detect recent strong selective sweeps of new
mutations and add strength to the biological/functional data that suggest the |CAM-1Kilifi
allele may play a role in malaria resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Representation of the ICAM-1 locus spanning ~15 kb. Exons are shown in blue boxes. The
5" and 3’ UTRs are shown in maroon boxes. |CAM-1 was sequenced in three regions (I-111).
The green lines represent silent (synonymous or non-coding) SNPs identified in this study,
and the red lines represent non-synonymous SNPs identified in this study. The red asterisk
(*) is placed over rs5491/ICAM-1Kilifi
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Fig. 2.

Pairwise linkage disequilibrium (LD) in African (a), Asian (b), and European (c)
populations. LD was measured using r2. Gray shading represents values of 0 <r2< 1;r2=0
is shown in white; r2 = 1 is shown in black. The number in each square is the observed
r2value (%). When r2 = 1 no value is shown
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Fig. 3.

Median-joining haplotype network consisting of SNPs with a frequency =2 % in each
continental region spanning the entire region that was sequenced. Haplotypes that were
observed at least two times are shown. The proportion of each haplotype that was observed
in a major geographic region is shown in orange (West Africa), gray (East Africa), blue
(Europe), and green (Asia). Note that the African ICAM-1Kilifi haplotypes cluster together in
one part of the network (indicated by red circle). The arrows indicate the Asian specific
ICAM-1Kilifi haplotypes. Median vectors are indicated by red circles. This figure is not
drawn to scale. The number on each branch indicates the mutation that separates each
haplotype and corresponds to the numbers presented in Supplemental Table 2
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Fig. 4.

Frequency distribution of correlation coefficients (r2) calculated between a randomly chosen
sample of genic (a) and intergenic (b) SNPs across the genome and malaria endemicity (see
Supplemental Table 1 for population malaria endemicity values). Dashed line represents the
top 5 % of each distribution. The four SNPs in the tails of both distributions include rs5491
(ICAM-1Kilifi) ‘the two SNPs that are linked to it (rs5030351 and rs5490), and rs5494
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