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ABSTRACT

It is commonly believed that infectious diseases have represented one of the major
threats to human populations and have therefore acted as a powerful selective
force. Therefore, several human genes have evolved in response to infectious
agents. Indeed, it has been suggested that human populations may have adapted
to pathogens to such a degree that the lower exposure to infectious agents in
modern developed societies results in immune imbalances, with autoimmune and
allergic conditions being the outcome (hygiene hypothesis). Quite obviously, the
presence of a functional variant is a prerequisite for selection to act, and the
identification of non-neutrally evolving genes has been regarded as a strategy
complementary to classical clinical and epidemiological studies to provide insight
into the mechanisms of host defense. Similarly, analysis of the evolutionary history
of genes involved in immune defense might provide novel insights into the delicate
balance between efficient response to pathogens and autoimmune/allergic
manifestations. In this work population genetics approaches are applied to study
the evolutionary patterns of specific groups of genes such as those encoding blood
group antigens and interleukins/interleukin receptors. Several of these latter genes
have evolved in response to parasitic worms, but a subset of disease alleles for
inflammatory bowel disease and celiac disease have increased in frequency in
response to non-helminthic pathogens (i.e. viruses and bacteria). At the genome-
wide level, the identification of selective signatures was exploited to identify novel
susceptibility variants for virus-, protozan-, and helminth-borne infections. These
analyses allowed the identification of several variants that may modulate infection
susceptibility and we noticed a partial overlap between genes involved in the
response to helminths and those carrying susceptibility alleles for asthma/atopy;
similarly, a number of genes subjected to virus-driven selective pressure have been
involved in the pathogenesis of multiple sclerosis and type 1 diabetes. One of
these, namely IFIH1, was studied in detail: we revealed a complex selective pattern
in human populations distributed in different geographic locations. Nonetheless, the
analysis of IFIH1 variants involved in the susceptibility to type 1 diabetes indicated
that they have evolved neutrally. Finally, we show that the identification of gene
regions subjected to natural selection can provide information on the location of
functional variants and these, in turn, may be regarded as strong candidates to
prioritize on in case/control association studies. In the case of ERAP2 we carried
out one such study and verified that a nonsynonymous variant subjected to natural
selection affects the natural resistance to HIV-1 infection. In summary we show that
selective events leave a signature on human genes that can be detected using
population genetics approaches and exploited for the identification of variants that
influence complex phenotypic traits such as susceptibility to infections. These
studies can also shed light on the relationship between past selective events and
predisposition to common diseases in modern populations.



SOMMARIO

E’ opinione comune che le malattie infettive abbiano rappresentato la principale
minaccia per le popolazioni umane e che abbiano esercitato una potente pressione
selettiva. Di conseguenza alcuni geni umani si sono evoluti in risposta a agenti
infettivi. E’ stato anche suggerito che gli esseri umani si siano adattati ai loro
patogeni a un livello tale per cui la minore esposizione a agenti infettivi nelle
societa industrializzate creerebbe un disequilibrio del sistema immunitario che
risulterebbe poi nella predisposizione a malattie autoimmuni e allergie (ipotesi
dell'igiene). Owviamente, la presenza di una variante funzionale € necessaria
perché la selezione possa agire e l'identificazione di geni che evolvono in modo
non neutrale e considerata come un approccio complementare ai classici studi
clinici e epidemiologici per chiarire i meccanismi di risposta dell’ospite. Similmente,
'analisi dal punto di vista evolutivo di geni coinvolti nella risposta immunitaria
potrebbe fornire nuove conoscenze riguardo ai meccanismi che mantengono un
equilibrio tra l'efficiente risposta ai patogeni e le manifestazioni allergiche o
autoimmuni. In questo lavoro, abbiamo applicato approcci di genetica di
popolazione allo studio del pattern evolutivo di gruppi specifici di geni come, ad
esempio, quelli che codificano per gli antigeni dei gruppi sanguigni o per
interleuchine e loro recettori. Molti di questi ultimi geni si sono evoluti in risposta ali
vermi parassiti, ma una parte di alleli di suscettibilita per malattia celiaca e morbo
di Crohn/colite ulcerosa sono aumentati in frequenza in risposta a patogeni quali
virus e batteri. A livello di intero genoma, abbiamo sfruttato I'identificazione di
tracce di selezione per identificare nuove varianti di suscettibilita per malattie
trasmesse da virus, protozoi e elminti. Abbiamo notato una parziale
sovrapposizione tra geni coinvolti nella risposta a elminti e quelli che portano
varianti di suscettibilita per asma e atopia; similmente, un certo numero di geni che
sono stati sottoposti a pressione selettiva esercitata da virus sono stati coinvolti
nella patogenesi della sclerosi multipla e di diabete di tipo 1. Uno di questi, IFIH1, e
stato studiato in dettaglio: abbiamo messo in luce un pattern evolutivo complesso
in diverse popolazioni umane distribuite in diverse aree geografiche. Tuttavia,
I'analisi delle varianti di suscettibilita per diabete di tipo 1 in IFIH1 ha indicato che
esse evolvono in modo neutrale. Infine, abbiamo dimostrato come l'identificazione
di regioni geniche sottoposte a selezione naturale possa fornire indicazioni sulla
localizzazione di varianti funzionali e queste, a loro volta, possono essere
considerate ottimi candidati per studi di associazione caso/controllo. Nel caso di
ERAP2, abbiamo appunto svolto uno studio caso/controllo e abbiamo verificato
che una variante nonsinonima e sottoposta a selezione naturale altera la
suscettibilita all’infezione da HIV-1. In conclusione, abbiamo mostrato che gli eventi
selettivi lasciano un’impronta sui geni che puo essere identificata attraverso analisi
di genetica di popolazione e sfruttata per la scoperta di varianti che influenzano
tratti fenotipici complessi come la suscettibilita alle infezioni. Questi studi possono
anche fare luce sulla relazione tra eventi selettivi e predisposizione a malattie
comuni nelle popolazioni moderne.
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Introduction

1. INTRODUCTION

1.1 Human genetic variability and human adaptation

The complex patterns of genetic diversity in human populations are the product of
many levels of demographic and evolutionary events acting on different time-
scales, including colonizations, migrations, population expansions, mutation,
genetic drift and selection.

Several recent studies have indicated that human demographic history (i.e. the
pattern of human migrations throughout the world with subsequent expansions and
bottlenecks) explains a large part of neutral genetic diversity among populations.
Studies of neutral short tandem repeat (STR) loci from the HGDP-CEPH panel
(Human Genome Diversity Panel-Centre d’ Etude du Polymorphisme Humain [1])
showed that there is indeed a strong relationship between geography and various
measures of genetic diversity at the worldwide scale. Geographic distances
between populations (calculated along landmasses so as to possibly reflect out-of-
Africa migratory routes) predict the respective genetic differentiation (Fig. 1a) and
geographic distances from East Africa show a high negative correlation with
measures of within-population diversity [2] (Fig.1b).
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Figure 1. (a) Plot of pairwise genetic distance between populations in the
HGDP-CEPH panel against pairwise geographic distance. (b) Gene diversity

3



Introduction

within the HGDP-CEPH populations is plotted againstgeographic distance
from East Africa. Figure taken from [2]

More recently, similar findings have been reported using a large number of SNPs
genotyped in 52 populations distributed worldwide (Human Genetic Diversity
Panel, HGDP-CEPH) [3].

These studies strongly support an Africa origin for modern humans. Indeed, genetic
data indicate that the alleles found outside Africa are often a subset of the African
allele pool [4-5], and that continent-specific alleles or haplotypes are rare in
general, but are far more common in Africa than in any other continent [4-5]. An
analysis of HGDP-CEPH populations supported a serial founder model, in which
non-African populations form a sequential chain of colonies [3].

These observations indicate that human genetic diversity has largely been shaped
by phenomena occurring in geographic space, and, therefore, that these effects
must be accounted for in order to identify loci that have been involved in
adaptation. In order to demonstrate genetic adaptation in humans, or in any
organism, it is necessary to acquire evidence substantiating that natural selection
underlies the evolution of a particular trait. Because demography affects all genes
equally, whereas selection acts upon specific genome regions, it is usually implied
that genes/gene regions deviating from the general distribution of genetic variation
may represent targets of natural selection.

Given this premise, it is clear enough that, along their evolutionary history, humans,
as all other living organisms, have adapted to their environment. Specifically,
several environmental factors have possibly represented strong selective
pressures for human populations but major effects are generally ascribed to
pathogens, climate and diet.

1.1.1 Adaptation to pathogens

This is extensively discussed in the hygiene hypothesis review included below
(1.4).

1.1.2 Climatic adaptation

Humans have spent the longest part of their evolutionary history in Africa, that is in
a hot climate, with low availability of salt and with high UV irradiation. Migration out
of Africa (Fig. 2) exposed ancestral populations to colder environments, with less
incident sunlight.
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Figure 2. Likely colonization routes (red lines) between
populations in the HGDP-CEPH panel (blue spots) assuming
an origin of modern humans in East Africa (Addis Ababa, red

spot). The map was calculated by by forcing migrations

through landmasses and avoiding altitudes over 2000 m.
Figure taken from [2]

The most obvious adaptive response to these novel environments is in skin
pigmentation, which is basically due to the quantity, type, and distribution of
melanin. Skin colour is strongly geographically differentiated, with darker-skinned
populations concentrated in the tropics, and lighter-skinned populations in more
northerly latitudes. Dark skins in topical climates protects against UV-induced
damage, while where sunlight is low, depigmentation may be favoured because UV
penetration is necessary for vitamin D synthesis [6-7]. A balance between these
factors can largely explain the global pattern of pigmentation [6-7].

Residence of ancestral populations in tropical Africa also necessitated heat
adaptation, including cooling through efficient sweating. The considerable salt loss,
combined with low dietary salt intake, possibly led to selection for salt retention; at
the same time, there was likely selection for increased arterial tone and cardiac
contraction force when blood volume was depleted by water loss (reviewed in [8]).
Initially, heat-adapted African populations expanded northward, undergoing
selection for cold adaptation. Subsequently, cold-adapted north Asians expanded
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southward into the Americas less than 20 KY ago, undergoing selection for heat
adaptation, so that Native Americans show similar salt retention and cardiovascular
phenotypes to Africans living at the same latitudes.

1.1.3 Dietary adaptation

Humans have spent the longest part of their evolutionary history in Africa, that is in
In terms of influence on diet, the most important development in human prehistory
was agriculture, beginning around 10 KY ago in the Middle East. Agriculture is likely
to have changed substantially the diet of early humans who had mainly relied on a
hunter—gatherer lifestyle. Agriculture increased the intake of starch and sugar. A
common view is that this change happened in the context of a genetic background
adapted to a lifestyle of feast and famine by favouring the maintenance of “thrifty
alleles”, and that the arrival of agriculture lead to high incidences of type 2 diabetes
(reviewed in [8]) (see also par. 1.3). With agriculture pastoralism also begun,
resulting in the availability of milk as a source of energy. In this respect the
evolutionary history of LCT alleles permitting persistence of lactase expression into
adulthood is emblematic.

Lactose tolerance is extremely high in North Europe, for example, and in general
the frequency of a LCT persistence allele in Europe correlates well with that of
populations with a history of cattle domestication and milk drinking [9]. In the
HapMap samples, LCT in Europeans shows one of the strongest signals of positive
selection [10], reflecting a powerful advantage that may be related to milk as a
source of uninfected water rather than as a source of nutrition. Conversely, lactase-
persistence is relatively rare in Africa and lactase-persistent populations in this
continent do not carry the same LCT allele described in Europeans. Studies of
Tanzanians, Kenyans and Sudanese [11] revealed that different LCT variants
cause lactase persistence and the three African variants arose independently of
each other and of the European variant. Together with skin pigmentation, this
represents one of the best known examples of convergent evolution in humans.

1.2 Natural selection: molecular signatures

The detection of natural selection from genetic data is not simple. One major
difficulty is disentangling signals of selection from the signal left by the
demographic history of our species. Helpful in this regard has been the increasing
availability of large genome-wide data sets of human DNA polymorphism and
resequenced gene regions that allow inferences about our demographic history. It
Is expected that demographic phenomena such as  population
expansions,subdivision and bottlenecks will affect variation at all genes. On the
other hand, natural selection is a locus-specific force.

The neutral model of molecular evolution postulates that most evolutionary change
is a consequence of random genetic drift, rather than adaptive evolution. It should
be noted, however, that the neutral model does not exclude the role of natural
selection: natural selection is assumed to remove deleterious mutations (i.e.
purifying selection) and fix the rarely arising advantageous mutation [12]. Also,
natural selection maintains fluctuating polymorphisms if these are favourable under
different environmental conditions or as a result of overdominant selection
(heterozygote advantage). Under the neutral model, specific theoretical predictions
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can be made regarding the relationship between the rate of mutation and
evolutionary parameters: (i) polymorphism within a species is a function of the
mutation rate and population size; (i) the rate at which mutational differences
accumulate as two species diverge (i.e. the substitution rate) is the same as the
rate at which neutral mutations arise [13]; (iii) the expected frequency of alleles in a
sample is a function of the population size [14]. Statistical tests designed to detect
natural selection take advantage from the relative ease with which predictions
made by the neutral theory can be verified against empirical data.

Therefore, the study of natural selection using genetic data is based upon tests of
the null hypothesis of neutrality, rather than tests of natural selection. Thus, the
tests employed in the study of natural selection are more adequately defined as
tests of the null hypothesis of neutrality, or neutrality tests.

Different forms of selection shape genetic variation within and between species.
Positive selection refers to the cases in which a novel DNA variant has a selective
advantage over others, and consequently rises in frequency. Negative (or purifying
selection) refers to the cases in which novel DNA variants have a selective
disadvantage with respect to others, and tend to remain at low frequencies or be
removed. Balancing selection refers to selective regimes that increase genetic
variation within a species.

Natural selection is expected to directly affect the genetic variants that alter an
individual’s survival probability. However, due to linkage disequilibrium (LD), the
effects of selection may not be restricted to the causal variant associated with the
selection target and, depending on different factors, the consequences of natural
selection can extend over very small (e.g. long-standing balancing selection) or
very long (e.g. recent selective sweeps) genomic regions surrounding the selection
target.

1.2.1 Tests based on the frequency of polymorphisms

As mentioned above, under neutrality, genetic variation accumulates in a
population as a function of the population size and mutation rate. Different forms of
selection will impact the frequency spectrum in distinct ways. If a mutation is
favoured by natural selection (i.e. positive selection) it will rise to high frequency in
a population carrying along all linked neutral variants. This process is known as a
selective sweep and results in an overall decrease in the genetic variation at the
selected site, as well as at sites linked to it [15]. (Fig. 3). The mutational process
will introduce new mutations after the selective sweep. These novel DNA variants
will initially be present at low frequencies. Thus, shortly after a selective sweep, we
expect to observe a large proportion of low frequency variants in a sample.
Moreover, derived alleles (which usually display lower frequency compared to
ancestral alleles) linked to the selected variant will also rise in frequency.
Therefore, another signature of a selective sweep in an excess of high-frequency
derived alleles (reviewed in [16]).
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Figure 3. Selective sweep. Haplotypes are indicated as horizontal lines; derived
SNP alleles are depicted as stars. A new advantageous mutation is represented
with a red star and initially appears on one haplotype. In the absence of
recombination (left): neutral SNP alleles on the chromosome as the
advantageous mutation will increase in frequency (incomplete sweep) and
eventually be fixed (complete sweep) with the selected variant. Conversely,
alleles that do not occur on this chromosome will be lost, so that variability will be
severly reduced after the sweep. With recombination (right): haplotypes can
emerge through recombination, allowing some of the neutral mutations that are
linked to the advantageous mutation to segregate after a completed selective
sweep. As the rate of recombination depends on the physical distance among
sites, the effect of a selective sweep on variation in the genomic regions around it
diminishes with distance from the site that is under selection. Chromosomal
segments that are linked to advantageous mutations through recombination
during the selective sweep are coloured yellow. Figure taken from [16]
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Purifying selection is also expected to result in an increase in the proportion of low-
frequency variants. This can be understood as a consequence of the fact that novel
mutations that enter the population generally remain at low frequencies, because of
their deleterious effects. Thus, in the case of purifying selection the frequency of
derived alleles is expected to be very low. In contrast, balancing selection will
increase the proportion of variants at intermediate frequencies, since this selection
regime favours the maintenance of variation of multiple alleles. Moreover, under
balancing selection linked variants will be maintained together with the selected
alleles, resulting in an excess of nucleotide diversity in the region (Fig.4) (reviewed
in [177]).
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Figure 4. Balancing selection. Haplotypes are indicated as
horizontal lines; neutral SNP alleles are depicted as stars.
A biallelic balanced polymorphism is shown with the violet
and green circles (alleles). The two balanced alleles are
located on different haplotypes carrying neutral variants
(red and yellow stars). Neutral SNP alleles are maintained
with the two selected alleles together with new mutations
that arise over time. Since polymorphisms, due to their
linkage with the selected alleles, tend to be maintained
longer than expected under neutrality, the effect is higher
genetic diversity in the region carrying the balanced alleles
(higher density of polymorphisms). If the two balanced
alleles are maintained at an intermediate frequency, all
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neutral variation will also remain at intermediate frequency
(excess of intermediate-frequency alleles). Moreover, after
a certain amount of time, haplotypes carrying the balanced
alleles will accumulate different neutral alleles. The result is
highly differentiated haplotype lineages (or haplotype
clades).

Different quantitative tests have been developed to interpret whether the frequency
spectrum of a population sample reveals the action of one or another of these
forms of selection. The most widely used test that explores the frequency spectrum
was proposed by Tajima [18]. This test is based on the comparison of two
measures of the neutral parameter 6y, an estimate of the expected per site
heterozigosity [19], and 1 [20], the average number of pairwise sequence
nucleotide differences [D= (11- By )/sd(11- By)]. Since 1T depends on the frequency of
sampled alleles, D will be negative when an excess of rare alleles is observed and
positive when many intermediate alleles occur. As described above, a selective
sweep can result in a large proportion of low-frequency variants. This will result in
negative D values. Similarly, under purifying selection (i.e. negative selection), we
have an excess of low-frequency variants, resulting in a low value of Tajima’s D.
Conversely, balancing selection favours the maintenance of different alleles in the
population, resulting in an excess of intermediate frequency alleles, and thus
Tajima’s D > 0.

Fay and Wu [21] proposed a test of the frequency spectrum that offers a solution to
the challenge of distinguishing among different selective processes that result in
negative values of Tajima’s D (i.e. purifying selection or positive selection). These
authors exploited the fact that when positive selection takes place, it can drive
derived alleles, found at nearby locations on the chromosome, to high frequencies.
Fay and Wu [21] therefore proposed a test based on contrasting two diversity
estimates; an estimate based on the nucleotide diversity (11), and a measure of
diversity that is sensitive to high-frequency derived mutations (64). Under neutral-
equilibrium conditions, H has an expected value of zero. When a recent selective
sweep has taken place the excess of high-frequency derived mutations results in a
negative value for H [21].

Fu and Li [22] also developed neutrality tests based on the allele frequency
spectrum. These tests are conceptually similar to Tajima’s D but they also take into
account whether mutations occur in external (new mutations) or internal (old
mutations) branches of a gene genealogy.

These tests are powerful but suffer from the complication that demographic events
also result in deviations from the site frequency spectrum. For example a
population bottelneck is also expected to result in an increase of intermediate
frequency allele (as rare alleles are more easily lost during the shrinkage phase),
while population expansion may result in a higher proportion of low frequency
variants. Taking these considerations into account is extremely important when
human diversity data are being analysed, as different human populations are
known to have experienced diverse demographic scenarios. Therefore, calculation
of the statistical significance of neutrality tests is not trivial and two main
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approaches are currently applied. The first is based on the empirical comparison
with diversity data calculated for a large number of genomic regions analysed in
the same population samples as the locus being analysed. The basis of this
approach is that demography affects all loci equally, while selection is a locus-
specific force. Therefore, the test statistic (e.g. Tajima’ s D) is calculated for the
gene region of interest and for a set of reference regions and significance is
calculated by attributing a percentile rank in the distribution of reference loci (i.e.
significant results are obtained for D values below the 5" or above the 95"
percentile in the distribution). The second approach is based on coalescent
simulations. The coalescent is a process in which, looking backward in time, the
genealogies of alleles merge at a common ancestor. Therefore, a large number of
coalescent trees can be simulated (e.g. 10000) and the statistic of interest (D)
calculated for each of the 10,000 simulations. The proportion of simulations with D
< (or >) of the observed value is the p-value with precision to 1/(# simulations).
Recently, dedicated programs have been developed that allow the incorporation of
demographic scenarios in coalescent simulations so that the resulting p values are
corrected against demographic events. One such program is cosi [23] that
incorporates a demographic model (Fig. 5) for major human populations.

Population size

\|

ancestral

3500

bottleneck

2000

Time (generations ago)

modern modern modern

W. Africa E. Asia W. Europe

Figure 5. Demographic model for major human
populations obtained by fitting empirical data. Napcestrar:
ancestral population size; Nagica: African population size;
Nooa: NON-African population size; Texpansion: Time of
ancestral population expansion. Bottlenecks are indicated
by constrictions. Figure taken from [23]
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1.2.2 Tests that confront different classes of chan  ges.

Under neutrality, the level of intra-specific variation and that of inter-specific
diversity are expected to be proportional to the neutral mutation rate. Therefore,
one possibility to detect natural selection is to test whether this expectation is
verified. In the HKA (Hudson-Kreitman-Aguadeé) test [24], the assumption is made
that under neutrality the ratio of polymorphism to divergence will be the same for
two or more genes. In a classic HKA test, a gene of interest is compared to a
putatively neutral locus, and differences in the ratio of polymorphism to divergence
between these is taken as evidence of selection in the gene of interest. More
recently, statistical frameworks have been developed that exploit the availability of
genetic divergence and variability data on several genes to apply multi-locus HKA
tests [25]. In these cases one gene of interest is compared to several genes, so
that the results are more robust to chance variation.

1.2.3 Tests based on population subdivision

Another approach for detecting natural selection is to study between-population
differences in allele frequencies. Under neutrality population genetic difference is
mainly driven by demographic processes and genetic drift. Positive selection may
increase levels of genetic differentiation among populations for two reasons. First,
selection might act locally and be related to adaptations to the local environment
(reviewed in [16]). Second, selective sweeps acting on mutations that arise in
specific geographical regions might cause increased levels of population
subdivision during the period of time in which the mutation is still increasing in
frequency. Even if the mutation is beneficial in all environments, the fact that the
mutation arose in a particular geographical location might temporarily increase
levels of population differentiation in the genomic region that is affected by
selection [16].

Conversely, balancing selection may result in lower levels of population
differentiation, especially when the selected allele(s) is old (long-standing balancing
selection). This is due to the fact the selected allele(s) and all linked variants tend
to be maintained at appreciable levels in different populations. Yet, cases of
balancing selection restricted to one specific geographic location may result in an
effect similar to that of positive selection and therefore increases population genetic
differentiation.

The most commonly used statistical measure of population differentiation was
devised by Wright [26] and is known as the fixation index (Fst). The main difficulty
in using Fst for the detection of natural selection is that, as mentioned above,
differentiation among populations is sensitive to a variety of demographic factors
(including the rate of drift and the extent of gene flow among them), making it
difficult to rule out demographic scenarios that could account for the observed high
or low Fst values. Again, one possibility is to take advantage from the large number
of genetic loci for which we have information of population differentiation to create
an empirical Fst distribution. Thus, rather than statistically testing specific loci, we
can use their position relative to this distribution to gain insights about their
possible selective histories. Another approach is to use computer simulations under
realistic demographic scenarios (inferred from multilocus studies) to obtain the
distribution of Fst values under neutrality.
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1.2.4 Tests based on linkage disequilibrium

An influential approach for detecting recent and strong natural selection is the
extended haplotype test and its derivatives [10, 27]. The extended haplotype test
relies on the linkage-disequilibrium structure of local regions of the genome and is
based on the observation that when a mutation is under positive selection, it will
rise in frequency quickly. If the rise in frequency of the favoured mutation occurs
comparatively faster than the rate of recombination, an extended region around the
selected site (including all DNA variants that may be present within this region) will
also rise in frequency, creating an extended region of LD. Therefore, a haplotype at
high frequency with high homozygosity that extends over large regions is a sign of
an incomplete selective sweep. The method identifies tracts of homozygosity within
a 'core' haplotype, using the ‘extended haplotype homozygosity' (EHH) as a
statistic. A relative EHH (rEHH) is calculated by comparing the EHH of the core
haplotype to the EHH of all other haplotypes in the region. In the version by Voight
et al. [10], the EHH is summed over all sites away from a core SNP, and compared
between the haplotypes that carry the ancestral and the derived allele in the SNP.
The statistic iIHS (integrated haplotype score) is then normalized to have a mean of
0 and variance of 1.

1.2.5 Tests based on geographic-explicit models

Another possibility to identify genes subjected to natural selection is to search for
variants that display strongly differentiated allele frequencies among populations
that live in different environments (i.e. allele frequencies that correlate with a
specific environmental variable). Such correlations can arise when selective
pressures exerted by the environmental variable are sufficiently divergent between
geographic locations, such that differences in allele frequency can be maintained
irrespective of gene flow. Some examples in humans include loci involved in
adaptation to climate [28, 29], diet/subsistence [30], and pathogens [31]. The
advent of genome-wide data sets with individuals from many populations, across a
wide geographic range [3], allows investigators to search for correlations at the
genome-wide and worldwide level.

A clear caveat in these studies is that, as mentioned above, a major contribution of
genetic diversity and variation across geographic locations is accounted for by
demography rather than selection. Therefore, it is important to disentangle neutral
from selective effect when selecting candidate loci. Another possible problem with
this approach is that environmental factors may change over evolutionary times,
and in most cases we have a measure that reflects the contemporary status of the
variable. Therefore, the implicit assumption is that environmental variables (i.e.
selective pressures) have remained relatively constant along human history.

1.3 Evolutionary frameworks for common diseases

These models are substantially based on the observation whereby the environment
in which we now live is radically different from the one that ancestral human
populations adapted to. A number of transitions may have have resulted in shifts in
the selective pressures acting on the biological processes that, in contemporary
populations, underlie major classes of common diseases. Crucial turning points
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include the migration of modern humans out of Africa, the shift from a hunting and
gathering life-style to a subsistence based on agriculture and pastoralism, and the
creation of ever larger, connected communities that allowed the spread of several
pathogen species unknown to small, nomadic populations.

The impact of these selective shifts on susceptibility genes for many common
diseases has been formalized in a series of hypotheses, which are based on
epidemiological trends and the disease pathophysiology. Perhaps the most popular
is the “hygiene hypothesis”, which is described below. Another framework for
common diseases is the ‘thrifty genotype’ hypothesis first proposed in 1962 to
explain the high prevalence of type 2 diabetes and obesity [32]. This hypothesis
posits that since ancestral hunter-gatherer populations underwent seasonal cycles
of feast and famine, they would have benefited from being ‘thrifty’ (i.e. having
extremely efficient fat and carbohydrate storage). With changes in subsistence
strategies, this ‘thriftiness’ became detrimental as food availability in general
increased and the diet shifted to products with higher starch an sugar contents. As
an example, Vander Molen et al. [33] recently described the occurrence of
balancing selection around a diabetes susceptibility SNP in CAPN10 intron 13.

A related scenario, referred to as the ‘sodium retention’ hypothesis, was proposed
to explain the interethnic differences in the prevalence of hypertension, and, in
general, the high incidence of hypertension in modern human societies. Under this
model, ancestral populations living in equatorial Africa adapted to hot and humid
climates by increasing the rate of sodium and water retention. Also, in those
environmental conditions, alleles that increased arterial tone and cardiac
contraction force were likely favoured. As populations moved out of Africa into
cooler, drier environments with higher salt availability, this high level of sodium
retention probably became deleterious and ancestral alleles adapted to the African
environment are responsible for the high incidence of hypertension in modern
societies. This hypothesis has found some support in the analysis of the frequency

distribution of a few hypertension associated alleles in worldwide populations [29].

1.4 The hygiene hypothesis: an evolutionary perspec  tive
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Ahstract

The hygiene hypothesis relies on the mssumption that humans have adapted to a pathogen-rich environment that no longer exists in
industrialized societies. Recenl advances in molecular imnmunology and population genetics allow deeper insight into the evolution and
co-evolution of host—pathogen interactions and, therefore, into the foundations of the hygiene hypothesis,
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1. Introduction

The incidence of most chronie inflammatory disease has
steadily increased in the industrialiced world. In the atlempt to
justify this curious phenomenon, the so called “hygiene
hypothesis”™ was formulated [1]. This highly fascinating
hypothesis captured the imagination of scientists worldwide,
and has been the focus of both vehement attacks and strong
praises, The hypothesis states that the profound changes in the

environmental conditions and in the health care system asso-
ciated with life in the industrialized world have resulted in
a relative sterlization of the world that surounds vs. This in
tum has drastically reduced the exposure of the immune
system 1o antigens. leading o an imbalance in immune
responses that favours the development of chronic inflamma-
tory conditions. In bref: Too much cleanliness prevents the
development of a well-balanced immune response; a touch of
microbes is good for your health.

Al the beginning, epidemiology drove the generation of the
hygiene hypothesis. Thus, the observations that atopic discases
are less frequent in: 1) families characterized by a big number

of siblings [1.2]; 2) children who attended day care centers
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early in life [3—5]; and 3) individuals who grew up in the
countryside compared o people who were bom in cities [6.7],
led to the hypothesis that “‘dirtier’” environments have
a protective effect wward the development of such diseases.
Onee the hygiene hypothesis was formulated. as stated
mostly using e pidemiological cnteria, the effors toexplainiton
immunological, genetic, and biochemical terms began. The first
line of thought was based on the ThI/Th2 puradigm. In the 80s,
this paradigm had a deflagrating impact on the scientific
community, leading 1o a profound rethinking of the pathogen-
esis of most human diseases, including cancer, auloimmune
conditions, and HIV infection (reviewed in [8]). It seemed just
natural o apply such parading to explain the hygiene hypoth-
esis. The Thl/Th2 theory states that Thl Iymphocytes ane
associated with the production of pro-inflammatory cytokines
and the development of cell-mediated (CMI) autoimmune
conditions, whereas anti-inflammatory eytokines are generated
by Th2 Iymphocytes; the hyper-activation of these cells also
resuls in humoral immunily-mediated  discases, including
allergies. [t was suggested that a reduced exposure o Thil-
stimulating antigens would have created a niche i which Th2
cells could expand (reviewed in [9—11]). Although highly
suggestive, Lhis idea was subsequently weakened by the obser-
vations that: 1) high concentration of the Thl eytokines 1L-12
and [FNg are seen in conditions such as atopic dermatitis and
asthma [12]. and 2) atopic conditions are not more frequent in
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genetic abnormalities associated with alterations of Thl cylo-
kines [13]. The additional realization that some of the chronic
inflammatory disease whose incidence is growing in industri-
alized countries are classically CMI (i.e. Thl)-mediated clan-
fied that the Th1/Th2 paradigm cannot justify by iwself the
hygiene hypothesis.

The “*next big thing" in immunology was the dentification
of T regulatory (T,,,) cells. In the yin and yang complex
network of factors that regulate the homeostasis of the immune
system, allowing the immune responses to destroy exogenous
invaders, but preventing the immune-mediated attack of the
host, these cells play a fundamental role. T, cells have
convincingly been shown to modulate immune reactivity and
inflammation. and guantitative/qualitative allerations of such
cells result in the honing of inflammation, favouring autoim-

mune processes. Thus, Ty, cells have the fundamental role of

dampening immune responses (for a recent review see [14]), A
recent  hypothesis  has  suggested that some  pathogens,
including intestinal saprophytes and some helminths are pant
of the mammalian evolutionary history (“old friends™), and
the immune system has grown accustomed o them [11,15]. In
immunological terms, this means that the immune response is
tolerized toward these “old friends™”. To simplify, patern
recognition receptors, including toll like receptors, expressed
on immature dendritic cells (DC) are sumulated by antigens
on “old friends”, this
DC that elicit Ty, cells-mediated responses 1o these organ-
isms. This provokes a continuous activation of the mmmune
regulatory mechanisms that modulate the homeostasis of the
immune response. The necessary corollary to this is that the
“excessive” hymiene associated with life in industrialived

countries leads to a reduction of “old frends™, a diminished
stimulation of T, cells, and an impaiment in the homeostasis
of the immune response, with a consequent resulling inereased
incidence of disease stemming from alterations in immune
regulation.

The road ahead is the clarification of the relationships
between the environment, the immune system, and the host’s
genetic background, Because: 1) the quantity and the guality
of immune responses s under tight genetic control, and 2) the
evolutionary pressure exerted over million of years by the
environment has shaped our genclic patrimony, il appears that
population genetics data are an essential tool to shed further
light on the hygiene hypothesis.

2. Guilty fellow travellers

Similarly to all living organisms, humans have co-evolved
with a wide mnge of organisms, both pathogenic and harm-
less. Historically. much more effort has been devoted 1o the
understanding of the genetic basis of human—pathogen inter-
actions, while the relevance of commensal and pseudo-
commensal organisms in human health and disease (and in
human evolution) has only receved attention in recent years.

Since their emergence as a species humans are thought to
have gone through different phases charctenzed by extremely
different pathogen loads. Early human societies with their

interaction results i the maturation of

small population size probably supported a relatively limited
pathogen fauna mainly conasting of organisms with high
transmission rates and conferring little immunity [16]. The
advent of agriculture around 100M0 years ago, allowed the
development of much larger communities and, with them. the
spread of several new pathogens (e.g. measles and pertussis)
that require high population densities to maintain themse bves
and become endemic [16.17]. Similarly, pastoralism exposed
humans 10 a wide range of zoonoses. further contributing o
the burden of infections diseases [16.17].

Owerall, it has been estimated that the average life expee-
tancy since the Paleolithic through to the mid 19th century was
25 years, with most casualtics resulting from infections [ 18]
While in the first world life expectancy has greatly increased
in the last 150 years, in many developing countries the situ-
ation has not changed, as infectious diseases still account for
about 48% of worldwide deaths among people younger than
45 years [19].

Quite obviously, the improved life expectancy in industn-
alized societies 15 not the resull of a genetic adaptation to
pathogens but derives from the development of vaccines and
antibiotics, as well as from improved hygiene conditions.
Thus, technological and cultural adaptation has greatdy out-
paced genetic change and the outcome of this subversion of
cause—consequence relationships is a central conundrum in
the hygiene hypothesis,

In the late 1940s Haldane [20] first suggested that the
selective pressure 1mposed by infectious agents might be
responsible for the maintenance of deleterious alleles and,
consequently phenotypes, in human populations; his obser-
vation referred 1o the prevalence of thalassemia in Mediter-
ranean regions; suggested o result from the selective pressure
imposed by malana. This  hypothesis was  subsequently
confirmed and today we know that Plasmaodium has shaped the
evolutionary fate of thousands of human genes [21]. Following
Haldane's insight, we may now wonder how many deleterious
alleles that contribue o chronic inflammatory conditions are
segregating in human populations as a mesult of pathogen-
driven selection. and how many of these alleles are unfit
{or useless) to the hygienic environment of industrialized
societics. While Plasmodierm might be unique in certain
respects due to ik targeting red blood cells and to ik long-
lasting interactions with  humans, other pathogens might
have left selection signatures which are more difficult o
identify. Hence, many different organisms might target the
sume host molecule and impinge on the same cellular path-
wiys by exerting different and possibly contrasting pressures.

Evolutionary immunobiology moved its steps after Hal-
dane’s observations but it was not until the development of
new technologies that scientists were allowed to gain a general
overview of the evolutionary processes in the immune system.
In the last decade, comparative genomic studies indicated that
both at the protein coding and at the non-coding regulatory
level, immune response genes are generally less evolutionary
constrained and more frequently targeted by positive selection
than those mvolved in other biological processes [22—24,
This observation confirms the dynamic nature of the immune
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system, a system that has been constantly adapting Lo a rapidly
changing and highly diverse pathogen fauna, and indicates the
general tendency for evolution o favour novelly as a response
to biotic threats.

More recently the nereasing availability of human intra-
specific genetic data and the development of novel pop-
ulation genetics methods, allowed extensive analysis of the
evolutionary processes that shaped the immune system in our
recent evolutionary history, and that underlie phenotypic
varability in humans.

Genome-wide population genetics approaches aiming at
identifying penes subjected to positive selection (a selection
regime favouring the spread of a selected allele in populations)
did not identify an excess of immune response genes among
selection targets, with the exception of studies focusing on
very reeent (less than 30,000 years) selective events [25,26].
Nevertheless, as the authors of these latter studies also note,
several of the identified genes might represent balancing
selection allele systems. Balancing selection 15 a siluation
whereby genetic variability 15 mamtained as a result of
selection. The best known example in humans involves MHC
genes, genes that are characterized by extreme polymorphism
levels partially maintained by pathogen-driven selective
pressure [27]. Recent evidences indicated that balancing
selection, which is considered 1o be rare in humans, has acted
on several immune-related genes [28—32]. This observation
has been regarded both as a confirmation that genetic diversity
allows mereased flexibility in immune responses (e.g. though
heterozy gole advantage or by maintaining rare alleles) and as
an indication that immune responses need Lo find o “balance™
between efficacy in fighting invaders and tolerance 1o self and
INnoCuOus antigens.

Recent studies have also addressed the role of specific
pathogen classes on the evolution of human genes. Viruses
were shown 1o act as a strong selective force on TLE3, TLR7,
TLRSE and TLRY [33], while a genome-wide scarch identified
several additional penes subjected to vinus-driven selective
pressure [34]. Interestingly, some of these loci (eg. NR4A2
and PPPICA) have been involved in the pathogencsis of
multiple sclerosis (MS), and [FIHI (also known as MDA-5),
a susceplibility gene for type | diabetes (T1D) and a sensor of
double strand RNA, has evolved in response o viral threats.
Simuilarly, o genome-wide search for signatures of protozod-
driven selective pressure identified a large number of van-
ants and loci, both involved 1o red cell homeostasis and in
immune-related processes [21].

Among the large diversity of organisms that can cause
disease in humans, helminths have attmeted considerable
attraction in relation to the hygiene hypothesis. The ability of
parasitic worms to elicit immunoregulatory circuits and o
modify the prevalence or severty of different immune-related
conditions in both humans and expermental mouse models
has been the topic of several reviews [35.36]. From an
evolutionary standpoint, it 15 worth mentioning that although
helminthic infections are rarely fatal, the highest parasile
burdens are usually observed during childhood, often resulting
in unemiy, malnourishment and growth stunting (reviewed in
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[37]). Dunng pregnancy helminth infection is a nsk factor for
preterm delivery, reduced birth weight and maternal mortality
[37]. Moreover. by chronically infecting their host, parasitic
worms increase the susceptibility to other pathogens such as
viruses, bacteria and protozoa [37]. Therefore, these organisms
may have acted as a powerful selective force throughout
human history.

Helminths are thought to have appeared more or less at the
same time as the adaptive immune system developed. indicating
that vertebrates and parasites are likely to have co-evolved [38].
This implies that our immune system has had a long training in
fighting helminths and has probably grown prepared 1o meet
these organisms and their antigens,

In line with these considerations, we have recently shown
that parasitic worms have acted as a stronger selective pres-
sure, compared to vimlfmicrobial pathogens, on a set of
human genes encoding interleukins and intedeukin receplors
[29]. 1t should be kept in mind that our ability 1o detect
selection signatures depends not only on the selection coeffi-
cient (1.e. strength of selective pressure) but also on addinonal
factors such as the stability and duration of the selective
pressure over Lime (e.g. pathogens such as HIV have appeared
too recently w leave detectable signatunes despite their clear
mle as selective agents) and space (different populations
respond 0 pathogens transmitted in the environment they live
in). Whatever the reasons, parasitic worms have left marks on
our genes that possibly myvolve thousands of human loci (MS
and MC unpublished results).

Therefore, all these studies have provided new evidence for
an old idea: that host—pathogen nteractions represent one of
the major drivers of molecular evolution.

3. Adaptation to pathogens and disease

The identification of several immune response genes as
targets of natural selection maybe pecessary Lo support the
hygiene hypothesis, but is not sufficient. In order 1o o a step
forward we have to daw a direct link among genetic adap-
tation to invading organisms (either pathogenic or harmiess),
infection, and susceptibility 1o chronic inflammatory diseases.

An advance in this direction came from analysis of the
HAVCR!  gene. HAVCRI encodes @ membrane  protein
expressed by different T cell subtypes (including Th2 and Ty,)
and functions as the receptor for hepatitis A virus (HAV), HAV
mfection has been shown o be protective against alopy in
subjects carrying o polymorphic 6 aminoacid insertion in the
HAVCR! mucin-like domain [39) Although the mechanisms
responsible for HAV-induced atopy protection are unknown,
these observations provide proof of principle that infectious
agents can modulate the predisposition to atopic disorders and
that this effect depends on the host’s genetic background.
Moreover. in industrialized countries the seroprevalence of
antibodies against HAV has dropped from 100% 10 25—=30% in
the last 40 years [40], suggesting that this vims might
contribule to several epidemiological observations supporting
the hygiene hypothesis. HAVCR/! has been subjected 1o posi-
tive selection during primate evolution [24] and nucleotide
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diversity in its mucin-like domain (containing the 6 aminoacid
insertion/deletion polymorphism) has been maintained by
balancing selection in human populations [41]. The selective
pressure underlying the evolutionary history of HAVCR/! is
likely to be pathogen-drven. suggesting that the identification
of genes and alleles that have been selected by human path-
ogens might help to address whether the foundations of the
hygiene hypothesis hold, In this direction, we have recently
shown that several intedeukinfinterleukin receplor genes
involved in the pathogenesis of inflammatory bowel disease
(IBD) and celiac disease (CeD) have been subjected to
pathogen-driven selective pressure. Specifically, IBD/CeD risk
alleles in JLISRAP (Fig. 1), ILISR!, 123, ILISR! and in the
intergenic region between M2 and [120 display higher
frequencies in populations exposed to high microbial/viral
loads, suggesting that these varants play arole in the response
o these organisms, The reaction o microbial infections is
mainly Thl mediated (as opposed o0 the Th2-mediated
response elicited by parasitic worms), as is the pathogenesis
of IBD; these data therefore offer further support to the Thi/
Th2 paradigm for the development of chronic inflammatory
conditions, and suggest that helminth infections in populations
carrying nsk alleles for IBD might be panially responsible for
the low incidence of this disease in developing countries.
More recently, Barreiro and Quintana-Murci [42] have ana-
Iysed a set of single nucleotide polymorphisms (SNPs) associ-
ated with immunity-related phenotypic traits, Interestingly. they
observed that several alleles or haplotypes associated with
augmented susceptibility to autoimmune disorders including
TID, CeD and MS have been the target of recenl positive
selection. suggesting that some unknown selective pressure.
possibly  pathogen-driven,  has  resulted in an
frequency of risk alleles/haplotypes in human populations.
Therefore, these observations support the notion whereby
adaptation to pathogen exposure may result in the selection for
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Fig. |, Carrelation between pathogen richness (a measure of pathogen-drven
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alleles that confer increased protection against infections but
predispose Lo aulbimmunity.

Although these data seem to support, from an evolutionary
perspective, the hygiene hypothesis the situation is likely 1o
be more complex. Frst, although the theory of imbalanced
ThI/Th2 responses might represent an oversimplification, il s
likely that helminths and microbialfviral agents have exerted
a selective pressure both on different gene sets and on
a portion of common genes so that the resulting phenolypes,
once infections are removed, are not casily predictable. These
considerations might also help w reconcile the hygiene
hypothesis with the observation that specific infections can
trigger or exacerbate some autoimmune discases (reviewed in
[43]). Second, some observations on the role of known disease
risk alleles pose unanswered questions. As an example, an
IBD sk allele in ILISRAP was shown o decrease gene
expression level [44] and we found this same allele 10 be
subjected to pathogen-driven selection (Fig. 1) [29]. The
reason why decreased JLISRAP expression 1s a nsk factor for
IBD, which 15 characterized by mercased inflammation, and 15
selected by pathogens remains unknown. Third, growing
evidences indicate that, while risk alleles are often shared
among different autoimmune diseases, alleles also exist, both
in HLA and non-HLA genes, that predispose 1o one condition
but protect from another [45]. As an example of opposite sk
profiles. the A allele of mlMB4505 in TAP2 is prolective
against MS and autoimmune thyroid disease but predisposes to
TID, rheumatoid arthntis and ankylosing spondylitis [45].
These observations imply that the idea that alleles protecting
from infections are maintained in populations due 1o selection,
but these same alleles predispose Lo sutoimmunily once the
environment is hygienised is an oversimplification. At present,
no study has specifically addressed the evolutionary history of
TAP2, nor the selective regime underlying the maintenance of
other alleles with opposite risk profiles. Further studies will be
required to address this point but we do not necessarily need 1o
invoke selection at all costs and at all loci. Indeed. from an
evolutionary perspective. it is worth wondening  whether
predisposition o autoimmunily or atopy/allergy is likely to
have caused a significant fitness reduction in populations so as
to result - the counter-selection of risk alleles. For example.
T1D, a juvenile-onset disease, was lethal until the discovery of
insulin in 1922; yel, genetic variants that predispose to T1D
are segregating at high frequency in human populations. Why
has evolution failed 1o eliminate them? One possibilily is that
the majority of these potentially lethal alleles have been
maintained by their conferrning some other advantage (or by
being in linkage disequilibrivm with some favourable allele)
therefore resulting in a balancing selection regime. An alter-
nate possibility is that a portion of these alleles has behaved
nearly neutrally during most of human history because the
environmental conditions did not predispose to T1D. In
a situation where abundant pathogens, harmless microbes (see
below) and “old friends™ provided the development of
immunoregulatory circuits (e.g. via Tpy). allelic variation at
a number of genes might have resulled in littke phenotypic
effect, In brief, the removal of several pathogenic and harmless
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organisms from our environment might have vnveiled the
presence in our genome of many alleles thal were once
“balanced™ or nearly neutral but are harmful today. If this
were the case, we might expect (and strive o) identify
selection signatures in g probably limited number of “master
regulatory genes’™ .

4. Blameless guests

As reported above, humans have not only evolved to fight
their pathogens, but also o live with and take advantage from
a large number of symbionts. Specific microbial communities
thrve in distinct sites of the human body such as the skin and
mucosal surfaces, and the gut (reviewed in [46]). Although
extensive mter-individual differences exist, the human micro-
bial community is distinct from that of other mammals, indi-
cating that humans have co-evolved with their microbial
partners (reviewed in [4647]). Co-evolution is based on the
vertical trmnsmission of microbial communities from parent Lo
off-spnng and on the ability of the symbiont community as
a whole to confer a fitness advantage o the host [48]. The
selective benefits onginating from the maintenance of a diverse
and complex microbial community were hypothesized o be
responsible for the evolution of the adaptive immune system in
vertebrates (invertebrates, relying on the innate immune system
alone, display a much simpler microbiota) [49]. This idea is
based on the concept whereby adaptive immunity maybe
essential to the tolerance of our microbial partners. Indeed,
recent evidence s indicated that tolerance to the gut microbiota s
partially mediated by [gA production in mice [3,51]. Further-
more, genetic diversily at mouse MHC loci seems to be involved
in shaping the intestinal microbiota composition [52] and in
determining microbial-mediated scent production [ 53], Yet, the
relative contribution of genetic and environmental factors in
determining the individual’s microbiota composition is still
poorly understood. Studies in mice indicated that genotype at
the leptin gene influences the relative abundance of different
microbial species, while the microbiola composition is mainly
determined by kinship [48], Another study reported that the
knocking out of MvydSS8, encoding an adaptor molecule for
different TLRx, changes the distal gul microbiota composition
resulting in protection from TID in NOD (non-obese diabetic)
mice [54].

In humans, the contmbution of the host genotype in shaping
the composition of the symbiont communitly is even less clear
and analyses in monoeygolic and dizygotic twins [55-57]
yielded different results, highlighting the need for larger and
possibly time-course studies.

The role of eady life environmental factors (e.z. diet,
microbial exposure, delivery method) in drving human gut
microbiota composition is beginning Lo be investigated [58],
although the extreme inter-personal diversity is likely to pose
several hurdles to the clanfication of these issues.

In parallel, increasing evidence suggests thal our microbial
partners paricipate in immune system development and in
predisposition/protection from  immune-related  diseases. A
polysacehande produced by Bacteroides fragifis, o ubiguitous
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commensal baclerium, promotes Immune system maturation
in mice and mediates the establishment of a proper Th1/Th2
balance [59]. Additionally, exposure o enteric bacterial anti-
zens is crucial for the generation and expansion of T, cells
within penpheral tissues [60], and the composition of the
mntestinal microbiota regulates the balinee between Th17 and
Ty cells in the lamina propria [61]. These data clearly imply
that changes of the gut microbial composition have the
potential to affect immune system homeostasis and. conse-
quently. predisposition o disease. As mentioned above,
Myd88™'™ NOD mice are protected from T1D secondary 0
alteration of gut microbial composition [54] and IBD patients
display a reduced diversity of gut microbiota (especially Fir-
micutes and Bacteroidetes) [62], Similarly, alleration of gut
microbial composition has been observed in infants and adults
suffering from eczema, allergy and atopic dermatitis [63—65].

These studies therefore establish a link between alteration
of our symbiont community and loss of immune homeostasis.
Ouw knowledge of the human microbiome composilion may
still be too hmited to allow extensive analyses on how modem
sanitation and, in general. life conditions in industrialized
countries, affect our microbial partners. The widespread vse of
antibiotics during infancy, for example might drastically
deplete symbiont communities at a critical stage of immune
system development and result in immune imbalances. In line
with this view, antibiotic use in carly childhood has been
associaled with an increase nsk of developing asthma [66,67].
Therefore, the use of new compounds, and the overall
ccological changes in industrialized countries, might have
partially disrupted a co-evolved mutvalism belween humans
and microbes.

5. Conclusions

“We should think of each host and its parmsites as
a superorganism with the respective genomes yoked into
a chimera of sonts™ Lederberg noticed a few years ago [68];
this statement applies very well to the communion of humans
and their symbionts. Are our genes or theirs to blame for the
rse in chronie inflammatory diseases we have witnessed in the
last decades? As noted above, an imteresting possibility is that
the change or depletion of microbiola composition and
diversity (together with the disappearance of several patho-
gens) has created the environmental conditions that favour the
development of chronic inflammatory disorders in genetically
susceptible individuals. Molecular evolutionary biology and
population genetics are relatively new sciences that offer
extremely potent tools helping to clarfy how humans deal
with a hostile environment. An interesting implication of
mesults obtained by the application of these wols is that
adaptation to the environment is a double-edged sword: what
protects us from pathogens could favour non-transmissible
degenerative diseases, To quote old wisdom: you cannot
have your cake and eat it too. The dala summanzed herein
offer further support o the hygiene hypothesis, a hypothesis
that has so far mostly relied on epidemiologic and immuno-
logic results.
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In recent years, association studies have provided a wealth
of information on the genetic basis of chronic inflammatory
discases. Yet, the large majority of genetic vanants that have
been identified in these studies are likely 1o be genelic markers
rather than causal polymorphisms, Similady, most population
genetics studies have been successful in the identification of
zenes or gene regions subjected to natural selection but the
real selection targets and selective pressures have rarely been
determined. Further insight into the complex relationship
among genetic background, immune imbalances and infec-
tions (or lack thereof) will require extensive effors aimed at
describing  genotype/phenotype  relationships  and  host—
microbial inleractions at the molecular level,

Up to now association studies, population genetics analyses
and epidemiological surveys have largely proceeded on
separate routes. Closer integration of these rescarch fields
might help o clanfy how humans adapt to the environment
and how environmental change affects immune responses and
immunopathology.
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2. RESULTS AND DISCUSSION

2.1 Widespread balancing selection and pathogen-dri ~ ven selection at

blood group antigen genes
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Widespread balancing selection and pathogen-driven
selection at blood group antigen genes

Matteo Fumagalli,"2 Rachele Cagliani,I Uberto Pozzoli,' Stefania Riva,’
Giacomo P. Comi,* Giorgia Menozzi,' Nereo Bresolin,’* and Manuela Sironi'#

'S cientific Institute IRCCS E Medea, Bioinformatic Lab, 23842 Bosisio Parini (LC), Italy, zﬂbergr'neerhg Department, Paolitecnico di
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Palidinico, Mangiagalll ond Regina Bena Foundation, 20100 Milan, Iltaly

Histarically, allelic variations in blood group antigen (BGA) genes have been regarded as possible susceptibility factors for
infectious diseases. Since host-pathogen interactions are major determinants in evolution, BGAs can be thought of as
selection targets. In order to verify this hypothesis, we obtained an estimare of pathogen richness for geographic locations
corresponding to 52 populations distributed worldwide; after correction for multiple tests and for variables different
from selective forces, significant correlations with pathogen richness were obtained for mult ple variants at Il BGA lod out
of 2&. In line with this finding, we demonstrate that three BGA genes, namely CD55, CDI51, and SLCI4A] have been subjected
to balancing selection, a process, rare outside MHC genes, which malntains variability at a locus. Moreover, we identified
a gene reglon immediately upstream the transcription start site of FUTZ which has undergone non-neutral evolution
independently from the coding region. Finally, in the case of BSG, we describe the presence of a highly divergent hap-
lotype clade and the possible reasons for fts maintenance, including frequency-dependent balancing selection, are dis-
cussed. These data Indicate that BGAs have been playing a central role in the host-pathogen arms race during human
evolurionary history and no other gene category shows similar levels of widespread selection, with the only exception of
loci involved in antigen recognition.

[Supplemental material Is available online at www.genome.org.]

Since the discovery of the ABO blood group in 1900 by Karl
Landsteiner, as many as 29 hlood group (BG) systems have been
Identified in humans (Blood Group Antigen Gene Mutation Da-
tabase, BGMUT [Blumenfeld and Patnatk 2004)). Each system is
specified by a blood group antigen (BGA) constituted by a proteln
or carbohydrate molecule which is expressed on the erythrocyte
membrane and s poly morphic in human populations.

The molecular basis of all blood group systens (except for P1)
has been clarified, with one or more polymorphic loct accounting
for BG phenotvpes. BGA genes belong Lo different functional
categories, Including receptars, transporters, channels, adhesion
molecules, and enzymes; among the latter, the great majority of
lod code for ghycotransferases. While a few BGAS are confined to
the erythrocyte membrane, others are expressed at the surface of
different cell types or secreted in body fluids (Reid and Lomas-
Frances 1997).

The number of different alleles (s highly variable among BGA
genes and ranges from two to =100 (Blumenfeld and Patnaik 2004)
with the most common form of variation being accounted for by
missense or nonsense single nuclectide polymorphisms (SNPs).
BGA polvmorphisms have attracted considerable attention over
recent years not only with respect to ervthrocyte physiology per
%8, but also due to the possibility that variations in BGAs might
underlie different susceptibility to diseases. In particular, the as-
soclation between infections and BGA polymorphisms has been
extensively investigated, although conclusive results have been
obtalned ina minority of cases, For example, specific BGA alleles

‘(oﬂ!qmndhg author.

E-mall manuela sironl®bp.Inf.it; fax 39-031-877495.

Article published online before print. Article and publication date are at
hittp:/Avww genome.org/egifdoi10.1101 gr082765. 108,

have been shown to alter susceptibility o0 malaria (Moulds and
Moulds 2000), while FUT2 varlants (Lewls system) Influence the
predisposition to MNorwalk virus (Lindesmith et al. 2003) and
Camymiobacter (Rulz-Palacios et al 2003) infection, as well as to
vulvovaginal candidisis (Hurd and Domino 2004) and urinary
tract infections (Schaeffer et al, 2001).

Such findings are in line with the vision whereby different
BGAs serve as “lncidental receptors for viruses and bacteria”
(Moulds et al. 1996), but also function as modulators of innate
immune response (Rulz-Palaclos et al. 2003; Linden et al. 2008)
and possibly as “decoysink” molecules targeting pathogens to
macrophages (Gagneux and Varki 1999),

Given this premise and the conundrum whereby host-
pathogen interactions are major determinants in evalution, BGAs
can be thought of a5 possible targets of diverse selective pressures,
This view Is In agreement with the geographic differentiation
pattern observed for BGAS and with previows reports of non-
neutral evolution at the ABO, DARC, GYPA, and FUT2 Lol (Saltou
and Yamamaoto 1997; Koda etal. 2001; Baum et al. 2002; Hamblin
et-al. 2002; Catafell et al. 2008).

Here we exploited the availability of extensive resequencing
data, as well as of SNI* genotyping in world-wide populations, to
Investigate the evolutlonary forces underlying the evolution of
BGA genes: Our data provide evidence that balancing and path-
ogen-driven selections have acted at multiple BGA loch.

Results and Discussion

Pathogen richness and BGA gene polymorphisms

As a first step we wished to verlfy whether allele frequencles of
SNPs in BGA genes varted with pathogen richness, in terms of

19000-000 2209 by Cold Spring Harbor Laboratory Press; [55M 10689051 ) www genome.org
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different species in a geographic location. Similar approaches have
been applied totest this same hy pothesis for HLA genes (Prugnaolle
et al 2005 and for other gene-environment Interactions
(Thompson et al. 2004; Young et al. 2005; Hancock et al. 2008). To
this aim we exploited the fact that a set of over 650,000 tag SNPs
has been typed in 52 populations (HGDP-CEPH panel) distributed
world wide (LI et al. Z008). As for pathogen richness, we gathered
Information concerning the number of different micropathogen
specles from the Gideon database; pathogen richness was calcw-
lated on a country basis by pooling together viruses, bacteria,
fung and protozoa (see Methods for further detalls). A total of 262
SMPs in BGA genes had been typed in the HGDP-CEPH panel
allowing analysis of the following lock: RECE, ERMAE DARC,
COSS, CRI, GYPC, GYPA, GONT2, RHAG, CHGALTI, AQPI, KEL,
AQP3, ABD, CD44, ARTS falso known as DO), SEMAFA, SLC4A L,
SLCI4AT, FUTE, BCAM (also known as LU, FUT2, FUT'T, A4GALT,
XG, and XK.

For all 262 BGA SNPs In the daty set we calculated Kendall's
rank correlation coefficient (v) between pathogen tichness and
allele frequencies in HGDP-CEPH populations; a normal approx-
imatton with continuity correctlon to account for thes was used for
P-value calculations (Kendall 1976). We verified that, after Bon-
ferroni correction for multiple tests, 26 BGA gene SNPs were sig-
nificantly associated with pathogen richness (Table 1), Since
variables different from selective forces (e.g., colonizatlon routes;
Handley et al. 2007 } are expected to affect allele frequency spectra
&cross populations, we compared the strength of BGA gene SNP
carrelatlons to control sets of SNPs extracted from the data set. In
particular, for each BGA SNF In Table 1 we extracted from the full
data set all SNPs having an overall minor allele frequency (aver-

Table 1. BGA gene SNPs significantly associated with
pathogen richness

P Rank™ Rank®
SNP Gene T (Bonferroni)  (all}  (matched)
nl11210729  ERAP 0446 0,002 0945 0937
o068 COSS 427 0,005 0.923 0927
m4143022 CYPC —0.440 0,003 0,938 0,930
7589096  GYPC .548 0,000 0997 0.997
nd663038  GYRC —0.460 0.001 0.958 0.961
s17741574  GYPC 0459 0002 0957 0,953
13034269 GYRC 0.493 0.001 0.981 0.978
rA568 GYPC 0.417 0.009 0910 0911
m10487590  CTCALTT  0.549 000 0997 0.997
nO466910  GONTZ  —0.491 0.001 0.979 0975
n9466912 GONTZ  -0.491 0001 0979 04975
m17576994  GONTZ 0476 001 970 972
m2228332  AQP3 —0.459 0,001 0.957 0957
m2073824  AHD —.506 0000 0987 0988
2421826 CD44 —0.436 0004 0933 0.929
n1547059 CO44 .439 0006 0937 0.933
w207 2081 SLC9AT 0487 0,000 0978 0.979
n2074108  SLC4AT 0.473 0,001 0968 4970
692899 SLCT447 0425 0,007 0.920 0916
m10853535 SLCT44T  —0.509 0.000 0.988 0,985
r366309 SLCT4A7 0461 0.005 0.958 0.951
Pl SLCT44T  —0.611 0,000 1.000 1.000
6507641 SLCT4AT  —0.466 0.001 0.962 0.963
n6l2662 T2 ~1.499 0,000 0984 0980
m4B5 186 T2 -0.513 0,000 0.989 0987
m504963 Tz 0472 0001 0967 0.965

*Kendall's corelation coefficient.

“Percentile rank relative to the distribution of all SNPs.

“Percentile rank relative to the distibution of allele frequency-matched
SMPs.

aged over all populations) differing less than 0.01 from Lts fre-
quency; for all SNPs in the 26 [requency-matched groups we
calculated Kendall's 1 between pathogen richness and allele fre-
quencies. Next, we calculated the percentile rank of BGA gene
SMPsin the distrtbution of Kendall's ¢ abtalned for the control sels
and in the distribution of all SNPs In the data set. Data are reported
in Table 1 and indicate that all SNPs ranked above the 90th per-
centile of r-values, with 19 of them ranking above the 95th (data
for all 262 SNPs are available In Supplemental Fle 1). By per-
forming 30,000 simulations wsing samples of 262 SNPs we verlfled
that the probability of obtaining 19 SNPs with a correlation value
above the 95th percentile amounted to 0.045; a similar result is
obtained by considering the probability to obtaln i SMPs witha
higher than the 95th percentile ln sample of 262 to be Polsson-
distributed (P = 0043), These data therefore Indicate that the
fraction of BGA SNPs that correlate with pathogen richness is
higher than expected; yet, these calculations also suggest that
4 portion of SNPs in Table 1 might represent false positive asso-
clations in that the retrieval of 13 varlants with a percentile rank
abowve the 35th would be expected by chance. An estimation of the
magnitude of selective efects exerted by pathogens on human
genes would be required to accurately estimate the expected
fraction af truly correlated SMPs.

The strongest correlation between BGA SNP allele frequency
and pathogen richness was obfained for rs%00971 In SLOI4AT
(Fig. 1; similar representations for all SNPs in Table 1 are available
a5 Supplemental Fig. 1), In order to verify that environmental
varrlables correlating with pathogen richness (Guernier etal, 2004)
did not determine the associatlon signal with BGA genes, we cal-
culated the mean temperature and maximum precipitation rate
for geographic locations corresponding to HGDP-CEPH pop-
ulations; none of the SNPs reported in Table 1 significantly cor-
related with elther varlable (data not shown).

The Identification of correlations between specific environ-
mental varlables and allele frequencies has been regarded as
a strategy complementary to common populition genetic
approaches for the detection of selection signatures (Hancock
et al. 2008). All such analyses rely on the assumption that the
environmental vartable we measure nowadays has changed little
over human history and that gene fow due to recent admixture
has had a minor Impact on human genetic diversity. In this case,
we tmplicitly assumed that the number of different pathogen
species per country has been malntained proportionally un-
changed along human evolutionary history. Although an over-
simplification, this might not be so different from the reality,
given that climatic variables have been shown to be of primary
Importance in driving the distribution of human pathogens
(Guernier et al. 2004), As for gene fow, the influence of recent
admixture in most populations is considered to be modest (Lietal.
2008), as also demonstrated by the good relationship between
population genetle diversity and distance from Africa (Handley
et al. 2007).

Ouir data therefore indicate that the allele frequencles of
a subset of BGA genes vary with pathogen richness, supporting the
vision whereby these loci affect the susceptibility to infectious
diseases. This hypothesis had previowsly been formulated for ABOD
and FUT2 (Greenwell, 1997; Hill, 2006; Casanova and Abel 2007),
while in the case of GYPC, DARC, and SLC4A T the ability of spe-
cific alleles to modulate infection susceptibility has been demaon-
strated for malaria (Moulds and Moulds 2000). Also, In the case of
AQP3, modulation of malaria severity can be hypothesized since
ACMP3 represents the major channel for glveerol transport in

2  Genome Research
“'%W.gé'm?l'l’“.‘.t”g

24



Results and Discussion

Downloaded from genome. cship.org on January 20, 2009 - Published by Cold Spring Harbor Laboratory Press

Matural selection at blood group antigen genes

160 170 180

Frihagen richness

150

140

KEL, because of its being located in a re-
gion subjected to a selective sweep pos-
sibly driven by the nearby TRPVe locus
(Akey et al. 2006). The following genes
were left foranalysis: AQPI, AQP3, ACHE,
BSG, BIGALNTT (previously BIGALTS),
CD55 (previously DAF), CDIS1, SLO4AL
ICAMS,  FUT3, FUT2, FUTI, BCAM,
ERMAP, GYPC, SEMAZA, and SLC144 1.
With the alm of identifying locithat
have heen subjected to natural selectlon,
and following the conundrum whereby
selection sigmatures might extend over
relatively short gene regions (due to the
action of mutation and recombination;
Wiuf et al. 2004; Bubb et al. 2006), we

0.0 0.z 0.4 0E
Allele fraquency

Figure 1. Comelation between pathogen rchness and allele frequency for m900971 in SLCT44],
different colors: {Green) Sub-Saharan
le East, and {gray) Oceania.

Populations from different broad gaoEImphu: areas are coded
Africa, (black) America, (red) Asia, (blue) Europe, (orange) Mi

human ervthrocytes (Roudier ¢t al. 2002) and mice knockout for
Agp9, a related glycerol transporting aquaporin, display increased
survivalto P berghei (Livet al. 2007). One possibillty to explain the
observed assoctations is that pathogen richness has co-varied with
malaria prevalence and that nucleotide variations, even different
from those previowsly reported to confer resistance in SLCLA T and
GYPC, affect Plassmuditm entry, spread, or rosetting, Conversely,
no-assoctation with infectious disease predisposition hasever been
reported for SLCI4AL ERMAP, CIGALT], and GUNTZ; yet these
genes encode elther glycotransferases or surface glvcosylated
proteins, suggesting that carhohydrate determinants might affect
pathopen attachment and entry,

Anather possibility involving SLC14AT varlants is that the
association with pathogen richness reflects some Important s pect
of urea metabolism during infection; indeed the gene codes foran
urea transporber and the intracellular avallability of urea has been
shown to be a limiting Factor for the ability of Mycobacterim bovis
Lo attenuate expression of MHC class I molecules during macro-
phage Infection through urease-induced alkalinization of In-
tracellular compartments (Sendide et al, 2004).

As for CDH4, it has been shown to act asa receptor for group A
Streptococais (Cywes et al, 20000, Mycobacterfum fubercuiosis (Lee-
mans et al. 2003), and Escherichia colf In urinary teact Infections
(Rouschop et al. 2006

Population genetics analysis of BGA genes

Glven the results obtained above and the premise whereby BGA
genes might represent selective targets, we wished to verlfy
whether selection signatures could be identified &t BGA genes. To
this aim we exploited the fact that 22 out of 38 loc involved in
BGA specification have been included in the SeattleSNPs program
so that resequencing data (although with some gaps) In at least
two populations are available; In particular, all data refer to one
population with European ancestry (EA) and one with African
ancestry (either Yorubans [YRI| or Afrtcan American [AA])L From
the SeattleSNE gene list we excluded ABO, which has been pre-
viously studled (Saltou and Yamamaoto 1997; Calafell et al. 2008),
A4GALT, XK, and ART4 due to poor resequencing coverage, and

n.e

10 applied a sliding window approach to all
BGA genes (except for ACHE, due to its
small size and FUT2, as detalled below)
and calculated population genetic differ-
entiation, measured as Fop Under the as-
sumption of neutrality, Fy s determined
by demographic history (Le., genetledrift
and gene flow), which affects all koch similaely. We therefore cal-
culated the 2.5th and 97.5th percentiles in the distribution of F-
values obtained for sliding windows across Seatt [eSNPs genes (see
Methods for details) and searched for BGA gene reglons that dis-
play unusually high or low population differentiation. Chverall,
B.3% of sliding windows deriving from the 17 BGA genes dis-
played exceedingly high or low Fo-values; estimation of an em-
pirical probability (see Methods) to obtain an equal or higher
fraction of outliers in windows deriving from SeattleSNFP genes
yvielded a Pvalue of 0.19, These data indicate that an excess of
unusual Fg-values can be observed for BGA genes, with the fallure
1o reach statistical significance being likely due to the presence of
ather non-neutrally evolving genes in the SeattleSNP data set
(which mainly gathers genes involved in inflammatory processes).

BGA gene regions displaying unusual Fe-values were further
studied by application of populat lon genetics statistics. In partic-
ular, widely used test include Tajlma's D (Tajima 198%) and Fu and
Lis D*and P (Fu and L1 1993), Tajima’s D (D) tests the departure
from neutrality by compari ng two nucleotide diversity indexes: 8,y
(Watterson 1975), an estimate of the expected per site heterozy-
gosity, and = (Nel and Li 1979, the average number of palrwise
sequence nucleotide differences. Positive values of Dy Indicate an
excess of intermediate frequency variants and are a halimark of
balancing selection; negative Dy-values indicate either purlfving
selection or a high representation of rare varlants as a result of
a selective sweep. Fu and Lis P and I* are also based on SNP
frequency spectra and differ [rom Dy in that they also take into
account whether mutations occur in external or internal branches
of a genealogy, Since population history, in addition to selective
processes, 1s known to affect frequency spectra and all related
statistics; we performed coalescent simulations using a calibrated
population genetics model that incorporates demographic sce-
narios (Schaffoner et al, 2005), Also, In order to disentangle the
effects of selection and population history, we explolted the co-
nundrum whereby selection acts on a single locus while de-
mography affects the whole genome: as a control data set we
thereforecalculated diversity parameters and test statistics for 5 kh
windows deriving from 238 genes resequenced by the NIEHS
program (see Methods for details). A similar comparison with
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SeattleSNPs gene data Is provided in Supplementary File 2 (Sup-
plemental Table 2). Shiding window analyses identified gene
reghons showing unusual Fo-values (Supplemental Fig. 3), which
were selected for further study, as reported in the ollowing para-
graphs. In addition, for the remaining BGA lock we calculated
summeary statistics (D, O*, and F*) for the entire gene reglon and
unusual values were found for BSG (detailed below) and FUTI, The
latter was not further analvzed as high homology with other gene
family members and a pseudogene suggested that gene conversion
events might affect the result (this was not the case for FUT2 since
we focused on the promoter region, as detalled below).

CDSS (Cromer system)

A sliding-window analysis along the (D55 gene (OMIM no.
+125240; referred to as DAF in the SeattleSNPs database) revealed
the presence of a region encompassing nucleotides —~9000-19,000
showing exceedingly low Fg-values (Supplemental Fig, 3). Both
nucleotide diversity estimates and test statlstics (Table 2) revealed
no significant departure from neutrality for both, A and EA, vet
Oy and Fuand Li's D and F* ranked relatively high in the distri-
bution of 5 kb windows from NIEHS genes (see Supplemental
Table 2 for a comparison with SeattleSNPs genes).

Under neutral evolution, the amount of within-species di-
versity Is predicted to correlate with levels of between-species di-
vergence, since both depend on the neutral mutation rate (Kimura
1983). The HEA test (Hudson et al, 1987) Is commonly used to
verlfy whether this expectation is verified. Here we performed
a maximum likelihood HEA test (MLHEA) by comparing the
CDS55 region o 16 neutrally evolving genes (see Methods for
detalls): a slgnificant result was obtalned for both AA and EA(Table 3).

Therefare, we wished to study the genealogy of CD55 hap-
lotypes in the region and to this aim a neighbor-jolning network

wis constructed. Two major clades separated by long branch
lengths are evident (Fg. 2), each containing common haplotypes.
In order to estimate the TMRCA (time to the most recent commaon
ancestor) of the two haplotype clades, we applied a phylogeny-
based method (Bandelt et al, 1999) based on the measure p, the
average palewlse difference between the two haplotype clusters. p
resulted in a value equal to 13.28, 5o that, using a mutation rate
bhased on 50 fixed differences between chimpanzee and humans,
and a separation time of 6 milllon years (Myr) (Glazko and Nel
2003), we estimated a TMRCA of 3.19 Myr (5D = 673 Kyr). Glven
the low recombination rate in the region, we wished to verify this
result using GENETREE, which is based on a maximum-likelihood
coalescent analvsis (Griffiths and Tavare 1994, 1995), The method
assumes an infintte-site model without recombination and,
therefore, haplotypes and sites that violate these assumptions
need to be removed: in thiscase, only three single segregating sites
had to be removed. The resulting gene tree, rooted using the
chimpanzee sequence, is partitioned Into two deep branches
(Supplemental Fig. 4). A maximum-likelihood estimate of 8 (G, )
of 8.2 was obtained, resulting in an estimated effective population
size (N.) of 22,000, a value comparable to mast figures reported in
the literature (Tishkof and Verrelll 2003). Using this method, the
TMRCA of the D55 haplotype lineages amounted to 2.61 Myr
15D = 552 Kyr). Such deep coalescent timee s unusual, as estimates
for neutrally evolving autosomal locl range between 0.8 Myt and
1.5 Myr (Tishkoff and Verrelli 2003).

Owerall these data strongly support the idea that the CDSS
region we analyzed has evolved under longstanding halancing
selection. This gene portion covers roughly 10 kb surrounding exon
6-7 and contalns fowr DNase | hypersensitive sites in CD4" T cells
(Boyle et al. 2008); five Intermediate frequency SNPs (rs6 700079,
1s2184476, 51507760, 510746462, and rs10746463) located
along the branch separating the two haplogroups lie within DNase

Table 2. Summary statistics for selected BGA regions
D o e
Gene ¢t N st et = o Rank" p Rank" P Rank"
chss 9.5 Ah 4B 48 1139 1236 0. 50 o.11 .88 ~-0.52 0.46 045 —0.27 0.29 .56
A 46 34 B.14 10.63 104 014 0.82 0.68 016 0.77 0.96 01 0.81
w23 K1) 1.6 YRl 48 15 2112 30.70 1.40 0.022 .99 0.66 0.15 0.88 1.08 0.048 0.96
A4 46 14 1891 35.94 248 00014 =099 0.5 018 0.87 1.44 0.015 >0.99
EA 46 13 184% 2600 1.24 o1 .85 0.51 0.31 0.1 0.89 0.19 0.78
AS 40 12 1763 10.74 -1.20 0.095 015 —-3.11 0.0067 0.029 -294 0.013 0,043
fUr2pnt 58 YR 48 40 1558 30.06 318 <0.0001 =099 1.2 0.0054 098 234 <0.0001 099
EA 46 ] 315 163 -138 0.046 013 080 027 0.27 -1.14 017 0.24
UT2edd 3 YR 48 26 1952 2094 1.76 0.0033 =099 —0.60 055 0.42 L1k 0.8 .77
EA 46 20 1516 2488 207 (1311} .97 060 023 .73 1.30 0.068 0.92
SLCT4AT 98 YR 48 BA 1957 1852 —Da9 0.26 0.64 061 04M5 0.86 037 0.073 0.80
AA 48 B7 1980 2289 0.55 0.051 0.94 158 =0.0001 =099 142 0.0005 0.99
EA 46 62 1425 21.97 1M 005 .96 0,89 0.087 .83 1.50 0.022 0.95
AS 40 57 1354 2409 2.82 00007 =099 151 0.0074 =099 234 0.0006  >0.99
:i74] 1.3 YR 48 BOD 1585 1645 011 0.24 0.83 038 024 0.84 0.3 0.22 0.84
EA 46 B 1631 1191 —0.96 .18 018 —2.08 0.052 .07 —2.00 0.054 0.076

*Length of analyzed resequenced region (kb).
"Population,

“Sample size,

dNumber of segregating sites.

iy estimation par site {x104).

' estimation persite (<10 2,

“Pvalues obitained by applying a calibrated
"percentile rank relative Lo the distribution
'Promater region.

'Coding region.

lation genelics model, as described in Lhe LexL
5 kb dertving from 238 NIEHS genes,
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Table 3. MLHKA test results for BGA regions
MLHEA

Gene Population k Pvalue

Ci5s Al 356 0.0013
EA 328 0,00135

coist YRI 3.65 0.0057
Al 3.08 0.015
EA 4456 0.0031
AS 4.30 0.0042

FUT2 pm YRI 1.86 0.098
EA 0.43 007

SLCTHA] YR 2,68 0.0044
Ad 2.7% 0.0018
EA 251 0.0066
AS 2.84 0.0059

Note; *=Selection parameter

I hypersensitive sites. Since DNase [ hyperaccessibilty is thought
to be a hallmark of active cls-regulatory regions (Gross and Garrard
1988; Felsenfeld and Groudine 2003), these varlants might re-
present good candidates as functional SNPs with a role In tran-
scripional  regulation of COS5, Importantdy, another varlant
(rs67 001681 located in this genomic portaon was found to correlate
with pathogen richness (Table 1) and it lies along the branch
separating the two haplotype clusters (Fig 2). In order to verify
whether heterozygote advantige might underlie the action of
balancing selection we calculated the observed owver expected
heterozvgosity for rs6700168 and verified whether this ratlo varied
with pathogen richness. Since this was not the case, we suggest
that the maintenance of the two haplotvpe lineages is not
due to overdominance but possibly to antagonistic selection (see
helow).

CD5S (also known as DAF, decay-ac-
celerating factor) 1s a complement-regula-
tory pratein expressed by most cell types,
which protects host tissues from damage
by the autologous complement system
(Nicholson-Weller and Wany 1994). Pre-
vious studies have indicated that the
membrane-anchored form of CO55 serves
as a receptor for very common human
pathogens, such as Dr' £ coll (Nowicki
et al. 1993), coxsackieviruses B1, B3, and
B3 (Shafren et al. 19935), and echovirus 7
(Clarkson et al. 1993), suggesting that de-
creased or abolished DAF expression
might confer decrease susceptibility to
these infectious agents. Total ahsence of
D55 (inab phenotype) Is very rare In
humans (Blumenfeld and Patnaik 2004
and assockates with no overt phenatvpe.
Yet, other observations point to a possible
role of the gene in fertility and pregnancy:
055 |s dynamically regulated during the
menstrunl cyvcle (Young et al. 2002) and it
Is highly expressed at the feto-maternal
intetface (Sood et al. 2006); MOrEOVEr, re-
duced DAF expression has been assoclated
with luteal phase defect of the endome-
trium associated with infectility or preg-

nancy loss, Alse, mice lacking DAF are more susceptible to
autcimmune manifestations (Kaul et al, 1995),

These evidences might therefore suggest that regulation of
CDO55 expression levels, either in a cetl-type- or stage-dependent
fashion might affect vital processes, such as reproduction and
immunity. Also, the lack of evidence supporting heterazygote
advantage and the phenotype of als5~ mice possibly suggest
that balancing selection ensues from antagonist selection trading
off resistance to infectlon with autoimmune phenomena. Obwvi-
ously, other hypotheses are possible (e, adaptation to varable
environmental conditions with special reference to different en-
vironmental pathogens) and further studies on the biological
function of CO55 will be instrumental in addressing this issue,

CDIST[RAPH system)

Asliding window analysis along CD151 (OMIM no. *602243) in-
dicated the 3" gene region displays reduced population differen-
tiation and exceedingly low Fe-values are observed n a region
roughly corresponding to the terminal region extending from
exon 6 to the 3" UTR (Supplemental Fig. 3). Nucleotide diversity
{both éhy and ), in this restricted reglon, ranked above the 97.5th
percentile In the distribution of 5 kb windows deriving from
MIEHS genes (Supplemental Table 1) for both EA and YRI Sum-
mary statistics revealed signifcantly positive values for Dy, D, and
F*in YRI, but not in EA In order to further investigate the possible
departure from neutrality in other human populations, the same
region was resequenced in two additional sam ples: Astans (AS)and
AALAs shown in Table 2, significantly positive test statistics were
obtained for populations of African ancestry but not for Asians
and Europeans. In the case of AS, negative values of summary
statistics are due to the presence of a single highly divergent
haplotype (Fig 3).

4 ‘\h

/

8 " i
.';:"Qa- e B
Wa e 8
9
3
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Figure 2. Cenealogy of CD55 haplotypes reconstructed through a median-joining network. The
analysis comespon ds (o the gene region spanning nucleotides --9500-18, 300 (as described in the text).
Each node represents a different haplotype, with the size of the circle proportional to the haplotype
frequency. Mucleolide differences between haplotypes are indicated on the branches of the network.
Circles are colorcoded according to population {(green, AA; white, EA), The chimpanzee sequence i
also shown, The amow shows the position of rs6 700168 (Table 1). Note that the relative position of
mutations along a branch is arbitrary,
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arangutan

Figure 3. Cenealogy of COT57 haplotypes reconstructed through a median-joining network, The
analysic comesponds to the gene region spanning nuclestides 9100-10 400 Population color codes are

as follows: (green) AA; (white) EA; (red) AS; (gray) YR

Application of the MLHEA test, using 16 neutrally evolving
genes (see Methods), rejected the hypothesis of neutrality for all
populations (Table 3).

Mext, we wished to examine haplotype genealogy for the
terminal CI151 gene region and, to this asim, a median-joining
network was constructed (Fig 3). The topology of this network was
relatively unambiguous showing two major clades, each contaln-
Ing common haplotypes, separated by long branch lengths. Cal-
culation of the TMRCA (p=8,55; [xed differences = 58 using Pongo
mypmaens) yvielded an estimate of 3.83 Myr (5D = 1.06 Myr), again
adeep coalescent ime compared to neutral loch. As reported above
for D55, this result was vertfied using GENETREE and an esti-
mated TMRCA of 2,14 Myr was obtained (SD = 643 Byr, . = 1.9,
N. = 13,722; Supplemental Fig. 5). In analogy to CDS55, these
features sugpest the action of long-standing balancing selectlonin
African populations.

The analyzed CD 151 reglon covers the last four coding exons
and the 3" UTR; most vartants are located in noncoding regions,
with the majority of Intermediate frequency SNPs falling within
the UTR, Analysis of known functional elements in the 3" UTR
was performed using UTRscan and no SNPs were found to
affect predicted motifs. Conversely, a search for microRNA tar-
get sites (mikBase) indicated that one variant, namely rs 1130698,
falls within highest scoring predicted target site. In particular the
T allele changes a G-C palring between the CDI51 UTR se-
quence and hsa-miR-940 to a G-U wobble; unfortunately, little
Is known about the expression pattern of hsa-miB-940, except
for the fact that It was cloned from cervical cell Hnes (Lul et al.
2007).

51, amember of the tetraspanin protein family involved
in cell adhesion and matility, is expressed in maost human tissues
(Fitter et al. 1995), Mutations of CDIST in humans result In ne-
phropathy with epidermolysis bullosa and deafness (Karamatic
Crew et al. 2004), while different phenotypes have been reported
for cdl 51 mice, Including abnormal hemostasis (Weight et al.
2004), defective wound healing (Cowln et al, 2006), and renal

defects (Sachs et al. 2006). Members of
the tetraspanin family have been lmpli-
cated in virus infection in animals and
humans; in particutar, different tetraspa-
mins have been shown to act a5 receptors
for HCV (Pllert et al. 1998), HIV (von
Lindern et al. 2003), canine distemper
virus (Loffler et al, 1997), feline leuke mlx
virns (Willett et al. 1994), and porcine
reproductive and resplratory syndrome
virus (Shanmukhappa et al. 2007); yet
a recent report has also shown that
members of the tetraspanin amily, n-
cluding €51, protect human macro-
phages from HIV-1 and wvescicular
stomatitls virus infection, possibly by
blocking vickon binding/uptake (Ho et al.
2006).

Whether the malntenance of bal-
ancing selectlon at the CDI51 locus is
pathogen-driven remains to be eluci-
dated, and unfortunately no SNF map-
ping to the gene has heen tvped In
the HGDP-CEPH panel; it is worth not-
ing that besides its possible direct role
in predisposing o infections (by acting
a5 a vikal receptor/binding factor), its function in wound healing
(Cowlin et al, 2006) might also be regarded as linked to pathogens
and their prevalence, tn that the rsk of wound infection
likely depends on how long the healing process takes to
completion.

FUTZ (Lewis system)

In humans two alpha (1,2 )-fucosyltransferases, encoded by the
paralogous FUT'T and FUT2 genes, determine expression of the
human H antigen, a precursor of blood group A and B antigens.

The two genes differ in substrate specificities and tissue ex-
pression (Costache et al. 1997): FUTT (H enzyme, Hih system) ks
responsible for the expression of H antigen in red cells and vas-
cular endothelia, whereas the 3¢ enzvme (encoded by FUT2, Lewis
system, OMIM no. +182100) is responsible for the synthests of the
same antigen in secretory glands and the intestinal mucosa;
individuals referred to as “secretors” (5¢) have at least one func-
tional FUT2 allele.

Common FUT2 null alleles are present in many populations;
In particular a frequent null allele (=27 Is responsible for most
nonsecretor phenotypes in Europe and Africa, while a missense
mutation (™) is widespread In East Asians (Kelly et al. 1995;
Koda et al. 1996; Liu et al. 1998). Interestingly, the coding region
of FUT2 has previously been hypothesized to be subjected to
balancing selection, possibly under an overdominance regime
(Koda et al. 2001).

In the case of FUT2 we did not perform a sliding windaow
analysis as described for the above genes due to extensive rese-
quencing gaps. Rather, we divided the gene In three major por-
tions: coding exon, Intron, and 57 upstream reglon (10 kh
upstream the transcription start site, thereafter referred to as pu-
tative promoter). In line with previous findings, the coding exon
displayed high nucleotide diversity and positive statistics (Table
2), while we verlfied that low levels of nucleotide variation char-
acterlze the only Intron (not shown), Interestingly, an unusual
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pattern was observed at the putative promoter region: as shown in
Table 2, YRI displaved high values of b, while EA presented low
nuclentide diversity (percentile rank of #y, = 0.18), Calculation of
Fyy yielded a high value of 0,45, corresponding toa percentile rank
af 0977 in the distributlon of SeattleSNPs gene windows and
being 20-fold greater than population differentiation calculated
for the coding region (Fy = 0.022),

Summary statistics for the putative promoter revealed de-
viation from neutrality In YR, since all tests vielded signifcan thy
positive values (Table 2); conversely statistics for EA resulted in
negative values, although significance was only obtained for Dy
Human /chimpanzee divergence in this gene region amounted to
1.35%, a value higher than the genome average (average = 1LO6%M,
SO = 0.25%; Chimpanzee Sequencing and Analysis Consortium
2005) and greater thanthat of control locl used in the MLHEA test;
the latter gave no significant results for YRE, while a reduction of
polymorphism compared to intraspecific divergence was evi-
denced for EA (Table 3). The greater than average divergence and
high polymorphism level observed for YRI might be consistent
with the region having low sequence constraints, resulting inan
increase of both diver gence and diversity; vet, this hypothesis does
not fit the EA data whereby low diversity Is observed; moreover,
the high population differentlatlon we observed can hardly be
recondiled with a neutral pattern of evolution,

Low diversity values and negative statistles are consistent
with both purifying and directional selection; Fay and Wu's H (Fay
and Wu 20000 |5 usually applied to distinguish between these
possibilities, since significantly negative H-values Indicate an ex-
cess of high-frequency derived alleles, consistent with directional
selection. A equaled —4.66 in EAwith aborderline P-value of 0,062
(calculated using the callbrated model). It should be notedthat the
interpretation of H can be complicated by the fact that the power
of this statistic to detect selection ks poor when the sweep is rela-
tively old (Prreworskl 2002) and population structure can result in
significantly negative H statistics (Przeworskl 2002).

chimp

Reconstruction of haplotype genealogy for the FUT2 puta-
tive promaoter using vielded a topology with two major clades
separated by long branch lengths (Flg. 4); consistent with the high
degree of geographic structure, all European haplotypes cluster
with the same haplogroup while Afeican chromosomes are divided
in the two clades. Calculation of the TMRCA (p = 13.10; fixed
differences = 79, using chimpanzee) yielded an estimate of 1.99
Myr (SD = 410 Eyr). A similar TMRCA was estimated with the
use of GENETREE (TMRCA = 1.70 Myr, 8D = 375 Kyr, dyy = 3.4,
Ne = B681; Supplemental Fig. ). Construction of a haplotype ge-
nealogy for the coding reglon (data not shown) resulted in
a TMRCA of 3 Myr, in agreement with previous findings (Koda
et al. 2001),

Owerall, the data presented above are consistent with the
presence of a selected varlant/haploty pe in the promoter region of
FUTZ; this s in line with a recent report indicating that distinct
promoter haplotypes have an effect on the pene transcription
levels (Soejima and Koda 2Z008). In the case of EA, the statistics we
performed did not allow a firm rejection of the neutral model; ln
part this might be due to the small number of SNPs in the region
tonly eight) which reduces the power of all tests; also, failure to
reject neutrality might be accounted for by the pattern being
a relic of alder selective evenls.

Inthecase of YRI, we consider thal our observations might be
consistent with the presence of a halanced polymorphism. This
raises the possibility that the signatures we obtained at the pro-
moter region are due to hitchhiking and linkage disequilibrium
(LD) with the coding exon. Nonetheless, different observations
suggest that this (s not the case, First, calculation of 1) between the
s ¥ wariant and common SNPs [n the putative promoter revealed
a maximum value of 0.27, Indicating low LD, in agreement with
a previous report (5oefima and Koda 2008). Second, summary
statistics vielded stronger results for the putative promoter com-
pared to the coding exon. Third, although hitchhiking has the
potential to affect large genomic reglons, the signatures of bal-
ancing selection are predicted to extend
over relatively short distances (Wiufetal.
2004; Bubb et al. 2006); as an example,
the high nucleotide diversity that char-
acterlzes the second exon of MHC locl
decavs rapidly in  Hanking Intronic
sequences (Cereb et al. 1997; Fu et al
2003) and neighboring exons (Takahata
and Sata 1998). This suggests that the
departure from neutrallty and the high
level of nucleotide diversity we observein

Figure 4. Median-joining network for the putative promoter region of FUTZ. The analysis corre-
sponds to the gene region spanning nucheatides 7400-17,800. Population color codes are as follows:

{white) EA; {gray) YRI

the FUT2 putative promoter reglon is not
merely a result of hitchhiking with the
coding exon, given the 7 kb separating
the transcription start site from the sec-
ond exon.

As reported above, a recent study
Soefima and Koda 2008) of the FUT2
proximal promaoter region indicated that
nuclectide diversity patterns differ be-
tween African and non-Afrlcan pop-
ulations and the authors identifled two
common haplotypes with different cell-
type specific actlvities. These observa-
tions ralse the interesting possibility that
balancing selection at the FUT2 promoter
region might result from overdominance
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due to differential activity of the two promoter haplotypes in
different tissues. The “secretor” statis has been associated with
Increased susceptibility to infection by caliciviruses (Lindesmith
et al. 2003), HIV (Alietal. 2000), and respiratory viruses (Raza et al.
1991); yet secretor subjects also display advantages compared to
nonsecretors, such as lower susceptibility to urinary tract and
Careafidda Infections, and Increased protection against Netsseria
mertinigitis and Strgrtococas (Haverkorn and  Goslings 1960%;
Blackwell et al. 1990). Also, situations exist where the secretor
status might underly a double-faceted situation. One example
invalves Campylobacter fejund infection (the most common cause
of bacterial diarrhea): the pathogen exploits H antigens for teth-
ering to the intestinal mucosa, but at the same time alpha (1,25
linked fucosyloligosaccharides in human milk inhibit Campylo-
Bacter infection by com peting with intestinal cell surface receptors
(Rutz-Palacios et al, 2003), As a resull, a beeast-fed Infant s
expected to be at varlable risk of infectious diarrhea depending on
hisfher intestinal expression of H antigens and his/her mother
secretion of the same molecule in milk; o this scenario, maximi-
zathon of FUT2 expression in lactating epithelia might be ex-
tremely important in providing immunization to newborns,
Indeed, different oligosaccharide species in human milk form part
of the Innate mmune system with activity against different
pathogens (Newburg et al. 2005) and fucosyloligosacchar des
contalning alpha (1,2)-linked fucose are prevalent (Chaturvedi
et al. 2001). Women who are nonsecretors do not express mea-
surable 2-linked fucosvloligosaccharides and the amount of milk
fucosyloligoseccharides varies even among secretors (Chaturvedi
et al, 2001), possihly suggesting the presence of genoty pe differ-
ences responsible for such variation (Chaturvedietal. 2001), Since
diarrhea represents a very common cause of mortality in new-
borns throughout the world, the adaptive

slgnificance ol decreasing the chance of

Infection in breast-fed Infants Is evident.

Therefore, malntenance of the advan-

tages conferred by the secretor skatus, °

while modulating the levels of glrco-
transferase activity in a cell-type-de-
pendent  fashion, might represent
a beneficial strategy In specific circum-
stances, Obvipusly, other explanations
for the malntenance of different FUT2
promaoter haplotvpes are possible, and
further studies will be required to analyze /
the activity of FUT2 promoter hap- §
lotypes, Unfortunately, no SMP located in
the putative promoter reglon of FUT2
was avallable to test assoclation with
pathogen richness or verifty whether

~ve

has been operating, the underlying explanation is not accounted
for by overdominance. This might be expected If the null allele is
thought of as the selected variant: heterozygotes ame secretors and
they are not expected to have an advantage compared to subjects
cartving two active alleles, One possibility Is that secretors and
nonsecretors experience advantages or disadvantages depending on
varlable environmental conditions in terms of pathogen prevalence,
stnce they display different susceptibility to diverse pathogen types.
Alternatively, as suggested above, more complex scenarios can be
envisaged that also take Into account promoter variants.

SLCHAL (Kidd system)

Shiding window analysis of SLCT4A1 (OMIM no. *111000) revealed
an extended region of about 6.3 kb showing high levels of pop-
ulation differentiation (Supplemental Fig 3). The single variant
(Asp280Asn) responsible for the common [K*AJK*B antigens (Blu-
menfeld and Patnaik 2004) ks located —6 Kb downstream and, with
thealm of analyzng the evolutionary history of the gene, wedecided
to resequence the entire wegon in YRI and AS with the exception of
a small central gap of 2 kb (Supplemental Bg. 3). Two novel non-
synonymous variants were identified, VallOMet and Val76lle, and
both were present in the same three AA subjects.

Summary statistics and diversity parameters for the four
populations (Table 2) revealed high levels of polymorphism and
allowed refection of neutrall ty for AA, AS, and EA, while bordetline
values were obtained for YRE

Application of the MLHEA test, as described above, refjected
the hypothesis of neutrality for all populations (Table 3). Con-
struction of the median-joining network is recommended when
regions displayving low recomblnation are being analyvzed; in the

= chimp

a heterozygole excess could be observed @
In specific grographic locations, Con- !
versely, significantly associated SNPs are |
located In the coding exon (rse02662and ¢
r5485186) ar 3" UTR (rs504963) and are
in full LD with the null s¢*** allele in
both EA and AA (In all cases, ' =1, P =
0.001). No correlation was observed be-
tween the observed/expected heterozy-
gosity ratio for these SNPs and pathogen
tichness, suggesting that, although
pathogens have exerted a selectlve pres-
sure on the gene and halancing selection

440Gl
JE*B

Figure 5. Cenealogy of SLCT4AT haplotypes reconsiructed through a median-joining network. The
analysis comesponds to the gener ion spanning nucleotides 4887-17,350. Population color codes are
as follows: (green) A% (white) E;\??vedj AS; (gray] YRL The allelic statusat amino acid position 44 and
2B0 (JK*A/K*8) is reported for the three major clusters, The two amows denote the position of
rs10853535 and 692899, which correlate with pathogen richness (Table 1).
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case of SLC14A41, the gene region carrying the Asp280Asn paoly-
morphism displavs low LD with the more 57 region (Supplemental
Fig. 7); vet, we decided to calculate the network over the entire
region so that the relative distribution of chromosomes carrying
the [K*AJK*B variants could be visualized (Fig. 53 conversely,
TMRCA estimate was performed using GENETREE and for this
analysis only varlants In linkage disequilibrium were included
(Supplemental Fg. 7). In both cases, three major haplotype clades
areevident and TMRCA estimated equaled 2.28 Myr (SD = 283 Kyr,
fha = 12, Ne = 28800). The median jolning network shows that
a long branch separates haplotypes carrving the [K*B allele from
JE*A, whilea nonsynonymous Glud4Lys SNP might be regarded as
the selected varlant malntaining the two closer clusters carrying
JE*A (Fig. 50 It s interesting to notloe that two variants located in
this gene region (rs10B33535 and rs692899) correlate with path-
ogen fchness (Table 1); one of them lies on the branch leading to
the haplotype cluster carryving the [K*A and 44Glu alleles, while
the second is Internal to this same cluster and defines & smaller
haplatype group (Fig. 5).

Interestingly, for both these varlants the observed over
expected heterozvgosity ratio significantly correlated with path-
ogen richness (ps69289%, + = 0327, F=00012; s10853535, 7=
0311, P=0.0019, Supplemental Fig 2), possibly suggesting that
the two subclades carrving the JK*A allele are malntained by
overdominance. Conversely, we found no heterozygote excess for
5900971, which showed the strongest correlation with pathogens
among all BGA SNPs (Table 1), This variant Is located further
downstream the Asp280Asn SNF and displays low linkage dis-
equillbrium with the balancing selection reglon. It 15 therefore
tempting to speculate that different variants in SLO AL have
been subjected to pathogen-driven se-
lectlon under different regimes that
might include heterozygote advantage
and, possibly, directional selection .

Altogether, the data reported above
concur with the idea that multiallelic
balancing selection has shaped the evo-
luttonary history of SLCI4AL although
several issues remaln to be clarified. In
particular, the possible role of urea me-
tabollsm in relation to pathogen re-
sistance  has been  briefly mentioned
above as a possible expltanation for se-
lection at this locus, but current knowl-
edge on this lssue is too limited to
warrant extensive speculation . Moreover,
consistent with the biological function of
SLCI4A1, Kidd-null subjects and knock-
out mice display mild urinary concen-
trating defects and greater urine output
(Sands et al. 1992; Yang et al, 2002). This
ohservation raises the possibility that,
together with pathogen-driven selection,
the transporter might also have adapted
to climatic varlables, possibly driven, for
example, by the necessity to spare water
In hot dev climates, In fact, we did not
find any SNP In SLCI4A! to correlate
with climatic variables, such as mean
tem perature and maximum precipitation
rate. Yet, the effect might be confounded
by pathogen-<driven selection or  the

power to detect a correlation might vary depending on the envi-
ronmental vartable, as previously suggested (Hancock et al. 2008),

BSG (OK system)

Calculation of nucleotide diversity parameters and summary sta-
tistics for the whole 85G gene (OMIM no, *109480) revealed an
unusual pattern in EA. In both this population and in YRI we
ohserved a 8y, of 16 > 1077, a value higher than the 97.5th per-
centile in EA (Supplemental Table 1), Yet, while tn YRI relatively
high values for Fu and Li's D* and F* were obtalned, all statlstics
were negative in EA with borderline significance (Table 2). Closer
examination Indicated that the negative statistics in Europeans
are due to the presence of a single highly divergent haplotvpe
carrying 24 singletons. We therefore verified whether this haplo-
type was present in the African sample and ldentified six
additlonal chromosomes carrving closely related haplotypes. We
next constructed a median-joining network of & 2-kb gene
region showing low recombination (Supplemental Fig. 8): the to-
pology indicated the presence of two distantly related haplotype
clusters (Fig. 6) with an estimated TMRCA of 1.76 Myr (58D = 376
Eyr, p=4.99; fixed differences with chim panzee= 34). Calculation
of the TMRCA using GENETREE resulted in a comparable estimate
(TMRCA = 1.53 Myr, SD = 443 Kyr, . = Z5, N. = 10,714,
Supplemental Fig. 8). Such divergent haplotype clades can be
expected under two different clrcumstances, namely balancing
selection and anclent population structure. Yet, some difference
exists in that symmetric balancing selection s expected to
elongate the entire neutral genealogy, while the effects of
ancient population structure are reflected In an increase in the
genealogical time occupled by two single lineages (Takahata 1990,

chimp

Figure 6. Genealogy of 85G haplotypes reconstructed through a medianjoining network. The
analysis comesponds to the gene region spanning nucleotides 8500-10,300. Pepulation colarcodes are
as follows: {white) EA; (gray) YRI
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Wall 2000). A possibility to discriminate between these scenarios
15 to calculate the percentage of congruent mutations, meanlng
those that occur on the hasal branches of a genealogy (Wall
2000). When we applied this approach to the two major BSG
clades, a percentage of congruent mutations equal to 34%
was obtalned; this Is lower than previous estimates under 4 modgl
of ancient population structure, which ranged from 42% to 45%
(Barreiro et al. 2005; Garrlgan et al. 2005); also, the TMRCA
we estimated for the BS(G gene s not unusual (Tishkoff and Ver-
relli 2003; Garrigan and Hammer 2006), while deep coalescent
times are expected when anclent population subdivision is in-
volved., The asvmmetric structure of the haplotype genealogy
wherehy maost chromosomes cluster in one clade with a relatively
deep coalescent, while a minor branch Is accounted for by
a small number of less diverged chromosomes is difficult to in-
terpret within a theoretical framework. Different explanations
might account for the BSG genealogy, one appealing possibility
belng frequency-dependent balancing selection, accounting for
the malntenance of a distantly related haplotype with a low fre-
quency in the population. Another possibility is that different
selective events have being acting on the BSG locus or, else, that
complex demographic scenarios account for the pattern we ob-
serve nowadays,

Basigin (also known as CD14 70 has been bnvolved In different
biologic and pathologic processes, such as amylold-beta pro-
duction, thymocyte maturation, cellular invasion, and rheuma-
told arthritis {lacono et al. 2007). Mareover, functioning as
a receptor for cyclophilin A makes CD147 a facilitator of HIV-1
Infection (Pushkarsky et al, 20010, This property derives from the
ability of HIV-1 to incorporate cyclophilin A into virlons, a feature
which Is common to other viruses (Castro et al. 2003; Lin and
Emerman 2006). Additional studies aimed at clarifying the evo-
lutionary history of BSG and its role in Infections might benefit
from this initial description.

Conclusions

Haldane's hypothesis as formulated in 1932 posits that infectious
diseases have been a major threat to human populations and have
therefore exerted strong selective pressures throughout human
history (Haldane 1932). A few vears later he also presciently pro-
posed that antigens constituted of protein-carbohydrates mole-
cules account for “surprising biochemical diversity by serological
tests” and possibly play a role in resistance/ predispasition to
pathogen Infection (Haldane 1949), These lines seem to perfectly
fit BGA genes, as demonsteated by both this study and previous
descriptions (Saltou and Yamamaoto 1997, Koda et al. 2001; Baum
et al, 2002; Hamblin et al, 2002),

On the one hand, despite medical advances in treatment and
preventlon, infect ious diseases represent a major selective pressure
In humans and account for about 48% of deaths in people
younger than 45 yr worldwide (Kapp 1999). On the other hand,
different BGAs have been shown to act as receptors for one or
more pathogens and differential disease susceptibility has been
substantiated In some cases depending on BG phenotype, In this
scenarlo, It s not surprising that BGA genes have been the target of
selective pressures and associations between pathogen richness
and BGA alleles can be identified.

Indeed, here we show that four BGA genes have been sub-
jected to balancing selection (the underlying selective pressure
possibly being an infectlousagent) and that pathogen richness has
shaped allele frequencies in 11 genes, These data, together with

previous description of non neuteal evolution for ABO (Saitou and
Yamamoto 1997; Calafell et al. 2008), FUT2 (Koda et al. 2001),
GYPA(Baum et al. 2002), and DARC (Hamblin et al. 2002, indicate
that BGAs played & centeal role in the host-pathogen arms race
during human evolutionary history,

Methods

DMA samples and sequencing

Human genomic DMNA was obtalned from the Corlell Institute for
Medical Research. All analyzed reglons were PCR amplifled and
directly sequenced; primer sequences are avallable upon request.
PCR products were teeated with ExoSAP-IT (USB Corporation),
directly sequenced on both strands with a Big Dye Terminator
sequencing Kit (v3.1 Applled Biosystem) and run on an Applied
Blosystems ABI 3130 XL Genetic Analyzer (Applied Biosystem).
Sequences were assembled sing AutoAssembler version 1.4.0
(Applied Biosystems), Inspected man ually by two distinct operator
and singletons were re-amplified and resequenced.

Data retrieval and haplotype construction

Genotype data for two populations, one of African ancestry and
one of Caucasian ancestry, were retrieved from the SeattleSMNPs
website (http/fpgambtwashington edu). Nucleotide positions
far all analyzed genes correspond to those of SeattleSNPs, which
In turn are derived from the following GenBank accession
nos.: AY942196 (B5(), AYB51161 (CDS§5), DQO74789 (CDIST),
AYS37 240 (FUT2), and AY242197 (SLCI4A1)

Genotype data for 238 resequenced human genes were de-
tived from the NIEHS SNPs Program website (hitp:/fegp. gswa-
shington.edu), In particular we selected genes that had been
resequenced in populations of defined ethnicity including African
American (AA), Caucastans (European ancestry, EA), Yoruba (YRI),
and Astans (AS) (NIEHS panel 2). Similaly, genotype data from
304 resequenced genes were derlved from the SeattleSNPs Weh
site. In particular, 201 and 103 genes have been resequenced
seross panels 1 and 2, respectively, the former containing African
American and European American, the latver Yoruban and Euro-
pean subjects.

Haplotyvpes were inferred using PHASE version 2.1 (Stephens
et al. 2001; Stephens and Scheet 2005), a program for recon-
structing haplotypes from unrelated pgenotype data through
a Bayvesian statistical method. Haplotypes for individuals rese-
quenced in this study are available as supplementary material
(Supplemental File 3).

Linkage disequilibrium analyses were performed using Hap-
loview (Barrett et al, 2005), and haplotypes blocks were identified
through an implemented method (Gabriel et al, 2002).

Data concerning HGDP-CEPH SNPs derive from a previous
work (Lletal. 2008). A SNI' was ascribed to aspeclfic gene IF it was
located within the transcribed region or no more than 700 bp
upstream the transcription start site.!

Statistical analysis

The correlation between pathogen richness and BGA aflele fre-
quencies was assessed by Kendall's rank correlation coeffictent (7).
i non-parametric statlstic used to measure the degree of corre-
spondence between two rankings, The reason for using this test is
that even in the presence of ties, the sampling distribution of ¢
satisfactorily converges to a normal distribution for values of n
larger than 10 (Salkind 2007).
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In order to evaluate the probability of obtaining 19 SNP's out
of 262 with a 7 higher than the 95th percentile, we performed
30,000 simulations. In particular, samples of 262 SNPs were
extracted from the full data set by search ing for each BGASNE, one
with an allele frequency matched at the 0.001 level, For each
sample, the number of SMPs with a percentile rank higher than
the 95th percentile (calculated over all SNPs) was counted. By
this procedure, the emplrical probability of obtaining 19 or more
SNP's was estimated equal to 0.045. A theoretlc approach can also
be applied by considering that the probability to obtain r SNPs
with a 7 higher than the 95th percentile in sample of 262 Is Pols-
son-disteibuted with lambda= 13 (5% of 262), For such a distribu-
tion the probabillty of obtaining 19 or more SNPs equals 0.043.

The Fey statistlc (Wright 1950) estimates genetic differen tia-
tion among populations and was calculated as previously pro-
posed (Hudson et al. 1992). In order to identify gene regions
showing extreme Fy-values, sliding windows of 5 kb moving
along BGA genes with a step of 150 bp were wsed; the same pro-
cedure was applied to all genes resequenced by the SeattleSNP's
pragram. Values deriving from sliding windows obtained from all
genes resequenced in panels 1 and 2 were used to identify the
2.5th and 97.5th percentiles that represented the threshold to
define unusually high or low Fevalues in BGA genes It (s worth
noting that negative Fy should be intérpreted as O and the 2.5th
percentlle value of Fyy from SeattleSNPs gene sliding windows
resulted extremely close to (). Therefore, BGA windows displaying
an Fy-value negative or equal to 0 were considered to display
exceedingly low population differentiation, In order to evaluate
the probability of obtaining 8.3% of windows showlng Fo-values
either below the 2.5th ar above the 97 5th percentiles, we used
a simulation-based approach, In particular, 17 genes were ran-
domly selected from the SeattleSNPs database and for each group
the fraction of sliding windows showing exceedingly low or high
values was counted, Ten thousand simulations were performed
and the probabllity of abtaining a fraction of outliers equal to or
higher than 8.3% was calculated.

Tajima's D (Tajima 1989), Fu and Li's £ and F* (Fu and Li
1993) statistles, a5 well as diversity parameters 8y (Watterson
1975) and = (Nei and LI 1979) and Fay and Wu's H (Fay and Wu
2000) were calculated using libsequence (Thornton 2003), & Cas
class library providing an object-orlented framework for the
analysis of molecular population genetic data. Calibrated co-
alescent simulations were performed using the oosi package
(Schaffner et al. 2005) and its best-fit parameters for YRI, AA, EA,
and AS populations with 10,000 iterations. As a further control,
summary statistics were calculated For 5 kb windows derlving from
NIEHS genes and the values obtained for BGA gene reglons com-
pared to thelr distribution, In particutar, for each gene a 5 kb re-
ghon was randomly selected; the only requirement was that it did
not contain any long (=500 bp) resequencing gap; If the gene did
not fulfill this requirement it was discarded, as were 5 kb regions
displaying less than five SNPs. The numbers of analyzed windows
for AA, YR EA, and AS were 209, 203, 177, and 172, respectively.
The same procedure was applied to SeattleSNPs genes and atotal of
103, 201, and 298 windows were obtalned for YRIL AA, and sub-
jects with European ancestry, respectively.

The maximum-likellhood-ratio HKA test was performed us-
Ing the MLHKA software (Wright and Charlesworth 2004) using
multilocus data of 16 genes and Pan troglodytes (NCEI panTro2) as
an outgroup. The 16 reference genes were randomly selected
amon g NIEHS lod sharter than 200 kb that have been resequenced
In the four populations (YRI, AA, EA, and AS; panel 2); the only
criterion was that Tajima's D did not suggest the action of natural
selection (Le., Iy Is higher than the 2.5th and lower than the
97.5th percentiles In the distribution of NIEHS genes; see Sup-

plemental Table 3). The reference set was accounted for by the
following genes: VNNI, PLA2G2D, MB, MAD2L2, HRAS, CYPI7A1,
ATOX1, BNIP3, CDU20, NGB, TUBAI, MT3, NUDTI, PRDXS,
RETN, and JUND.

We evaluated the likelihood of the model under two different
assumptions: that all loci evolved neutrally and that only the re-
gion under analysis was subjected to natural selection; statistical
significan ce wasassessed by a likelihood ratio test. We used achatn
length (the number of cycles of the Markov chatn)of 2 % 10° and,
as suggested by Wright and Charlesworth (2004), we ran the
program several times with different seeds to ensure stability of
results,

Median-jolning networks to infer haplotype genealogy was
constructed using NETWORK 4.5 (Bandelt et al. 1999). Estimate of
the time to the most common ancestor (TMRCA) was obtained
using a phylogeny based approach Implemented In NETWORK
using a mutation rate based on the number of fixed differences
between human and chimpanzee or orangutin and assuming
a separation time from humans of 6 Myr and 13 Myr ago, re-
spectively (Glazko and Nel 2003). In all cases, a second TMRCA
estimate derived from application of a maximum-ikelihood co-
alescent method implemented in GENETREE (Griffiths and Tavare
1994, 1995). Again, the mutation rate p was obtiained on the basis
of the divergence between human and a primate, assuming a gen-
eratlon time of 25 yr. In using this p and the estimated maximum
likelihood # (8], we estimated the effective population size pa-
rameter (Ne). With these assumptions, the coalescence time, scaled
in 2N, units, wasconverted Into years, For the coalescence process,
10° simulations weve performed. All calculations were performed
in the R environment (www.r-project, org).

Environmental varlables

Pathogen absence/presence matrices for the 21 countries where
HGDP-CEPH populations are located were derived (rom the Gid-
eon database (http:/fwww.gideononline com) following previous
indicatlons (Prugnolle et al. 2005), Brlefly, only species that are
transmitted in the countries were included, meaning that cases of
transmission due to tourism and immigration were not taken into
account; also, species that have recently been eradicated as a re-
sult, for example, of vaccination campalgns, were recorded as
present in the matrb It should be noted that the final number of
different pathogen species per country differ from those calculated
by Prugnaolle et al, (2005, since these authars only took into ac-
count intracellular disease agents. Precipitation rate and mean
temperature were derived for the geographic coordinates corre-
sponding to HGDP-CEPH populations from the NCEP/NCAR da-
tabase (Kistler et al. 2001).

Sequence annotation

Data concerning DNase I hypersensitive sites in CD4+ T cells de-
rive from a previous work (Boyvle et al. 2008) and were retrieved
from the UCSC annotation tables (hitpy//genome. ucsc.edu, Duke
[DMase THS track). MicroRNA binding sites were identified through
the dedicated utility at miRBase, which reltes on the miRanda al-
gorithm (Johnet al. 2004 ) and requires atarget site to be conserved
in at least two species. Functional elements in 3'UTR were
searched for using UTRscan (Pesole and Liund 1999),
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Many human genes have adapted to the constant threat of exposure to infectious agents;
aecording to the "hygiene hypothesis,” lack of exposure to parasites in modem settings
results in immune imbalances, augmenting susceptibility to the development of autoim-
mune and allergic conditions. Here, by estimating the number of pathogen species/genera
in a specific geographic location (pathogen richness) for 52 human populations and analyz-
ing 91 interleukin (IL)/IL receptor genes (IL genes), we show that helminths have been a
major selective force on a subset of these genes. A population genetics analysis revealed
that five IL genes, including IL7R and IL18RAP, have been a target of balancing selection, a
selection process that maintains genetic variability within a population. Previous identifica-
tion of polymorphisms in some of these loci, and their association with autoimmune condi-
tions, prompted us to investigate the relationship between adaptation and disease. By
searching for variants in IL genes identified in genome-wide association studies, we verified
that six risk alleles for inflammatory bowel (IBD) or celiac disease are significantly corre-
lated with micropathogen richness. These data support the hygiene hypothesis for IBD and
provide a large set of putative targets for susceptibility to helminth infections.

It is commuonly believed thar infecticus diseases
have represented one of the major threats to
hunuan populations and have therefore acted asa
posweriil selective force. Even today, despite the
advances in rreatment and prevention, infections
diseases account for ~48% of worldwide deaths
among people =45 yr of age (1). These figures
do not include the heavy burden imposed by
helminth infections, which have recently been
designated as the “great neglected ropical
diseases”™ (2). With an estimated 2 billion indi-
viduals infected worldwide (3), helminths rep-
resent the prevalent chronic infecoons diseases of
humans. Although parasitic worms determine
severe clinical symiproms in i minority ofheavily
mnfected individuals, even apparently subclinical
parasite burdens can result in mapaired num-
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tional status and growth retardation (4, 3). It is
therefore concetvable that several human genes
have evolved in response to both miceobial/vieal
infectious agents and parasioe worms; indeed, it
has been suggested (6, 7) that human popula-
tions may have adapted to parasites to such ade-
gree that the lower exposure to infectious agents
in modern developed societies results in im-
mune imbalances, with aucowmmune and allee
e conditions being the outcome.

Genes involved in immunity and infamnia-
ticn are konoswn to be frequent cirgets of natural
selection; balancing selection, which & thought
to be a relatively rare phenomenon in humains,
has particulaely shaped the evolutionaey fite of
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genes involved in immune responses (8, 9). Balancing selec-
rion 15 the sitnaton whereby genetic varabiliy € mammamed
in a population via selection. The best known example in the
human genome affects the MHC genes, which are chamerer-
ized by extreme polymorphism levels. Recently, Prugnolle
et al_ (1)) demonseeaced thar populations from areas wath high
pathogen diversity display increased MHC genetic vanability,
indicating the action of pathegen-deiven balancing selection.

Quite obviously, the presence of a fnctional vanant is a
premquisitu for selection e act, and the Wentfication of non-
neutrilly evolving genes has been regarded as a steategy com-
plementary to classical clinical and epidemiclogical studies to
provide insight into the mechanisms of host defense (11).
Similarly, analyés of the evelutionary history of genes in-
volved in immune defense might provide novel insights o
the delicate balance berween efficient response to pathogens
and autoimmune/allergic manifestrions.

In this swdy, we focused our attention on a large gene fim-
ily that includes ILs and their receptors (hereafter referred to as
IL genes). Ils are small secreted molecules that regulate niost
aspects of immune and inflammatory responses and exert their
effects through binding to specific receprors expressed on target
cells. Vanous 1L genes have been associated with differential
susceptibility to specific infections (12, 13), and with an aug-
mented likelihood o develop autoimmune or allergic/atopic
diseases (for review see reference [14]). Finally, whereas previ-
ous reports have demonstrated nonnentmal evolution at single
IL genes (15-17), no comprehensive analvsis has been per-
formed and no attempt o ke inw 2ccount pathogen nchnes
across different human populations has ever been described.

RESULTS

Pathogen-driven selection acts on IL genes

Pathogen -driven selection is a situation whereby the genetic
diversity at a specific locus s mfluenced by pathogens; this &
expected to occur becanse one or more alleles are associared
with the modulation of suscepribility to infectous agents.
One way w dentify loa or vanants subjecred to pathogen-
driven selection is to search for correlations between genetic
vartability and pathogen richness (10, 18). The latter & 2 mea-
sure of pathogen diversity, and i basically caleulated as the
number of different parhogen species/genera in a specific
geographic location (see Materals and methods for further
details). The choice to use pathogen richness eather than more
conventional epidemiological parmmerer such as prevalence/
burden stems from several considerations, as follows: (a) com-
prehensive data on prevalence are impossible to retrieve for
nuany infections; (b) even when prevalence data are available,
they may vary considerably within the same country depend-
ing on the surveyed regions, the survey period (e, before or
after eradication campaigns), the population surveyed (e.g..
city dwellers mther than farmers /bushmen/nomads or chil-
dren rather than adules); (o) the prevalence of specific nfoc-
tions might have changed greatly over recent years as a result
of eradication campaigns, and historical prevalence data are
ravely available; (d) we were not interested in a single species/
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genus. As a consequence, the prevalence of all {or at least the
IMOSE COMTe) |.m|:hn_:;am eperies wonld be n:quired. Sull,
prevalence dara are difficult to combmne; e.g.. in endemic re-
@ons, individuals can be infected with multiple parasite spe-
cies (2), and these subjects tend to harbor the most intense
mnfections, possibly becavse of an addirive and/ or nloiplica-
tive mnpact on nutation and organ pathology (19).

To verify whether pathogen-driven selection has been acte
ing on IL genes, we exploited the fact thata set of =650,000
single-nuclentide polymorphisms (SNPs) has been genotyped
i 52 populations (Human Genome Divesity Project-Cen-
tre d’Erude du Polymerphisme Humain [HGDP-CEPH]
panel: huep:/ Aworw cephb. fr/en/hgdps) disribuced worldwide
(Fig. 51) (20). Pathogen richness was evaluated by gachering
information on the number of different pathogen species/
genera present in different geographical areas of the world
from the Gideon database. Specifically, pathogens were di-
vided into two major groups: micro- and macropathogens,
Micropathogens include viruses, bacteria, fungi. and protozoa.
Macropathogens include insects, arthropods, and helminths;
in this group parasitic womis were by fir the most abundant
class (90K of species/gener). so when we refer to macropa-
thogens we basically mean helminths. Analyses were also sepa-
rtely performed lor viruses, bacteria, protozoa, and fungy
data are available s supplemental maredal (Table S1), After
data organization in Gideon, we calculated both micro- and
macropathogen nchness on a country by country hasis (Le.,
they represent the number of different micro- and macropa-
thogen species/genert per country; Fig, 51). As expected, we
observed that micro- and macropathogen richness strongly
correlated across geographic locations (Kendall's rank comrela-
tion coefficient = (L.67; P < 2719 this & likely caused by the
major impact of climatic fictors on the spatial diseibution of
both pathogen clases (21).

IL genes were remieved from the HGNC Gene Fanulies/
Grouping Nomenclature welb sice (hrep://www. genenames
org/gene fumily.homl) . From the resulting 99 genes, IL3RA
and ILIR were removed because they are located on the psen-
doautosomial regions of sexual chromosomes; ILITRE and
IL1IRE were not analyzed because their sequence and chro-
mosotal locatons are not present in public dambases. Finally,
four IL9R pseudogenes were discarded. The remaining 91
genes (Table S2) mduded most known ILs, their receptors,
and receptor-accesory proteins.

A total of 1052 SNPs in IL genes had been typed in the
HGDP-CEPH panel, allowing analysis of all genes except for
IL2, IL6RLI, IL6STP, ILERBP, IL17C, IL23A4, IL28A,
IL28B, 1131, and L34,

For all 1,052 IL gene SNPs in the dataser, we calculared
Kendall’s rank correlation coefficient (1) berween allele fre-
quencies in HGDP-CEPH populations and micro- or macro-
pathogen richness; a nomal approximation with continuity
correction to account for ties was used for p-value calculations.
After Bonferroni correction for nultiple tests, we observed thar
48 and 94 SNPs significantly correlate with micro- and macro-
pathogen nchness, respectively, with 32 SNIs correlating with
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Table I. Correlations with micro- and macropathogen richness
SNP Gene Micn;path;:g;ns Macropathogens

T P-value [corrected Fiank® T P-value [corected)® Rank®
ral 7561 LA 038 0151 0854 047 0.006 0937
rs1143634 JL1B 058 <0.0001 0996 058 <0.0001 0.996
rsB781276 ILIFT0 —0.31 20m 0.740 —0.51 0.001 0.980
reldaG447 ILiFR 0.54 =<0.0001 0495 057 =0.0007 0994
rsdf 7304 ILIRT —-053 <0001 0894 —0.51 =a0.0007 0979
rabdsddad ILIRAP ~{.65 <0001 09598 —0.60 0.003 0.989
rs6EO0BOS IL1RAP 039 0,042 0865 047 0.005 0.930
rs2BB5373 IL1RAP 055 <00 0898 0.50 0.003 969
ral 7196143 ILIRAP —.49 0003 0474 —-0.51 0.002 (966
rab444435 IL1RAP —0.47 0003 04972 —0.54 <0.0001 983
rsGEI0TI0 ILIRAPLY —0.41 0.079 0.883 —0.53 <.0001 0.980
rs?062954 ILIRAPLY —{.48 0,009 0570 —0.52 0.002 0976
rs65 26833 ILIRAPLY 043 0020 0923 052 =<0.00017 0.982
rs7B90672 ILIRAPLY 044 0054 0917 050 0.007 0.951
rs10621948 ILIRAPLY 049 0,003 0874 054 <0.0001 0.988
rs7056388 ILRAPLY 041 013 0A75 0.51 0.003 0.964
rs196990 ILIRAPLY 041 0057 0.899 0.56 <0.0001 994
rs7gmas ILIRAPLY 0.38 0406 0830 0.51 0.003 (966
1510621946 ILIRAPLY (.49 0,003 0474 —062 <0.0001 0.999
rald18eaz ILIRAPLY —0.51 =<0.0001 087 —{.55 <0.0001 0995
rs5943659 JLIRAPLY —045 0.007 0955 —0.56 <0.0001 0.995
rs12387961 ILIRAPLY 0.37 0261 0832 046 0.008 0928
rs?21853 ILIRAPL2 046 0004 0467 044 a.m? 0.918
rs1384360 ILIRAPL2 =045 0,008 0852 —044 0.018 0.908
rsb6219492 ILIRAPL2 —0A45 0010 0955 —0.46 0.008 0.940
157683215 JLIRL2 ~0.55 <0.0001 0996 —0.54 <0.0001 0.991
rs2287041 ILIRL2 0.51 <0.0001 0985 047 0004 0945
rs3771188 ILIRL2 — 054 <0001 0993 —052 <0001 0976
rs315931 ILIRN -0.41 0,040 0816 —D.46 0.007 0941
rs2637964 IL1RN — (.44 0011 0453 —-0.47 0.004 0954
rs2029582 ILIRN —0.30 2,668 0.728 —0.46 0.008 0936
rs3087266 ILIRN —0.34 0.728 0.780 — 046 0.008 928
rs2386841 ILZRA 048 0002 0470 047 0004 0942
ral1256497 ILZRA ~(0.49 002 04973 —049 o002 0953
ra22B4034 IL2RB 037 0244 034 048 0.003 0950
rsli0aEa4 IL2RE 032 1.570 0.734 046 0.006 936
rad 28966 IL2RE —032 1.706 0.757 —0.48 0.003 (963
rad284033 IL2REB 037 0.245 0.853 056 =0.0001 996
rs228973 IL2RE 044 0012 0943 052 <0.0001 0.980
rs228975 IL2RB —0.49 00017 0580 —05% =0.0001 0.999
rs2236330 IL2RB 041 0059 (8BS 0.54 =0.0001 0987
ra2243268 L4 ~0.51 <0000 0987 —058 00001 0.957
rs22432680 L4 ~0.43 0021 0932 -047 0004 0948
re2243280 L4 048 0001 0478 054 =0.0007 0.991
rs207 0674 L4 =050 0001 0484 —0.55 =a0.0007 0993
ra3024672 1L4R —0.40 0.189 [4F: 11129 —0.53 0.0 0.975
rS3024B07 IL4R —048 0.006 0974 —053 0.001 0.987
rs1 026370 ILERA 047 40 0451 0.55 <0.0001 0990
ra2{66992 L& —-041 049 0899 —04B 0.006 0933
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Table I. Correlations with micro- and macropathogen richness [Continued)

SNP Gene Micropathogens Macropathogens

rs2069835 e (.46 00N 0949 -0.53 0.002 0.982
rs17505589 iz 0.50 0.006 0986 0.43 05 0.851
rs11567697 IL7R 0.43 0086 0804 0.51 0005 0.972
rs1564286 o —0.45 0006 0956 —0.56 <0.00M 0.994
rs3024490 o —0.39 0103 0880 —-{.52 <0000 0.988
rs2612144 ILI0RA —0.38 0343 0832 —0.47 0.009 0.938
rs999261 IL1ORE 0.39 0.140 ¢854 .49 0002 0.958
rs2243N5 w12 —{.46 0008 982 -0.43 0045 0.843
rs17129789 IL12REB2 —0.43 0026 080 —0.51 0001 an
rs10521688 IL13RA2 —0.40 0164 Q.BED -0.50 0003 0.956
rs1589241 L5 Q.48 0.005 0870 0.48 0.006 0.950
rs2322262 s 0.47 0.008 0862 .49 0.006 0.953
rs1310681 iis ~0.36 0.361 oA ~0.46 0007 0.525
rsA177E3 6 IL15RA 0.39 0179 0858 0.47 0.006 0.842
rsl177E85 IL15RA —0.41 0.057 0881 ~0.47 0.004 0.4m
rs3136614 IL1ERA —~(.47 0005 0857 —0.40 0125 0.798
rs2296139 IL15RA 044 om 0433 0.53 <(0.0001 0.985
15124379 s ~0.50 oom 0481 ~0.4 aon 0.6846
rs12438640 ILg 0.50 00m 0882 0.4 0060 0.854
rs10484879 iz —0.49 0008 0870 -0.39 0425 0.770
rs65 18661 IL17RA —0.45 0.009 0044 —0.43 0.026 0.896
rsl79676 IL17RA 0.45 0025 0831 0.50 0.004 0.953
rs9g9514. IL17RB 0.47 0004 08964 .45 0016 0.916
rs?08567 IL17RC —0.40 0066 C.R90 ~{.51 0001 0.876
rsbd4Ga64 IL17RD —~0.43 0030 0812 -0.52 <0.0001 0.982
rs4535195 ILA7RD —0.44 0ma 0842 —(.48 0.003 0.957
rs12487 790 IL17RD 043 ome 0835 .52 =0.0007 0.983
rs17 216800 IL17RD 0.45 0008 0846 0.36 0368 0.77
1512496746 IL17RD ~0.46 0.006 04851 -0.42 0.048 0.866
rs455A63 IL17RE —0.46 0.005 0457 -0.57 =0.0001 0.996
rs279581 IL1FRE 0.39 0 c.are .50 0001 0.974
rs279672 IL17RE 0.37 0208 GA54 0.48 0002 0.960
rs172156 IL17RE ~0.37 0244 847 -0.48 0.003 0.953
rs2272128 IL18RAR —0.47 0004 Q965 .39 0126 0.829
rs2243193 s 0.42 003 0419 .50 00m 0.973
rsl 2044804 g —0.48 0002 0873 —0.62 <0.0007 1000
rs4B45143 s 0.4 0042 0810 0.49 0001 0.968
rs12408415 g —0.45 0mz2 0428 ~0.49 0.002 0.845
rs1 2046659 e 043 0021 0823 he =0.0001 0.989
rs12148973 g 0.59 <0.0001 1.000 .42 0.106 0.620
rs2138992 /RE:} 046 0006 0459 .52 <0.0001 0.984
rs2232360 2o ~0.348 0166 858 ~0.46 0007 0:934
rs1322393 IL20RA 0.39 0088 0876 0.49 0.002 0.963
rs1322394 IL20RA —0.38 0.206 Q.44 —0.48 0003 0.948
rst5977 IL20RB .43 0.9 0934 —-0.47 0.005 0.940
rsHIGE34 IL20RB 0.43 0020 0832 046 0.008 0.929
rs747a42 IL20RE 0.43 0023 0829 (46 0.008 0.930
1512934152 LR -0.57 <0.000 0499 -0.50 0.005 0.952
rs10803022 IL22RA1 —0.42 0037 0820 ~0.49 0002 0.87M
rs10751768 IL22RA1 0.42 0030 0926 .50 0001 0.974
rs3795302 IL22RA1 0.39 0087 0898 0.48 0.001 0.47M
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Table I. Correlations with micro- and macropathogen richness (Continued)

SNFP Gene Micrdpathogens Macropathogens

rs4486393 IL22RA1 0.39 0146 0.863 Q.50 0.002 0968
rs4292800 IL22RA1 0.40 Q109 0.882 0s7 0.005 0847
rs16829209 IL22RA1 0.39 0156 0856 Q.50 0002 0859
rs11670916 IL26 0.40 0132 0.852 Q53 0001 0980
rs3B14240 26 0.42 0.026 0929 048 0.002 0964
rsaf14241 26 0.50 0.001 0482 047 0.004 0946
rs10878789 26 0.47 0.004 0962 04 0052 0.868
rs9632389 IL3TRA —0.48 0.008 0960 043 058 0.837
rs10065201 IL31RA 0.39 Q120 0.869 045 0009 0827
rs156564999 32 —(0.48 Q.00 0.965 — Q.66 <0,0001 0988

“Bonferroni-comected p-value

"Percentile rank relative to the detrivution of SKP control sets matched for allele frequency

both. These variants map to a wtal of 44 1L genes (Table I). We
next verified whether the correlations between [L SNP fre-
quencies and pathogens could be secondary o asociations with
other environmental vanables (e.g., climatic factors). Hence, for
each geographic location corresponding to HGDP-CEPH
populations, the following parmeters were obtined: average
annual mean and maximum temperature, precipitation rate, and
short-wave radiaton Aux. None of the SNPS reported in Table 1
significandy correlated with any of these vartables (Table §3).
Allele frequency spectra in human populations are affected
by selective and nonselective events: whereas selection acts on
specific genes, nonselective forces (e.g., demography or dis-
tance from Africa [22]) are expected to affect all loci equally.
We thus compared the strength of IL gene correlations to sets
of control SNTs in the dataset. In particular, for each IL SNP
in Table 1. we extracted from the il HGDP-CEPH dataset all
SNPs having an overall minor allele frequency (averaged over
all populations) differing by <001 from i frequency; for all
SNIs in the frequency-matched groups, we calcolared Kend-
all’s rank correlation coefficient (1) between miceo- and mac-
ropathogen rchness and allele frequencies. We next calculared
the percentle rank of [L gene SNFs in the distribucion of
Kendall's 7 obuined for the control sets. In muost cases (46 for
micro- and 66 for macropathogens), percentle ranks higher
than the 95th were obtined for [IL SNPs. These data indicate
that SNPs in IL genes are cleardy more strongly influenced by
pathogen richness compared with conwol SNPs, sugpesting
that selective forces (ie., pathogen-driven selection), and not
nonselective forces, are responsible for the observed associa-
tions. All data are gathered in Table 1, which shows the com pi-
lation of all SINPs that significantly correlate with either
micrn- or macropatho gen richness: the value of 7 for both cor-
relations, &= well as Bonferroni—comrected P values and percen-
tile ranks, are reported. It i worth noting that data in Table 1
have been ernmnized to keep together all SNPs in the same
gene and to group ligands and receptors; therefore, the order
does not reflect greater asspciation with micro- or macropatho-
gens, which can instead be inferred from correlation values.
Another ssue that deserves attention relates to the ge-
nomic organization of IL genes, becanse many of them are

JEMVOL 206, June 8, 2009

located in clusters, This raises the possibility that many of the
observed allele associations are spurious and dedve from link-
age to asingle selecred allele. Yetanalysis of linkage disequilib-
rium (LD Fig. 82) indicates that inkage is not extensive across
wgene dusters, with the exu:u:ptim] of ILITRE and ILITRC.
Therefore, with the exception of these two genes, the remain-
ing loci are independent targes of pathogen-daven selection.

Balancing selection acts on ILIF5, ILTF7, IL1F10, IL7R,

and IL18RAP

Pathogen-daven vaganons in allele frequencies can occur un-
der different selection scenarios, such as directional or balane-
ing selection, Given the aforementioned resuls and the role of
IL genes in regulating immune responses, we next venfied
whether selection signatures could be identified at IL genes by
using classical population genetic analyses. To this aim, we
exploited the observation that 68 out of 91 IL loct have been
tngluded in genetic wariation pm}e«:m {ie the SeartleSNPs
program and the Innate Immunity i Heart, Lung and Blood
Disease Programs for Genomic Applications) so thar rese-
quencing data (although with some gaps) are available in ac
least bwo populations: one with European ancescry (EUJ and
one with Afncan ancestry (either Yorubans [YRI] or African
Amencans [AA]). Common population genetics tests include
Tajima’s D (D) (23) and Fu and Li's D¥ and F* (24). D, tess
the deparmre from neutmlicy by companng two nucleotide
diversity indexes: By (25), which s an estimate of the ex-
pected per site heterozygosity, and w (26), which s the aver-
age number of pairwise sequence nucleotide differences.
Positve values of Dy indicate an excess of intenmediate fre-
quency variants and are a hallmark of balincing selection;
negative Dy values indicate either purifying selection or a high
representation of rare varants & a result of a selective sweep.
Fuand Li's F* and D* (24) are also based on SNP frequency
spectra and differ from Dy in that they also take into account
whether mutations oceur in external or internal branches ofa
genealogy. Population history, in addition w selective pro-
cesses, affects r'n_-qunrY spectra and all related staristies; for this
reason, statstical significance was evalnated by performing co-
alescent simulations using a population genetics model that
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incorporates demographic scenarios (27). Simulations were
pertormed vang the cosi package (27) and were used o derwve
a p-value thar indicates whether or not the value obined for
a given IL locus s expected under a given demographic sce-
nano; a s'ip;n.iﬁcml: 1 value indicates thar the obrained value &
unlikely under the specified conditions and, therefore, that
neuteality can be rejected.

Another method of figuring out the effects ofselection and
populiton history again lies in the asumption thar selection
acs on a single locus, whereas demography affecs the whole
genome; therefore, we calculated test staristics for 238 genes
resequenced by the National Institute of Environmental Health
Science (NIEHS) progeam (Table S4). These empirical diseri-
butions were used o calculate the percentile mnk of Dy, D*.
and F* values for analyzed IL genes; this procedure provides a
direct companson of the locus under analysis with a sample of
human genes and allows an estimation of how unusual the
value obtined is (e.g, a percentile rank of (.99 sogrests that
neutral evolution is unlikely).

5 of the 68 IL genes available for population genetic anal-
yais gave significant results in at least one population; three of
them (IL1F10, IL7R | and IL 1RRAP) also display ar least one
SNP correlating with pathogen richness (Table [). Data con-
cerning fhy and , as well as Dy, D*, and F*, are reported in
Table I1. For [L1F3, IL1F7, and IL1F10, By and 7 were
close to or higher than the 95th percentile in the distribution
of NIEHS genes in both populations, ndicating an excess of
polymomphisms at these lod: convesely, no exceptional By
and 7 were observed for ILTSRAP in AA and for [L7R in
either population. Caleulation of Dy, D%, and F* for the five
genes indicated that one or more statistics rejected neutral-
ity in both Africans and Europeans for ILIFS, IL1F10, and
TLISRAP, conversely, unusually high values were obnined only

Table [ Summary statistics for five IL genes

for YRI and EU in the case of IL1F7 and IL7R, respectively.
Owerall, these data suggest the action of balancing selection.
It should be noted that IL7R s encompassed by a copy num-
ber varant (CNV; heep:// projects.teag.ca/vanation/); yet the
CNV only occursin 1 out of 110 chromosomes. and thus
should not affect our resnles.

Another commonly used test to verify departure from se-
lectve neuwality is the Hudson, Kreitman, and Aguade (HEA)
test (28); it is based on the sssumprion that under neacral
evolunon, the amount of within-spucius diversity correlares
with levels of between-species divergence becanse both de-
pend on the neutral mutation mte. An excess of intaspecific
diversity compared with divergence (k > 1) is considered a
signature of balancing selection. Here, we performed a maxi-
mum likelihood HKA test (MLHEKA) (29 by comparing
each IL gene in Table 11 to 16 neutrally evolving genes rese-
quenced in the same individuals (see Materials and methods
for details). The MLHKA test rejected the neutml evolution
model for L 1F5 and (L7R {in both populations), as well as
ILAF10 (i YIT), but not for JLIF7 and ILISRAP, Indeed,
in the latter case, interspecific divergence higher than the ge-
nome average paralleled the high levels of intmspecific diver-
sity (unpublished data).

Population genetic diversity, measured as Fop, can also
provide information on selective processes. Under selective
neutrality, Fsp s determined by genetic daft, which s mamly
accounted for by demographic history and similady affects all
genomic loci. Conversely, natural selection being 4 locus-spe-
cific force, it can affect Fqp values for specific genes. Balancing
selection may lead to a decrease in Fsy compared with neu-
trally evolving loct (8); specifically, low Fr values among con-
rinental populations strongly suggests the action of balancing
selection wordwide (i.e., trrespective of local environmental

Gene (1] P Ne: oSt o il Oy [} [
Value Pevalued Rank®  \alue Pevalue? Rank® Value Pevalued Rank®
IL1FS 64 YRl 48 50 1761 21173 081 0033 037 043 an 085 068 0045 083
EU 46 39 13.67 2633 284 00004 =089 168 00018 =099 249 00002 =099
IL1F7 1 YRl 48 45 1657 22.07 104 0016 =089 082 0037 095 111 0012 088
EU 46 35 13.02 888 —143 010 015 118 004 098 043 028 059
ILIFI0 4 YRI 48 34 1838 18898 —ooBE 021 076 116 0012 088 OGBS 0027 095
EU 46 16 820 1268 119 007 083 158 00041 099 172 00090 099
IL18RAP 178 AA 4B 87 1230 1424 056 0039 095 GRS 0013 094 077 0ON 098
El 46 88 T.27 155E 136 0057 081 126 00099 087 154 0013 098
IL7R 21 AA 48 M9 1280 884 —pR0 042 039 026 000 0B2  —Q16 021 07
El 46 0 760 1033 128 OO0B4 080 153 00029 =099 17 0011 099

“lergth of analyzed ressquenosd region |in kilosspairs).
“Popisat ion

“Sample size fchromosames]

Uhumber of segregating sites

iy, estimation per site (109

‘7 estimation per site {909

AP-values obtained by applying 3 calvated population genetics model, 3= described in the text
"B romntile rank relatne to the dotimtion of valuss obtained for 238 NIEHS genes = comparson withan empirical distrivution).

1400

PARASITES SHAPE INTERLELICIN GENE BVOLUTION | Fumagalh et st

42

6002 ‘gl eunpuo Biossesdniwal wouy papeoumaeg



Results and Discussion

Pubiished May 25, 2008

pressures), whereas reduced population differentiation within
contnents s consstent with a lm::}]ly exerted selective pressure
resulting in balancing selection. We calenlared Fop for the 5 IL
genes and compared it to the dismbution of this parameter
among 238 NIEHS genes. Unusual Foy values were only ob-
served for IL18RAP, in this case, a negative Fgp was obtained,
indicanng that the real value 1s close to {0, therefore come-
sponding to a percentile rank lower than the 2.5%,

One other effect of balancing selecton is the nuintenance
of divergent haplotype clades separated by deep coalescence
times (30). We therefore studied haplotype genealogies by
constructing median-joining networks. In particular, regions
displaving low recombination mtes were selected (see Marenals
and miethods and Fig. S3); in the case oC ILISRAP and IL1F10,
network analysis was not performed because of the low LD
throughour the gene region.

Haplotype genealogies for ILIES, IL1F7, and JL7R re-
vealed two major clades separated by long branches (Fig. 1),
each containing common haplotypes. To estimate the time to
the most recent common ancestor (TMRCA) of the haplotype
clades, we applied a phylogeny-based method (31) based on
the measure p, which is the average pairwise difference be-
tween haplotypes and a root. TMRCA estmates of 2.76 mil-
Lion vears (MY SD = 660 KY), 2,10 MY (SD = 404 KY), and
Los MY (SD = 408 KY) were obtained for ILIF5, ILIF7,
and [L7R, respectively. In all cases, we verified these results
wsing GENETREE, which is based on a maxamum-likelthood
coalescent analysis (32). Consistently, the resulting gene trees,
rooted using the chimpanzee sequences, are partitioned into
two deep branches (Fig. 2}, Using this method, a second esti-
mate of the TMRCAs for the three genes was obtained (Fig. 2
and Table 85). Estimates of coalescence times for neutrally
evolving mitosomal human loc range between (L8 and 1.5 MY
(33); the TMR CAs we estimared for IL1F5, ILAFT, and IL7R,
although not excepoonal, are deeper than for most neutrally
evolving loct. Again, this finding suggests the action of balanc-
ing selection (30).

Heterozygote advantage (also known as overdominance)
s one of the possible causes of halancing selecion. To verify
whether this is the case for the five selected 1L genes, for each
populaton we calealated the ratio of observed herervayvgosity
o expected gene diverity. This same ratio calculation has re-
cently been applied to human HapMap SNPs, and threshold
values for inference of overdominance have been set to 1.161)
and 1.165 for YRIand EU, respectively (34). To obtain an ad-
ditional estimate of this parameter distribution in the human
genome, ratios were also calculated for NIEHS genes. Whereas
all other genes showed nonexceptional values, the observed
heterozygosity to expected gene diversity mtio for ILIFS
amounted co 107 and 120 for YR and EU, respectively. This
value is higher than the previously set threshold for EU and falls
above the 99th percentile value obtained from NIEHS genes in
this same population.

Owerall, these daca strongly suggest the action of balanc-
ingselection on these 5 IL genes reported in Tables 1 and 11;
it is worth mentioning that the MLHEA test faled to reject

JEMMOL X6, Juned, 2009
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neutrality for IL1F7 and IL18RAP, suggesting that relaxed
consteint racher than balancing selecuon might be responsible
for the observed high Dy, D*, and F* values. Still, we notced
that the 6 polymorphisms within IL1F7 exons in YR are all

Figure 1. Haplotype genealogy for IL1FS, ILTF7, and IL7R gene
regions. The analyzed regions carespond to the |argest LD block for sach
gene [Fig. 52). Each node represents a different haplotype, with the size of
the circle propartional to the haplotype frequency M ucleotide differences
between haplotypes are indicated on the branches of the network. Circles
are color-coded acconding to population {oray, Al or YRI, white, ELL. The
chimpanzee sequente is alsa shown [blackl. Fg. 52 s available at hrtp/
wwwjerm.omjcaifeontent/fulljem 200827 73/0C1.
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ILTF5
IL1F7 :
IL7R -

AR ¥

Figure 2. Estimated trees for [L1FS, ILTF7, and IL7R gene regions.
The analyzed regians correspoand ta the largest LD block for each gene
|Fig. 52). Mutatians are epresented as black dots and named for their
physical position along the regions The absalute frequency of each

famer

Sbach

R

Zoelcy

haplatype is aka reparted. Fig. 52 is available at httpcffwwwjem

.orgegijeantent,fullfjern 200827 79/DC1.
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accounted for by nonsynonymous substitutions;, application of
the MK tests (35) using orangutan for divergence yielded a
pevalue of (LU5E, Although not fully significant, this result indi-
cates an unusual frequency of replaicement polymorphic vanants
and, together with the deeper-than-average TMRCA, isin line
with balancing selection rather than with functional relaxagon.

With respect to ILISRAP, the extremely low Fgp value we
observed (Table 11D) is not consistent with relaxed functonal
comstennts, but insead supports the idea that a balinced poly-
morphism is mameined n AA and EU, suggesong response o a
widespread selecove presuee (Le.. not local adaptanon). Finally,
it dhould be noted that ILIFS and IL1FI0 are located nearby,
raring the possibility thar the signatures we observe at both gene
regions are cavsed by hiwchhiking with a single inctoml variang
vet, LID s low across the region because of the presence of a re-
combination hotspotwithin the IL IR0 gene region. Moreover,
although hiwhhiking has the poreneial te affect Large genomic re-
mons, the dgnatures of balancing selection are predicred o ex-
tend over relagvely short distances (36, 37). We theretore consider
that the two genes might be independent selection targes.

Risk alleles for inflammatory bowel and celiac disease
correlate with pathogen-richness

Previous analyses showed that a polymophism (1s917997) lo-
cated =1, 500 bp downstream of ILISRAP & sgnificantly as-
sociated with both celiac disease (CeD)) and inflaimoacory
bowel disease (1BD; with the SINP also influencing the level of
gene expression (38, 39). This vartant was not included in our
analysis of pathogen correlations because of its location outside
the gene region (as defined in Materals and methods). Stll,
we observed that 917997 is in strong LD (7 = | and (1.87 in
EU and YR, respectively) with es2272128, which we found
to correlate with macro- and micropathogen rchness. We
therefore checked the presence of 917997 and verified thar
the risk allele for CeD and IBD ako correlates significantly
with pathogen richness (Table IV). Sumulated by this finding,
we next venfied whether the frequency disoribution of other

Table Il MLHKA test and F; for five |L genes

Gene m ALH KA Fey (rank®)
k# F-value

ILIFR YRl 292 00043 0.13 {0.53)
EU 285 00032

fLIF7 TRI 1.82 029 .28 (089)
EU 1M 0.29

ILIFI0 YRl 238 0017 0.16 (062}
EU 146 056

IL18RAP Al 1.18 022 0 [<0u025)
EU 1.62 .38

IL7R AR 253 00042 0019 [0.084)
EU 214 0028

“Fopulation

"Rercentile rank relat e tothe distribution of R values cakoulated for 238 NIEHS

genes

Selection parameter
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susceptibility alleles in IL genes has been influenced by patho-
gen nichness, To analyze only vanants that have been wdenti-
fied 1n an unbused manner (te., without a prnort hypothess
on the genes involved), we searched among published genonie-
wide asoctton smdies for SN in IL genes thar have heen
assoctated with any teaic. For available variants in the CEPH-
HGDP panel, we next calcolated correlatons with micro- and
macropathogen richness. Results reported in Table IV indi-
cate thatsix out of nine risk vanants for CeD> or IDB/ Crohn’s
disease (CD) were asociated with micro- and macropathogen
richness; in particular, two of them located within IL23R are
in tight LD, and thus do not represent independent observa-
tions. Notceably, in all six cases, the rsk allele correlates with
pathogen Achness and correlations with micropathogens were
stronger compared with macropathopgens (with the exception
of ps11465804), a situation ditferent from the general observa-
tion that macropathogens have represented a more powerful
selectve pressure on 1L genes,

DISCUSSION

We analyzed the recent evolutionary history of IL genes in
humans by mntegrating information on environmental varables
with classical population genetics and association studies. Rle-
sults herein suggest that microbes and pasitic wonms played a
relevane role as selective agents, bur the pressure imposed by
helminths on IL genes has been stronger than the one cansed
by viral and microbial agents. Helminths were present among
our ancestors before the emergence of humans as a species (for

ARTICLE

review see reference [407]). These parasites evolve at lower rtes
than viruses and hacrerm and, in contmst © most viral/ nucro-
bial agents, are able to maintin themselves tn small human
communities (41), Notably, by establishing chronie wfections,
parasitic worms affect the susceptibility of their host w viruses,
bactera, and protozea (for review see reference [2]). There-
fore, helminths nught have represented a stable threat to human
populatons and their disrribution, which i not associated with
sudden epidf_lm s and, a5 i the case ot'micmpadmgzu&‘ might
have left stronger genetic signatures.

A limitation of our study is that we implicitly assumed that
the number of different pathogen species/gener per country
has been maintined proportionally unchanged along human
evolutionary history, Although dearly an oversimplification,
this might reflect reality to some degree. given that climatic
variables (e.g., precipitation rates and temperature) have a pri-
mary importance in driving the spatial distributon of human
micro- and macropathogens (21). Therefore, while the fitness
cost imposed by specific species/gener might have evolved
rapidly, the relative number of pathogen species per country
might have changed proporionally less,

Another possible cavear of our results concerns the defini-
oon of “pathogen,” in that we included any organism that can
cavse a disease irvespective of its virulence or pathogenicity.
The reason for this choice & that the fimess of a pathogen is a
direct measure of the ability of such pathogen to replicate
within a given environment. Firness is dependent on both the
features of the pathogen and of the host. The features of the

Table IV. Correlations with micro- and macropathogen richness for SNPs associated with di fferent traits
SNP Gene/location Allele Micropathogen Macropathagen Trait/disease
Risk  Anc? ™ Pevalue® & Pevalug®
rs6897932 IL7R [o C 022 nst 021 nse Multiple sclerosis/Type 1 diabetes
rs4178497 IL18RAP A G 042 <000 035 4008 CeD/IED
[downstream)
ra10045431 128 C C 043 <000 034 0015 i}
rs7517847 IL23R % A 0.23 nss 0.26 nas IBD
rs11 209026 IL23R G G 047 <000 044 001 IBD
ral1466804 IL23R T T 0.39 0.004 044 <000 co
rsGi 22844 L2121 (intergenic) G G 040 0.004 039 4006 CeD
rs3024505 o T C -028 n.sd —-0.28 nst Ulcerative colitis
1517810646 124 G A 003 nse —0.11 nst Ced
rs130157114 18R C A 047 <00 0.39 G002 CeD
rs2250417 e A A 023 n.ad 0.26 nse Pratein quantitative trait loci
rs7626795 IL1RAP G A 020 ns? Q.04 nst Lung cancer
rsd 129267 ILGR C C 017 ns? —0.24 ns? Pratein quantitative trait locifpulmaonarny
function
rsETE127E IL1FIE nrt JIE —0.31 Q030 .51 =0001 Frotein quantitative trait laci
rs12261307 IL2RA T T 016 nsd =013 nse Type 1 diabetes

roestral state based onchimpan zee sequenoe

The corelation coofficient is caloulated betweesn pathogen richnezs and the risk aliels frequenoy;

“Bonferroni-cormcted pvalue {15 tests]

Nersignificant |P > Q06|

“This SNP & located within /L TEID but affects ILTAN protein levels
‘Mot reported.
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pathogen include its abilities to (2) replicate within the host,
(b} selecra proper cell arger (ropism), (c) avoid the mmune
response, and (d) escape the obstacles posed by drags. The fea-
rures of the host include the inumune response, the genetic
background, and the availability of targer cells. The reciprocal
balance between these factors deternmines the virulence of a
pathogen, a feature that, therefore, cannot be considered as a
constant, but wther evolves dynamically over tme.

I')espitu: these limitanons, we were able m ideutiﬁf several
variants that are likely candidates for pathogen-dnven selec-
tion, and the suitability of this approach is confirmed by the
previeus demonstration thar variabilicy at HELA genes correlates
with a similar measure of pathogen richness { 10). Our data
point to the SMPs in Table 1as good candidates for expen-
mental analvses aimed at infernng their role in IL gene fne-
tion, given that a signature of natural selection necessarily
implies the presence of a functional variant (either the corme-
lared variant iself or a linked one). Also, genes subjected to a
selective pressure from infectious diseases should be regarded
(42) & obvious candidates for genetic epideniology studies (e.g.,
case-control studies).

It is worth noting that most members of the 1L-1 signal-
ing pathway were observed to correlate with pathogen nch-
ness, IL-1A and IL-1D are pleiotropic cytokines with central
roles in imnune and inflammatory responses (43) required
for the development of Th2-mediated immunity and procec-
tion against chronic infection in mice (44). The observation that
SNPs strongly corelated with miceo- and macro-pathogen
richnes map to ILIRAPLY is more puzeling, as this gene is
not known to be associated with infection and immune re-
sponse, but is mvolved in brain development and function
(45); nonetheless, this gene & expressed in tissues that are dif-
ferent from brain (46), suggesting that it plays other roles
apart from neurndevelopment.

Strong correlations with macropathogen richness were ob-
rained for 14, [L4R, and IL16. These molecules are pivoral o
the elicitaten of Th2 response, which & the immune response
central o helminth resistance (40, 47). The srongest correla-
tron with macropathogens was observed for rs1201448{H in
A9 (1 = —0.62), This gene is located within an IL cluster,
which also cumprises H.i0and 120, and & encomp:l.tsed by ¥
low-frequency CNV. The low levels of LD across the IL clus-
ter (Fig S2) suggest that [L19, 1120, and TL10 SNPsare inde-
pendently associated with pathogen dchness. IL19, IL20, 1122,
1124, and IL26 all belong to the [L-20) subfamily, are all pro-
duced by different lenkocyte populations, and all bind w par-
tially shared receptors that are mainly expressed by epithelial cells
and known to promaote keratinocyte growth and o indoce skin
inflammatory responses (48, 49). The correlation of SNPs in
most of thee genes with micropathogen and helminth rich-
ness suggrests that modulation of skin immunelogical propetties
might represent an adaptive response to parasite species that
infect humans through the dkin,

SNPs in fL2RB, [L15, and IL15R A alo correlated with
macropathogen richness; these genes converge on the same
pathway as 1L-2R B and IL-15R A are part of a rimeric com-
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plex that binds 1L-15 (50). IL-15 has a central role in intesti-
nal inflammatory processes and in the pathogenesis of CD
and CeD) (51). possibly participanng in the immune protec-
ton of gut tissues. An interesting observation is that [L-2R 1B,
via [L-15 binding, regulates the intestinal epithelial barrier by
rransducing signals that resule in night junction formanoen
(52). Vanation of mucosal permeability after nematode infec-
tion is 2 host defense response and is inportant for eficient
parasite expulsion (33); the correlation we observed between
SMPs in these genes and macropathogen richness might indi-
cate selection for improved intestinal clearance of nematodes.
Again, mouse models will prove central in addressing the role
of these loc in parmsite expulsion; e.g., in the case of IL4R,
which alzo correlates with helminth richnese {Table I), treat-
ment with antibodies or use of i dr-deficient mice prevented
expulsion of Heligmosomoides polyeyens, Trichuris smris, and
Nippastrongylus bursiliensis (54).

A major locus for suscepribility to Sehisrosoma mansoni in-
fection (SM1) has previously been mapped to 5q31-933 (35).
This repion covers (L4, ILS, IL3, IL13, ILY, and TLI2 B, as
well a8 other candidice loa (IRFI and CSF2). Although our
data do not allow inference on which gene is responsible for
mcreased susceptibility to schistosomiasis, it is worth noting
that four SINPs in (L4 display very strong correlation with hel-
minth rchness, IL4 might therefore be regarded as a candidate
locus for susceptibility to 8. mansonf mfection, with dedicated
association studies being required to verify this prediction.
Conversely, the SM2 region (6922-q23), where 4 locus con-
trolling hepatic fibrosis in S, mansoniinfection has been mapped
(56), harbors no IL genes.

Pathogen-driven variations in allele frequencies can occur
under different selection scenarios, such as directional or bal-
ancing selection; the latter iself & the result of an inithl stage
{)['pmil:tv:: selecnion thar favors the spre:td ina pnpul:u:inn of a
new allele until selecoon opposes its foaton and a balanced
sitnation i established. Common causes of balancing selection
n¢lude heterozygore advantage, changing environmental con-
ditions, and Eequuncy-depﬂndent selection, all of these p{mi—
bly applying to host—pathogen interactions. Also, given the
pletotropic roles of many IL genes, selective pressures different
from pathogen nchness might affect the evolutonary fare of
these loci. Classical population genetics analvses indicated that
five IL genes are likely mrgets of balancing selection. IL1FS,
ILIF7, and IL1F10are recently discovered 1L-1 fanuly mem-
bers (37) that are located within the 111 gene cluster; based on
L'Dmp:lml:i.w: analyses, IL-1F5 and IL-1F10 are predicrr_'d Lo act
as antagonists (58). IL1FS i a regulator of skin and brain in-
Aammuation (59, 60) and it is expressed in many different human
tissuies (37). Interestingly, an excess of heterozygotes was ob-
served for TLIFS, suggesting thar overdominance might un-
derly the maintenance of a balanced polymorphism in the
gene. Overdominance is rare in hunans (36, 61) and is hy-
pothesized w enhance immune response Aesabilicy by modu-
lating allele-specific gene expression in different cell types and
in response to diverse stmuly/cytokines (62). Whether this is
the case for [L1FS remains to be verified.
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TL1F10 is asdll relatively unknown protein mainly ex-
pressed in skin, proliferating B cells, and tonsils (63). One of
the mrermediate frequency SNPs in the gene s accounted for
by a missense substittion that replaces an asparne acid resi-
due with an alnine (Asp51Ala); the presence of 2 negatively
charged residue at this position is conserved among mammals
(Fig. S4), possibly suggesting funcoonal significance and await-
ing experimental testing.

In analogy vo IL1E5, the other IL1 family member we
identfied as rejecting neural evolution, Le., ILIF7, also acts as
an antinfammatory molecule (64).

ILIFS, IL1F7, and IL1F10 are not known to be involved
in human diseases; in conteast, IL18RAP and TL7R play a role
in tggering immune responses. The IL-7/IL-7IX ligand-re-
ceptor pair i central w the proliferation and survival of B and T
leukocytes, We identified one SNP in the gene as highly
correlated with macropathogen richness (Table I), This is not
surprising given the role of Th2 responses in helminth infec-
tion and the involvement of IL-7R in the TSLP signaling
pathway (65), which in turn regulates Th2-mediated mfam-
natoery responses (66,

Similar to [L7R, HL1ERAP plays a known role in human pa-
thology. The gene encodes a component of the protein complex
mvolved in trmsducing 1L-18 dgnal, resulting in the acovation
of NF-kB (67). The IL-18 receptor complex i expressed in the
intestine (38), and one SNP immediately downstream IL18RAP
{(s917997) has been associated with both Celd and [BDY (38, 39).
We found the predisposing allele of 5917997 and a linked vari-
ant (rs2272128) to correlate with pathogen richness. The loca-
ton of <2272 128 in the 5" gene region and its srong cocrelation
with pathogens might suggest that it {(rather than rs917997) rep-
resents or i in close LI with the functional allele. Moreover, the
correlation of a rsk allele for autoimmune diseases with patho-
gen-rchness suggests an interesting link berween adapration and
disease. Indeed, we observed that five more risk alleles for either
IBD or Cel? significantly correlare with micro- and macropa-
thogen rchness. Albeit preliminary, these data suggest thar infec-
tious agents have shaped the genetic vanation at IL loct invelved
i ntestinal mfanunatory processes and, as a consequence, the
genetic predisposition © both Cel) and CD/IBD.

A north—south gradient for 18D prevalence has been de-
scribed in both the US and Burope (68). This observation, to-
gether with the increase of IBD prevalence i the lasc 40 yr
(68) and the hypothesis that helminths elicit Th2-mediated
responses, led to the proposal that lower exposure o parasicic
worns in the seting of industdalized countries results in un-
balanced immune response, and eventually predisposes to [BT
(68, 69. The so-called hygiene hypothesis, which clearly im-
plies evolutionary considerations concerning human—patho-
gen interactons, has been sLlpportm:l by recent studies in both
humans and mice (40, 68-71)). Data herein seem to indicate
that a portion of CeD- and IBD-predisposing alleles have
been selected by micropathogen rchness, pointing to an adap-
tive role for these varants, Although not dicectly supportive of
the "IBIY hygiene hypothesis,™ these results indicate a higher
disease predisposition insubjects carrying 1L SNP variants that
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confer stronger protection against viruses/bactera and there-
fore likely elicic more vigorous Thl responses. Living condi-
tions in industrialized countnes have resulted in a reduction of
both helminth and bacrerial/viral infection. The effect of this
environmennl change on the homeostisis of immune responses
might be difhicult to reconcile with simple theories (71). In
this complex scenario, we consider that evolutionary studies
and population genetics approaches, such as the one proposed
here, provide some nsight into the genetic basis of predisposi-
ton to nfectious and antoimmune diseases.

MATERIALS AND METHODS

Dam retrieval and haplotype comstruction. D concerning the HGDP-
CEPH panel denve fram a previons work (20}, A SNP was sribed 1o a spe-
cific gene i 0 was Jocated wathin the transeribed region or na further than
500 bp upsream the transeAption sorcsite,

Genotype data for resequenced [L genes were retrieved from the Searte-
SNPs (lrpe /S pea b wes hingronedu) and Tnnae iunmuniny PG A (lup://
innamimmunny.oet/) web sivs. A ol of 68 genes wee availible for analy-
si: For cach gene, genotypes deriving from 24 subjecs of African ancestry
and 23 of Caucasian ancestry were retrleved,

Grenorype dats for 238 resequenced human geneswere derived tram the
MNIEHS SMPs Program wel sive (lorp/fegpogwashingtonedu), We specifi-
cally selecred genes that had been resequenced in popubitnons of defined eth-
nicity (NIEHS pane 2},

Haplotypes were inferned using PHASE version 2,1 (72), a program for
recanstructing haplotypes from wirelsed genorype duws through 3 Bayesion
strstical method.

Recombimtion mies were denved from the Univesity of Calitornia af
Sant Croz genome browser welb site (hop:/Agenome.uese edu). Informatian
conerning CNVs was derived from the dastose of genomic varianes (hup: o7
projects. teag.ca/ vartion'},

Wariants and sisk alleles identified in genome-wide awociation studies
were retrieved from the Natioms] Human Gename Fesearch Institute web sine
{hieep:/ S, genome govy ) updated on Decemnber 1, 2008,

Statistical analysis. D (23), Fuand Li's D% and F® (24) s, and diversing
parameters By (25) and w0 (26) were cakulaed wing Tbsequence Conales-
centsimulations were performed wsing the cosi package (27) and it best-fir pa-
rametess for YRE, AA, and EU populatons with 10 iterations, cosi isa simabiion
package based on 3 popultion geneties model clibraed on empirial dasy i
therelre allows incomporation of demographic seenarios in simulstions,

The By sausic (74) estinutes genetic differentiaion among populs-
tioms and was calcubited w previously proposed (75).

The maximum likelihood ratio HEA test was pertormed using the ML-
HEA software (20} & previously decibed (T8), Inbrief, we wed mulilocs
dava af 16 seleared genes and Paw rogladpres (NCBT panTro2) a5 an- aurgroup
{except bor JLTFT, where Paggo pyomaens abelii, NCBE ponAbe2, was wed =
the ourgroup). The 16 e ference genes were mndomly selected among
NIEHS loci <20 kb that have been resequenced acrs panel 27 the anly -
terion was that no reference gene rejected the neurral model (e, thar
gene yielded significant D), The reference loci tsed were a3 follows N
PLAXG2D, MB, MADZL2, HRAS, CYP17A1, ATOXE, BNIP3, G2,
NGB, TUBAL, MT 3, DTH, PRIDXS, RE and JUNT,

LD analyses were performed wing Haploview (7a), and loploogpe
blovks were identified through an implemented method,

Median-joining nerworks to infer haplotype genealogy were con-
srcted wsing NETWORK 4.5 (31 Estimare of the TMROCA was obamed
using 3 phylogeny-hased approach fmplemented in NETWORK wing a
mutation tate hased onthe number of fixed diffierences berween human and

chimpanzee or oranguem and ssuming & separgion tme fom honoos of
6 MY and 13 MY spo, repectively, A second TMRCA estimate was derived
fronn apphication of 3 nadmum-lkelbood coaleseent merhod dmplenenied
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in GENETREE (32}, Again, the mutaton mte b wis obtained on the basis
of the divergence berween hman and 2 primawe, ssuming 3 generation tme
of 25 yr. Using this pand che macimum likcelibood @ (8,0, we estimaed
the effective popubtion size parameter (N}, With these ssumprions, the
coalescence time, sakd in 2N, unis, wa converted into years, For the co-
alescence process, 10 sinulsions were performed. All calenlatdons were
perdormed in the B enviranment jwwe. e-pmject org)

Envirommeneal variables. Pathogen sheenee/presence marces for the 2t
countries where HGDF-CEPH populstions ate Jocated were derived from
the Gideon dotsbase (hirpe/ Swww gideanonline.com) following previow
methods (140, 18, Infunuation o Gidean & updaed weekly and denves
from WHO reporss, Mational Health Miniscries, PubMed searches, and epi-
deminlogy meetings. The Gideon Epidenviology module tollows the smms
of known infections diseses glotally, & well @ in individual countris, with
specitie notes mndicating the disesse's history, nekdende, and distribution per
country. We manually curasted pathogen shsence/preence marrices by ex-
reeting information from single Gideon entres. These may mefer 1o ci
species or genera (in cse dao awe nocsvaibible for diferent species of 2 5a

genug), Following previeuy suggestions (10, 18}, we recorded only species/
genera that are mansmitted inothe 21 countries, meaning thar cises of mans-
mission cawed by tourism and immigston were not tken into account
abo, species thar fove recently been eradicared s 2 resuly, for example, of
vaccination campaigns, were recorded s present in the mawix, A wol of 285
pathogen specics were retrieved (Tabke 563 Other enviraunental varisbles
such as average annual mean and maximom wemperaniee, precipimtion mie,
and shom-wave odiation fox were denved for the geographic aoordinaes
corresponding to HGDP-CEPH populstions fom the NCEP/NC AR dats-
e (hop s Swwew cdenoa gov/PublicDan ).

Online supplemental material. Table 51 shows corelations between the
richness of viroses, hacteria, proweos, and gl Table 5245 ol of 1L geoes
analyzed in the study, Table 83 shows cormelanons with clinatic variable.
Table 54 provides diversitg indexes and summary sostics for 235 honun
genes resequenced by the NIEHS program. Table 55 shows GENETREE
estimates tor ILTES, IL1FT, and ILTR, Table S6 is 2 list of parhagen species’
genera idendfied in ar least one populaton, Fig, S1shows the geographic lo-
cation and pathogen dclingss stimaes for the 52 HGDP-CEPH popula-
tions, Fig. 52 shows LY stmeture for L gene custers. Fig, 83 repors LE
blocks for ILTES, IL1F7, and IL7R. Fap. 54 shows mltple proein align-
ment for IL-1FLD, Online supplementsl matenal b availshle at hirp:/ Sanaa
Jenorg/es content full e 20082779 /DO L,

We am grateful to Or. Roberto Giorda for helipful discussion about the mamscript
‘We ako wish to t kank Br. Danick Sampistro for technical assistance in retriesving
data an climatic varatks
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Protozoa exert a strong selective pressure in humans.
The selection signatures left by these pathogens can be
exploited to identify genetic modulators of infection
susceptibility. We show that protozoa diversity in differ-
ent geographic locations is a good measure of protozoa-
driven selective pressure; protozoa diversity captured
selection signatures at known malaria resistance loci
and identified several selected single nucleotide poly-
morphisms in immune and hemolytic anemia genes. A
genome-wide search enabled us to identify 5180 variants
mapping to 1145 genes that are subjected to protozoa-
driven selective pressure. We provide a genome-wide
estimate of protozoa-driven selective pressure and
identify candidate susceptibility genes for protozoa-
borne diseases.

Protozoa as a selective force

In the late 1940s Haldane hypothesized that the preva-
lence of thalassemia in the Mediterranean region was the
result of a selective pressure imposed by malaria [1]; we
now know his proposition to be true. In addition to tha-
lassemia, several other hemoglobinopathies and disorders
ofred blood cells are thought to be maintained as balanced
polymorphisms because of their protective effects against
Plasmodium |2]. Indeed, malaria is now considered to have
exerted the strongest selective pressure in the recent
history of humans [2], which 13 not surprising becausze
300-500 million people develop malaria and 1.5-3 million
die from this disease each year [3]. Notably, other proto-
zoan genera such as Leishmania and Trypanosoma are
widespread in many geographicregions and the prevalence
of protozoan infection has likely been high throughout
human history [2]. Despite the relevance of protozoan-
borne diseases, few susceptibility loci have been identified.
A possible approach for the identification of gene variants
that modulate susceptibility to protozoan infection is to
exploit the selection signatures left by these pathogens on
human genes [2]. In general, pathogen-driven selection isa
situation whereby infectious agents shape the genetic
variability at a locus. This occurs because one or more

Cormaprmding author: Sirond, M. (oanuedasira@bplnl i),

alleles influence the susceptibility to be infected or the

severity of the resulting disease.

Protozoa diversity is a reliable estimator of protozoa-
driven selective pressure

Owing to the strong selective pressure imposed by proto-
zoa, polymorphisms that protect against these agents are
expected to be at high frequencies in heavily affected
populations [2]. As an example, HbS, the allele responsible
for gickle hemoglobin, is maintained by balancing selection
at a frequency of about 10% in regions where Plasmodium
is endemic because heterozygotes have a greatly reduced
rsk of severe malana [2]. Therefore, one possible way to
identify susceptibility alleles for protozoa-borne diseases is
to search for correlations between genetic variability and
an estimate of the selective pressure exerted by the infiec-
tious agents in different human populations. To do this, we
analyzed genotype data and measured protozoan-driven
selective pressure. We exploited the availability of 660,832
single nucleotide polymorphisms (SNPs) genotyped in 52
human populations distributed worldwide (from the
HGDP-CEPH panel; Table S1 in the supplementary
material online) [4].

It was previously shown that pathogen diversity (ie.
number of different pathogen species) in a given geo-
graphic location is a good estimator of the pathogen-driven
pressure imposed on populations living in that area [5-7].
We therefore attempted to determine whether a variable
based on the estimated protozoa diversity in different
geographic locations could also capture selection signa-
tures at genes known to affect resistance to malaria (num-
ber of genes = 31, Table 52 in the supplementary material
online).

Dataon the prevalence of malaria were derived from two
different sources: the World Health Organization (WHO,
httpdhww who.int) and Gideon (http/Awww.gideononline.
com) databases, which provide non-overlapping infor-
mation. The data for protozoa diversity estimate were
retrieved from Gideon (see the supplementary material
online); all parameters were caleulated for the 21 countries
where 52 HGDP-CEPH populations are located {Table S1in
the supplementary material online).

We found these two prevalence estimates to be signifi-
cantly correlated (Kendall's 1=042, P= 7.1 x 107%), and
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Table 1. Correlation analysis of genes involved in resistance to malaria, hemolytic anemia and immune response

Estimate Gene list Number of MNumber of P value® Contributing genes”
genes” associated
genes"
Malaria prevalence Malaria 1] a rd -
[WHO)
Malaria prevalenca Malaria A a n.d -
|Gideon)
Protozoa diversity Malaria kil 11 n.d. PKLR, CR1, IL1B, GYPC, IL4, IL12B, CD36, ABO,
IENG, SLCAAY, ICAM?
Protozoa diversity Malaria 60 23 0.016 Malaria contributing genes plus ENO1, EPB4Y, CFH, CD46, ADDZ,
plus HA GELC BPGM, ANK1, HK1, CO55, GSS, 5PTH
Protozoa diversity ImmPort 2287 300 1x107% CO163 IFNG, IL7, STAT4, LY9 SERPINAZ, FAS, CD163L1, TYK2,

JAKT and see Table 54 in the supplementary material onling

“*Number of genes with at lesst one SNP genotyped in the HGDP-CEPH panel.

“Number of genes with a1 least one SNP showing a significant correlation with efther malarie prevalence or protozoa diversiiy.

“Empirical P value ealculated by pedorming 10,000 re-samplings of randomly ehosen genes [for detalls, see the supplemaentary matensl onlingl. nad., not determined.
“Genes showing at leastone SNP significantly correlated with protozoadiversity; CRT, complementcomponent |2bAb) receptor 1; 118, interleukin 1, &2 CO38, CO36 malecule;
ABQ, ABO blood group; ENGT, enolase 1; EPB41. erythrocyte membrane protein band 4.1; CFH, complement factor H; CO4E, €D 46 molecule; ADDZ, adducin 2; GELE,
glutamate-cysteine ligase, catalytk subunit; BPGM, 2.3-bisphos phoglycerate mutase: ANKYT, ankirin 1; HKT, hexokinase1; CD53, CD58 molecule; GES, glutathione synthetase;
SFTE, spectrin i, erythrocytics IL7, interleukin 7 STAT4, signal tranaduser and acthvator of transeription 4; LYS, lymphocyte antigen 9; SERPINAZ serpin peptidase inhibitar,
elade A; FAS, Faz {TNF receptor supedamily, member 6); COTE3LT, CD163 molecule-lke 1; TYKE, tyrosine kinase 2 JAKT, Janus kinsse 1.

both correlated with protozoa diversity (Kendall's 7 = 0.39,
P=42%10" and v=037, P=6.9 x 10°* for WHO and
Gideon prevalence, respectively). We caleulated Kendall's
rank correlation between allele frequencies of SNPs in
malaria resistance genes and either prevalence or protozoa
diversity estimates. Also, given the demographic history of
human populations and their non-independence, we
wished to correct for isolation by distance [8,9]. Therefore,
we used partial Mantel tests to account for the association
between genetic and geographic distances between popu-
lations and then test for the effect of a third vanable
(protozoa diversity or malaria prevalence) above and
beyond isolation by distance (see Methods). Specifically,
we calculated partial Mantel coefficients (ry ) for the three
estimates and for all SNPs in the data set. A SNP was
defined as being associated with a given estimate if it
digplayed a significant Kendall correlation (P value after
Bonferroni correction <0.01) and ry higher than the 95th
percentile in the distribution of all SNPs.

Eleven malaria resistance genes carried SNPs signifi-
cantly associated with protozoa diversity, whereas no var-
iant was identified using the prevalence of malaria
obtained from Gideon or the WHO as a correlate
(Table 1; Table S3 in the supplementary material online;
these data suggest that protozoa diversity represents a
better estimate of malaria-imposed selective pressure than
either estimate of malaria prevalence. Notably, inaddition
to SNPsin genes known to be involved inimmune response
leg. interleukin 4, interleukin 12B, interleukin 1B and
interferon gamma), polymorphisms in genes associated
with erythrocyte homeostasis such as pyruvate kinase
(PKLR), glycophorin C (GYPC) and erythrocyte membrane
protein band 3 (SLC4A1) significantly correlated with
protozoa diversity (Table 1) Given the pathogenesis of
malaria infection, these results sugpest that Plasmodium
rather than other protozoa species acted as the selective
agent for these variants.

Two observations might explain why protozoa diversity
18 a better measure of malana-driven selective pressure
than prevalence. First, prevalence estimates might be
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more heavily affected by poor accuracy and report biases
than protozoa diversity. Second, despite our effort to
account for historical notes, present-day malaria preva-
lence is likely to represent a weak proxy for long-term
infection intensity. Conversely, it has been shown that
protozoa diversity is strongly influenced by dimatic vari-
ables [10], which in turn might be considered as relatively
stable over time; therefore, protozoa diversity might reflect
historical pressures better than the prevalence of speafic
infections.

Mutations in PKLR, SLC4AT and other genes result in
increased resistance to malaria, but are also responsible
for hemolytic anemia (HA), a condition characterized by
abnormal lysis of red blood cells due to membrane or meta-
bolic defects. We therefore explored whether variants in
genes that cause HA (number of genes with at least one
genotyped SNP in the HGDP-CEPH panel = 29, Table 52
in the supplementary material online) carried SNPs
sgnificantly assodated with protozoa diversity. As shown
in Table 1, 12 HA genes showed SNPs gignificantly corre-
lated with protozoa diversity (see also Table 83 in the
supplementary material online), suggesting that these loci
have been shaped by the selective pressure imposed by
Plasmodium, and therefore represent likely susceptibility/
resistance genes. Our data suggest the existence of non-null
alleles in HA genes that might confer a modest (compared to
total deficiency) but significant protection against malaria
with little fitness reduction in populations.

A gimple expectation of this prediction is that HA and
malaria resistance genes more often display SNPs signifi-
cantly correlated with protozoa diversity compared to ot-
her human genes. Indeed this was the case. Thus, by
performing 10,000 random re-samplings of 60 genes (the
number of malaria plus HA genes) covered by at least one
SNP in the HGDP-CEPH panel (see the supplementary
material online) we verified that the probability of obtain-
ing 23 genes with at least one significantly aszociated SNP
amounts to (L016 (Table 1). Notably, non-significant
empirical P values were obtained (all P values >0.05),
when this same analysis was performed using the diversity
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of helminths, viruses and bacteria, suggesting that proto-
zoa diversity is a specific measure for the selective pressure
imposed by these organisms.

Infection with Plasmodium, as well as with other pro-
tozoa, elicits a strong immune response in the host; there-
fore, we expected SNPs in genes involved in the immune
response to be associated with protozoa diversity more
frequently than we observed for randomly sampled loci.
We verified this prediction by analyzing the ImmPort list
{The Immunology Database and Analysis Portal, http/
www.immport.org) which contains 2287 genes involved in
immune response and covered in the HGDP-CEPH panel.

Trends in Genetics Vol 26 No3

Among these genes, 300 contained at least one SNP
significantly associated with protozoa diversity (Table 1;
and see Table S4 in the supplementary material online),
corresponding to an empirical probability of 0.0001 and
confirming our prediction.

Genome-wide search for variants subjected to
protozoa-driven selective pressure

These findings indicate that protozoa diversity is a reliable
estimator of the selective pressure imposed by protozoa
and warrant its use for a genome-wide search of signifi-
cantly associated SNPs. We therefore calculated Kendall's
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Figure 1. Network analysis of genes sssociated with protozos diversity. Networks were constructed thowgh unsuperdsed Ingenuity Patiway Analysis [IPA | using &l penes
with atlzast one SNP signiflcantly associated with protozos diversity 83 the input. Genes are represented as nodes, and edges indicate known interactions between proteins
junbroken lines depiet direct interaction, and broken lines depictindirect interaction|. Genes are color-coded 8 follows: orange, genes with a1 least one SMP aignificantly
Bssociated with protoro s diversity: yellow, genes with at least one SNFP that did notwithstand genome-wide Banferrani eomection but displayed an s rank higher then the

B5th percentile and & Pvalue lower than 10°° {these genes were not included in the

input IPA list used to genarate networks | g ray, genes with a1 least one SNP typed in the

HGDP-CEPH panel that showed no essociation with protozos diveraity; white, genes with no SNP in the panel.
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rank correlations between allele frequency and protozoa
diveraty for all SNPs (n = 660,832) typed in the HGDP-
CEPH panel. We next searched for instances that withstood
Bonferroni correction (with « = 0.05) and displayed an ry
percentile rank higher than the 95th. A total of 5180 SNPs
mapping to 1145 disgtinet genes satisfied both requirements
(see Table 35 and Figure 51 in the supplementary material
online). These SNPs are expected to be either causal or in
linkage disequilibrium with the causal variant.

We wished toverify whether climatic variables could be
responsible for the correlations detected between these
SNPs and protozoa diversity. Hence, for all countries
where HGDP-CEPH populations are located we obtained
the following parameters: annual temperature (minimum,
maximum and mean), short-wave radiation flux, annual
predpitation rate (minimum, maximum and mean),
annual relative humidity (minimum, maximum and mean)
and latitude. No SNP that we identified was correlated
significantly with these variables after Bonferroni correc-
tion (Table S6 in the supplementary material online) with
the only exception being r2296721 (intergenic), which was
correlated with both protozoa diversity and maximum
predpitation rate.

Analysis of the 5180 SNPs identified indicated that they
displayed, on average, a greater population genetic differ-
entiation (Fgp) compared to variants with similar minor
allele frequency (MAF), with the exception of variants with
very low MAF (Figure S2 in the supplementary material
online). These variants were located within gene regions
more frequently than expected (y* test, P'=5.09 % 1075).
This finding was verified using a MAF-matched control
SNP set for comparison {xz test, P=1.17 x 10 °); these
data are consistent with the suggestion that selection
preferentially targets genic over non-genic regions [11,12].

Cellular pathways involved in response to protozoa-
borne infections

Next we explored the functional relationship between
genes assocated with protozea diversity, Unsupervised
Ingenuity Pathway Analysis retrieved two high-scoring
networks (P <107 ) and four networks with lower scores
(P < 107% (see Figure 53 in the supplementary material
online). When networks 1 and 2 were merged, the rezulting
network (Figure 1) was organized around three major
hubs: interleulan 13 (IL132), tumor necrosis factor (TNF)
and interferon gamma (IFNG). The two latter molecules
are central mediators of immunity and pathogenesis for
malaria [2], whereas [L-13 is a key factor in determining
susceptibility to Letshmania major infection in mice [13].
Among the genes in the merged network, the strongest
associations with protozoa diversity were obtained for the
CD163 molecule (CDME3, 7=0.72) and the intercellular
adhesion molecale 1 (JCAMI, 7 =0.68). CDI63 encodes &
scavenger receptor that mediates the internalization of
both free hemoglobin and hemoglobin-haptoglobin com-
plexes [14] and might therefore exert an important pro-
tective role in malaria by preventing intravascular
hemaolysis-associated tissue damage. ICAM1 mediates
the adhesion of erythrocytes infected with Plasmodium
faleiparum to the endothelium, thus playing a major mwle
in the pathogenesis of severe malaria [2].
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Among the genes more strongly associated with proto-
zoa diversity, we identified E2F transcription factor 1
(E2F1), which encodes a transcriptional activator recruited
by NF-kB upon activation of toll-like receptor 4 (TLR4)
[15]. a known receptor for the glycosylphosphatidylinositol
anchors of P. falciparum and other protozoa [16]. Although
no SNP within the TLR4 gene region is correlated with
protozoa diversity, we noticed a cluster of 13 associated
variants (Table 85 in the supplementary material online)
scattered across a 373 kb region downstream from
the transaiption end site of the gene (Figure S4 in the
supplementary material online). This region is therefore a
good candidate to harbor regulatory variants for TLR4
expression. Another interesting assodation involves
GAPCY (glucose-6-phosphatase, catalytic subunit 3) a
pivotal gene for neutrophil survival and function [17,18].
Notably, people of African ancestry tend to display lower
neutrophil counts than other ethnic groups due to a high
prevalence of Duffy null alleles, in turn resulting from
Plasmodium counter-selecting the expression of this anti-
gen [19]. Given the relevance of neutrophils for protection
against malaria [20], it is possible that variants in GEPC3
have been selected to compensate for the Duffy defect.

Finally, four genes (zinc finger homeobox 3, ZFHX3;
CUB and Sushi multiple domains 1, CSMDI; calcium/
calmodulin-dependent protein kinase 11 delta, CAMK2D;
and diacylglyeern] kinase B, DGKB) with at least one SNP
significantly associated with protozoa diversity (Table 55
in the supplementary material online) were involved in the
susceptibility to Kawasaki disease [21]. In line with these
findings, CDMOLG (CD40 ligand) was shown to be a
susceptibility gene for both severe malaria [2] and Kawa-
zald dizease [22], pogsibly underlying the central role that
inflammation and vascular endothelia integrity plays in
both conditions.

Concluding remarks
The concept whereby protozoa (and Plasmodium in
particular) have exerted a strong selective pressure on
the human genome is based mainly on the observation
thaterythrocyte defects conferring protection from malaria
are highly prevalent in human populations [2]. Our results
provide the first genome-wide estimate of protozoa-driven
selective pressure, confirm that protozoa played a selective
pressure of utmost importance in shaping the human
genome, and indicate that previously known genetic var-
iants represent only the tip of the iceberg [2]. In this
respect, it should be noted that the approach we adopted
in this work is intended to identify genesfvanants that
have adaptively evolved in response to protozoa (i.e. under
balancing or positive selection) but iz not expected to
retrieve loci that have been evolutionarily constrained
by protozoa-driven selective pressure. Also, the power of
our method depends largely on the relative strength of
selection versus gene flow/drift and 1s likely to be low in
cases of convergent evelution (i.e. when parallel mutations
with similar effects arise or are selected in different popu-
lations).

It was suggested recently that a small portion of the
genetie susceptibility to malaria could be attnibuted to
known hemoglobin gene defects [23]. Resistance to this
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disease ig also under a complex, multigenic control with
single loci playing a small protective role [23]. The same
probably applies to many other infectious diseases,
suggesting that classic genome-wide sssodation studies
(GWAS) might overlook many susceptibility lodi, unless
extremely large cohorts are recruited. Conversely, if the
selective pressure is sufficiently ancient, even a small
fitness advantage can leave a signature on the allele
frequency spectrum allowing inference of its role in mod-
ulating infection susceptibility or disease progression. In
addition to providing insight into the evolutionary history
of our spedes, approaches like that used here might comp-
lement and integrate GWA studies in identifying the
genetic basis of resistance/susceptibility to disease.
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Although homology is a fundamental concept in biology
and iz one of the shared channels of communication
universal to all biology [1],itisdifficult to find a consensus
definition [2]. Indeed, the interpretations of homology
have changed as biology has progressed. New terms, such
as paramorphism [3], have been introduced into the lit-
erature with mixed success. In addition, different
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research fields operate with different definitions of
homology, for example the mechanistic usage of evo-devo
[4] 15 not strietly historical and would not be acceptable in
cladistics. This makes a global understanding of
homology complex, whereas the integration of evelution-
ary concepts into bioinformatics and genomics is increas-
ingly important. We propose an ontology organizing
homology and related concepts and hope this solution
will also faalitate the integration and sharing of knowl-
edge among the community.
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Abstract

Viruses have exerted a constant and potent selective pressure on human genes throughout evolution. We utilized the marks
left by selection on allele frequency to identify viral infection-associated allelic variants. Virus diversity {the number of
different viruses in a geographic region) was used to measure virus-driven selective pressure. Results showed an excess of
variants correlated with virus diversity in genes involved in immune response and in the biosynthesis of glycan structures
functioning as viral receptors: a significantly higher than expected number of variants was also seen in genes encoding
proteins that directly interact with viral components. Genome-wide analyses identified 441 variants significantly associated
with virus-diversity; these are more frequently located within gene regions than expected, and they map to 139 human
genes. Analysis of functional relationships among genes subjected to virus-driven selective pressure identified a complex
network enriched in viral products-nteracting proteins. The novel approach to the study of infectious disease epidemiology
presented herein may represent an alternative to classic genome-wide association studies and provides a large set of
candidate susceptibility variants for viral infections.
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Introduction

Inlictious distases represent one of the major threats o human
populations, are still the st case of death in developing countrics
[1]. and are therefore a powerful selective force. In parocular,
virses have allecied humans before they emenged as o species, as
testified by the fact that roughly 8% of the buman genome is
represented by recomizs
represent the fossil remnants of past infections, Also, virses hane

ahile endogenous rerovicises [2] which

probalbily acted as a fomidable challenge 1w our immone system
due to therr Fst evolutionary rates 3] lodeed, higher cularyotes
have evolved mechanisms w sense and oppose viral infiections: the
recent identification of the antivical actid

- ol particuliar protems
such s APOBEC, tethenn, and TRIMS has shed light on some of
these mechanisms, Genes imwived in anti-viral response hane
therefore been presumabily subjected o an eoormous, contimmus
selective pressure.

Despite e redevimce of viral inliscton for human bealth, only
few genomesvide associaton siudies (GWAS) have been pere
formed in the attempt to ident B varkants associated with inereased

stsceptibility o tnfection or fster o
studies have shown the presence of a small number of vadants,
maostly lecated i the HLA region, This pessibly rellects the low
power of GWAS 1o identify vadants with a small cffect. An

cast progression [ 5], These
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allermative apprs Lo discover vatants that modulate s
hility to viral infiction is based on the identification of SN

subjected o virus-driven selective pressure, Indeed, even a

fitness achantage can. on an evolutiomary tmescale, leay
signature on the allele frequency spectrum and allow identification
of candidate polymorphisms, Te this aim we exploied e
avadlabihty of more than GO0 SNPs genotyped in 52 huoman
populations distributed workl-wide (HGDP- H ]J:llll'l: |6] and
of epidemiological data stored in the Gideon database,

Results

Virus diversity is a reliable estimator of virus-driven
selective pressure

Previous studies [T-9] have suggested that the number of the
diflerent pathogen species tmnsmitted i a given geographic
lpeation 15 a mod estimae of pathogen-driven selection or
populations lving m that ama. Indeed. pathogen diversity 15

largely dependent on climatic Baewors [10] and might more closely
reflect historical pressures than other estimates such as the
prevalence ol specific infbctions, We therefore masoned that vims
diversity can be used as a measure of the selective pressure exerted
by virus-borme  diseases on human populinons amd, as a

conserpuence, thiat SNPs showing an umesaally strong correlation

February 2010 | Volume 6 | lssue 2 | e1000849
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Author Summary

Viruses have represented a constant threat to human
communities throughout their history, therefore, human
genes involved in anti-viral response can be thought of as
targets of virus-driven selective pressure. Here we utilized
the marks left by selection to identify viral infection-
associated allelic variants. We analyzed more than 660,000
single nucleotide polymorphisms (SNPs) genotyped in 52
human populations, and we used virus diversity (the
number of different viruses in a geographic region) to
measure virus-driven selective pressure. Results showed
that genes involved in immune response and in the
biosynthesis of glycan structures functioning as wviral
receptors display more wvariants associated with wirus
diversity than expected by chance. The same holds true
for genes encoding proteins that directly interact with viral
components. Genome-wide analysis identified 441 vari-
ants, mapping to 139 human genes, significantly associ-
ated with virus-diversity. We analyzed the functional
relationships among genes subjected to  virus-driven
selective pressure and identified a complex interaction
network enriched in wviral products-interacting proteins.
Therefore, we describe a novel approach for the identifi-
cation of gene wvariants that may be invalved in the
susceptibility to viral infections,

with wvirus diversity can be comsidered genetic moduolators of

lection susceptibility or progression. To exploce this possibility

EPH panel, a collecton of DNAs from ‘almost 930
s sampled throughout  the world (Table 1
estimates were dedved  from the Glohal  Infectious

Virus

dives
Disease and Epidemiology Nemwork database; for cach country
where HGDP-CEPH populations are located we counted  the
nmber of ditferent virus .‘\T)\“‘{:IH‘.‘: far g
and methods) that are naturally frasmi e
Oine simple prediction of our hypothesis

a/Family as deseribed m
able 13
wy virs diversity

ts i reliahle estimator of virss-diven selective pressure is that genes
knewn to be involved in immune resporse are enriched in SNPs
significantly associated with vins nehness: In order oo verify
whether this s the case we analysed the lnnateD B gene list which
contins 2915 genes involved m immume response and showing
the presence of at lest ome SNP i the HGDPCEPH panel.
Correlations with vi richness were caleulated mwsing Kendall's
partial ik correlation: sinee allele l‘rwilu-.m'y spectra in hurman

populations are koown e be allected by demographie lactors o
addinon 1o selecove foroes [11-12), vach SNP was ami.guﬂi a
percentile rank in the discibution of T values calealated for all
SNPs having a minor allele frequency (MAF,
range) to that of the SNI being analysed. A §

n the 1%

L

was considered to

nificantly associated with vires diversity 0 3L displayed a
significant correlation (afier Bonferroni corvection with 2 =0001)
and u rank higher than 0.99, As shown in Table 2, 104 SNPs in
InmateDB genes showed o significant association with - virus
diversity, All SNPs in Innate DB genes that comrelated with virus
diversity are listed in Talile S1. By performing 10,000 re-samplings
of 2915 mndomly selected human genes (see materials and

b i

methods for details) we verilied that the empirical pl'uhzhj“l}' of

obtaining 104 sipnificantly associated SNPs amounts 1o 0.010,
indicating that genes in the InnateD B list display more vins-
associated SNPs than expecied,

It is worth mentioning that amongst these genes, (NG (MIM
19 nooding urcil DNA glyeosylse, finctions downstieam
ol ARIBECHG (MIM 607113)

b@ PLoS Genetics | www.plosgenetics.org

o mediate the degradation ol
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mascent HIV-1 DDNA 113} SERPINGT (MIM GOGHGL), a rl'._l{ll];.llill’
of the complement eascade, 15 also involved i HIV-1 infiction
(MIM B4 as ik exprossion is dysregulated o immate
dendritic cells by Tat [14]; moreover, the prolein product of
SERPINGD 15 cleaved by HOV and HIV-1 proteases [15-16].
Genes imvolved in the biosynthesis of glycan stroctures lave also

bt considered as possible modolators of infection susceptibility.
Indeed, since Haldane's prediction in 1949 [17] that antigens
constinted  of  protein-carboly molecules  moduliate  the

resistance Susceptibiliy o pathogen infection, protein ghyoolsyla-
tinn his been shown to play a pm:l.!l role i viral rﬂxau;ml i ol
st targets [ 18], & owell as in antigen uptake amd processing asd
m immune modulagon [ 19-20]. We therefore compuoed a list ol
genes imvolved in glycan biosynthesis from KEGG pathways and
G Omtology annotations, Again thee genes displayed signif-
wantly more viruseassociated SNIPs than expected i randomness
!]HI.Il‘ were responsible (empideal p= 00138
sveral virms-associated SNPs were located in genes coding for
-.L.q|\|lr,u;-.lt-r.a.q'~: (STECLLT (MIM 109675), STIGALT (MIM
GO, STHCALNACT (MIM 610133, STESAT (MIM 601123},
STRGALT (MIM 607 187) and STHSIHG h

sianlie weidks represent the most prevalen) emminal rnurumu'h.lndl'

(Table 2 and Table

on the surface of liman cells and determine the host rnge ol
different viruses including infloema A [21-22 ], pobyomaniros

JOV and BRY in bumans) [ 23], and rotaviruses (Hwe leading caose

ol childhood diarrhea) [24],

Sialiransfernses also play central roles n B oand T cell
communication and [ncton In paticolar, the generation of
influerza-specific huemoral responses is impaired in omice lacking
STAGALT [25]. while ST3GALD vegulates apoposis of CDE+ T
cells [20], Interestingly, STENL 6 s expressed in NK cells, possibly
playing & role in e regulation of Sighee-7 lectin inhibitory
fnction in these eells [26]. Four nlhtr genes (XFLTT
HSISTIAT (MIM 604057 :
(MIM fl(??}!ﬂl.i,, urr_\'u!g SNPs associated with vinug

diversity are involved in the biosynthesis of either heparan
sulphuste or chondroitin sulphbate, The fonner s an wubigui eously
exprissed glycosaminoghean sening s the cell entry oute [oe
hepesiruses [27), HTLV-D [28] and  papillomavinses  [29].
Chondmitin sulphate is similarly expressed on a wide anay of cell

types and liscions i an amxiliary receptor for binding of herpes
simplex vires [30] as well as a faciliator of HIV=1 entry into brain
micronvaseular endothelial cells [31]. Finally, we identilied LARGE
(MIM 608590 among the genes subjected to virss-diven selective
pressure (Talle 2% Recent studies have demonstrated that the
post-trnslationl modiication of 2-dystroghean by LARGE is
critical for the binding of arenaviruses of different phylogenetic
ongn including Lissa fever virus and lymphooytic-choriomenin-
mis virus [32-33] Therdore our data support the previously
proposed  ypothesis whereby vinses represent the selective
pressure underlying the strong signal of pesibive sclection al e
FARGE locus [34].

Simee genes onolved o immue msporse and o e
bicsynthesis of gyean strucmres are likely wo be subjected o
selective pressures exerted by pathogens other than virses, we

verlied whether a sel of genes dlrﬂ ty o hed i interaction with
wviral proteins ako dL‘.pl.l}-. mone gnificantly correlated with
virts diversity, To this aim we retrieved alist of 1,916 genes koown
o mileret with at least one viral product and displaving at least
one genotyped SANP i the HGDP-CEPH o o] (e st rals ad
methods). In order o pedorm o sonsredundant analysis, gemes
included in the InmateDB list and ovolved in ghyan IJumr:IJn‘m
were removed: Uw remaining 987 genes displayed 80 SNIPs
correlated with virus diversity, corresponding 1o an empirdeal
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Table 1. Populations in the HGDP-CEPH panel and virus
diversity estimates.

Bantu North East
Bantu South East
Biaka Pygmiss
Mandenka
Mbuti Pygmies
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Marth ttalian
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Sardinan
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Table 1. Cont.

Sarmpled Virus
Population Country individuals  diversity
Muozabite Algeria fri] E
Falestinian lsrael a8 a1
WAN Malanasian Papua New Guinea 14 7 a5
Papuan Papua New Guinea 17 45

dot10.1371 journalpgen 1 0008491001

pvalue of 0017 (Table 2 and Tahle
analysis was performed wing the diversity of pathogens other than
virtses (hactena, protosoa aid helmnths), oo sigmbicant excess of
correlated SNPs was found (all l-rn'|Ji r'l(::;ljj vatlues = 00050,

Notalily, when this same

Genome-wide identification of variants subjected to
virus-driven selective pressure

Given these mesults, we wished w identilfy SNPs significantly
associated with virus richoess on a genomewide hase, We
therelire caleulated Kendalls rank comelations betwern allele
frequency and vines diversity loe all the SNIPs n = 660.832) byped
inn the HGDP-CEPH panel. We next searched for instances which
withstood Bonlemont correction (with o= 0005) and displayed a T
perwentile rnk higher than the gt among MAF-matched SNPs.
A total of 441 SNPs mapping to 139 distinct genes satisfied both
requirements, Table 3 shows the 30 wp SNIPs (or SNP clusters)
located within genic regions and associated with virss diversity,
while the (ol st of SNPs subjected o virms-doven selective

prossure s available on Table SE I is worth poting thar the SN
dataset we used contains less than 20 ariants mapping to HLd

genes (hoth cliss Land 11, therelore covering o minor laction of
tic vartability at these loc: s a consequence B genes
cannot be expected o be identified as tar s of virus-driven
selective pressure wing the approach we desceibe herein,

We next verified whether the comelations detected between the

SNPs we identfied and vimes diversity could he secondany 1o
for all countnes where HGDP-CEPH
obtained (see mate

climatic variables, Hene

populations are located w nals and metiods)
the following parameters: average anoual minimon asd masi-
mum temperature, and short wave (UV) mdiation Pue,. Results
showed that none of the SNPs asociated with vires diversity

significantly correlated with any of these vanables (Table 55),
Previous works have meported an enrichment of selection
2.35].

s A

signatures within or i close prosomity o human geees |1
I line with these daty we venfied that vinseassociaed SN
muor: fregquently located within gene regions compared woa control
set of MAFanatched vanants {37 test, p=0D.026),

Functional characterization of genes subjected to
virus-driven selective pressure

We investigated the mle and lunctional mlatiooship among
genes suljected 1o vines-deiven selective pressare wsing e
Ingeouty Pathway Analysis (IPA, Ingenoity Sy and the
PANTHER dassibication system [36-37]. Unsupenvised  1PA
analysis retrieved two networks with signitivant scowes (9= 107 B
and ‘FJ:]”_I_I:' which were memged into a single interaction
metwork (Fygure 1. The metwork contains 23 genes showing a

significant cormelation with vires diversity and, among these, 10
encode proteins imteracting with viral products (Figure 1) Based
ans the number of ohserved humanvins interactions, this Goding
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Table 2. Enrichment of SNPs significantly associated with wirus diversity in different gene lists,

Gene list Genes  SNPs Corr. SNPs*  p value®

Contributing genes®

InnateDE 2915 5783 T Gios

Glyean biosynthesis i) 5343 5 00138

Host-vins interaction 1916 748 ] 00172

TNFRSFIE, HSPG2, KIAAOITGL, POMBI, NEGRT, CHIA, ARHGEF 11, FCRLA DORZ, HMCNT,
LTS, LAMB3, TGFBZPRKCE CLEGAF, POLRTA, LAP1E, LRP2, HDACA, CNTNA, CLDNTS LPP,
MAEA, CIQTNEZ, PPP3ICA, DCHS2, SEMASA, POZD2, SQSTMI, GMDS, GPLDT, COND3
LAMAG, MMDZ, CNTNAPZ, TNFRSFIOC, FREMT, COLSAT, NELLT, SERPINGT, CTNNDT,
FCHSDZ, OCNDZ, SCNNTA STESIAT, PRREPT, PKP2, LINFA, UNG, GALNTLI, BOKREZ, AGPS,
IL18, COHI3, CBFAZTI, COH1S SLFNS, DCC FXYDS, CLONTY, DSCAM, ADARBT, TOMT,
PARVG, CLON

STIGALY, STEGALNACY, GALNT T4, GALNTTI, STEGALT, GALNT IO, LIST, WESCR1YZ,
GALNTLS, STIGALT, GOG, GALNTLY, BIGALNTS, STESIAT, GALNTS GALNTLY, XYLTT,
(HETs, HS35T3AT, FUTG, LARGE, STESIAS, CHSY3, MGATSE, TUSCY

ENGHT, CAPZE, SFRSH SFPQ, PDE4B, MSH2 PCAF, TMEMT 10, GTF2ET, ADCYS, PLST, NUP43,
AKAPTZ, RPA3, PDETC ABPT, MTDH, EF3S3, SNTRT, PCSKS, GSN, VAVZ, POLRIA, POE2A,
CENTDZ, RPS3, GRINZS, PIPRO, POE3H, ITPR2, NRAAT, POMP, RFC3, PCCA SIPAILT,
SPTBNS, FLAZGAF, CAPN3, GIFICT, KARS, NF 1, MGATSE, GAA, L1, UPSTa, PTPRA, PLCBA,
SREBF2

“Wumber of SNPs showing significant correlation with virus diversity.

“Genes showing at least one SNP significantly comelated with vines diversity.
dot10.1371 foum alpgen. 1000819, 1 000

is unlibely to oeeur by chanee \'.}:'I test, p=000013) as 2.88 human-
virts interactions would be expected for 23 genes. Analysis of the
whole network indicated that a 31 of 66 genes encode proteing
interacting with viral products (Figure 1) again this number is
|IIlKlll'.r than expected  (expected interactions = 8.27; I' sk,

p= _’.Jix]"_m}. Thus, the mteraction network we have wennbed
is entiched in genes subjected 0 vimsedriven selective pressure
and w genes coding or proteins nteracting with vicl products, I
is worth mentoning that, in agreement with previows lindi
[#]. many virakinteracing  proteins represent hubs in e

vebwork. Comversely, most of the gines we und o be subjected
o virussdriven selective pressure, irmesy

interact with viral 'pmll"lm: teemed s (!i.'kTJL'i'_\' ey Loy t:nrlm!l'li\"ll_\'

setive of their ability to

Howedegree nodes). This observation might be consistent with
previous indicatons [39-41] that in enkaryotes hub genes are
ciively constranned compared o low-degree oodes, these
latter being more likely to evolve in respomse 1o envirommental

more sl

s,

I addition to proteins directly interac ing with viral products,
several network genes showing cormelation with virus diversity
might play central roles dunng viral iolection. DAWET (MIM
126375 and MGMT (MIM 156°
methylaion and mepair, vespeciively, two processes that are ofien
dysregulated dunng viral nfection, In particular, altered express
sion of OVAMTT s imduced by diverse vinses inclsding HIV-1
(2], EBV [43], BRY and adenovirsuses [ also, QAT plays

a pivotal role in the expansion of efector CDE+ T vell olowing

B ame involved n DNA

viral infection [$3]. A releant mle in HIV-1 ofisction is also
played by HSAGZ (MIM 1424610 the @ne coding for perlecan, a
cell surfice heparan sulfare protesglycan which mediaves e
tion of Tat protem [46].

xt investigated the over-representation of PANTHER
o calegories among genes subjected o vine-driven
selective pressure, Table 4 shows the signilicanty over-repre
e PANTHER moelecolar Tasctions and  bislogical processes
with the i:nul.ril:uli.ug IS, I e withe the reselis we rl.‘pnrll'd
above, genes involved in immune mespomse, as well as genes
coding Tor proteins mvelved in cell adbesion and extracellular
AT COmpone lied to be overaepresenied; these latter
wees might mediate virad-cellular meraction. and  Buwilitate
virl entry.

b@ PLoS Genetics | www.plosgenetics.org

& empirical p value was calculated as described in the text and in Materials and Methods.

Discussion

The dentification of noo-weatrally evobving oo with a role in
immunity can be regarded as a stmtegy complementary to classic
clinical and epidemiological studies i providing insight inio
the mechanisms of host defense [47]. Here owe propese that
susceptibility genes [or viral mlections can be identified by
searching for SNDs that display o strong correlation with the
dll\'l'l"élll‘:' ol virus sm:hs{gl'.m:ra transmitted i diflerent [0S
graphic areas, Similar approaches have previowsly been applied to
stucly the adaptation to climate for genes involved in metabolism
and soediom bandling [#8-30]. These analyses, inclading the one
we describe herein, rely on similar assumptions and imply some
caveats. First, we implicily  considered vires diversity,

as owe

measure it nowadays. a good prosy loe lengtermm selective
pressure. This cleardy represents an oversimplification; as new
viral pathogens have moently emerged and the virulence of
different viral species or genera might hive changed over time.
Srll,  previoss stadies have indieated  that e geompaplie
distribution of vims diversity is strongly influenced by elimatic
wvariables suwch o wmperture and precpiation m@tes [10],
sugxr‘:;ling that, dl'..'qJ'lrc ﬁigu[llrm:l (:|:augu:=. i ]Jrl'\'.'slr.l:u' and
virtlence, virus diversity might have remained relatively constini
across different geographic arcas, possibly representing the best
pessible estimate of longstanding pressore. In line with these
considerations, we calculated virus diversity as the nomber of all

viral species {or generad Gimilies) that can cause a disease in

humans, respective of virnlence or pathogenicity (Table S6).
The second issue reloant to the datawe present berem s that

envirunmental variables tend to cosvary across geogmphic megions:

the distnbution of dilferent pathogens (og, parasitic wonms and
virtses/ hacteria/prowzoa) s comelated  acmss HGDPCEPH

populations (9] and. as reported above. vinss diversity is influenced

Le

by climatie factors. Therefore, our geoome-wide search was

preceded h}'.‘m;d\‘sr‘s ammed at \'l-riJ'}"l 1 whiether vings diversit v Ea

reliable and specilic estimator of vinus-driven selective pressace, In
particular, we verified that genes imvolved in immune respose amd
in the bissynthesis of glycans display sumilicantly more vanants
associated with vines diversity than randomly selected human
genes; this Goding supports the idea that pathegens vather than
climate or demography has doven the genetic sariabilivy a these
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loci. Nowmbly, we also analysed genes that encode proweing
mteracting with viral components: sioce loo tnobved i immuonse
response and o ghyean biosynthesis were removed from this list,
the remaining are expected to be specilic mrgets of virl-
driven selectve pressure 1 it
excess of SNPs correlating with vires diversity map 1o these loci,
(','nm'('.m-h', a SNI* ewoess was not noticed wh

sntly, we verihiod that a

other human puthog gevsting that,
despite te correlation among dillerent pathogen species acmss

s was uwsed lor the analys

greogrmphie locations |9 the selective pressure imposed by vinses
can be distinguished from that exerted by other organisms,

s a fiurther control for the possiile confounding effects ol other
evironmental Gactors, we verilied that the vadants we identified a
the genomewide level do not corvelate with climate (temperanie)
and UV radiation, This analysis was motivated by the koown
asociation of virus diversity and busdbersily o geneml, with
temperature [10.51] and by the ot that both climate and UV
exposure biwe long been comsidered among the strongest selective
pressures in humans [52]. Since none of the SNIS we identiliod

b@ PLoS Genetics | www.plosgenetics.org

en the diversity of

Table 3. Top 30 SNPs (or SNP clusters) correlated with virus diversity,
SNP Gene symbol Description Annotation® 1
10511316 CODCa: colled-coil domaln containing &0 Imtromn Q67
051135029 rs189332; 11235559 POEZA phosphodiesterase 24, oGMP-stimulated ABSTA: Intran; intran 0els
151011051; 52278205 MYOSC myasin WC Itrom; intron Q609
O93715; 21898683 CNTNAPZ contactin associated protein-fike 2 Intrar: irtron LT
11581 KIAATS IR - Q1e420 0E07
13TE5415 COHIS cadherin 15 type 1, M-cadherin Intean 0603
1517256082 SCRNS secernin 3 Intron 0600
AR5 1988 ARlAd annexin A4 imtson 0597
rA57 508D, rsd630443 CIOTNE? Clig and tumaor necrasis factor related protein 7 Introm; intran 0557
BrBITIT0 CLONTE daudin 18 intron 0596
5519332 Exd eyes absent 4 hamalog intron 0556
s2EB1T2: ra 11 7EA058 LHAPLY lipoma HMGI fusion partner-fike 3 Imtror intron 0595
1850893 Lowstras - Qu2R 0594
1322633 RNFETF ring finger pratein 217 lrvtron 593
=792TATE NELLT MEL-Tke 1 intron 0593
153515666 TMEM 132B trarsmembrane protein 1326 Intron 0583
¥ 13020779 DJs3L: DI53 mitetic control homolog (5. cerevisiagHike 2 lintron 0589
51719596 LEPRELT leprecandike 1 lmvtrom 0589
1065154 SO5TMT saquestosame | 3 UTR 0589
1512145473 e Interieukin 19 Intron G589
11890139 POCA proplony Coenzyme A carboxylase, alpha polypeptide imtron 0588
16505045 ANKFNT ankynin-repeat and fibronectin type Il domain containing 1 lvtram 0587
154953260 PRKCE protein kinase €. epsilon intron 0587
A0 T340 TNFRSFTOC tumar necrosis factor receptor superfamily, member 10c, lmvtrom (587
decay without an intracellular domain
152793434 GRLDT alycosyphosphatidylinositol specific phospholipase D1 Intron 05RT
T3E599 300 MAEA macophage enythroblast attacher intron 584
1513340461 -CCND3 oydin D3 intron 0584
15117487 ANKT Ankyrin 1 imteom 0584
1510845446 SENNTA sodium channd, nonvchagegated | alpha Imtron G583
1512186418 FDZ0Z PDZ domain containing 2 Imtron 0583
*For nonsynonymous substitutions the aminoacid change & reported.
SNPs are ranked acconding to 1 values. For muftiple comelating SMPs in the same gene, the comelation coafficient is only shown for the strongest SHP.
dot101371 Joumnal poen 10008491008

correlated with either short wave radiation lux or temperature, we
consider that their geographic distobution s likely to line been
shaped by virssediven selective pressure, In this respect it is worth
memtioning that UV irradiation

suppressive womice (reviewed o [35-54]5 but the effect of sun
exposure on o immune [mctions i homans s sl poorly
understood, Yo, lu-.qu-.c viruses (bol h simplex arud Fosber) aed

been shown o be immuo.

some papillomavires types have been shown o be reactivated by
UV exposure, suggesting that the link between shom wane
rdiation lux and vins-doven selective pressure might be more
complex than simply  predicted on the hasis o geographic
variation,

Onr genome wite search e genes subjected o vines-deiven
selection allowed the identification of & gene interaction network
that is enriched in both genes assoctated with virus diversity aod in
weies encodigg proteins that interact with viral products, Many of
the genes nchuded in the identified network are of great merest
as Lhey are known o be involved inthe activation of mechamsms
that have direct or indirect protective elfects against virsses, Ths,
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Figure 1. Network sis of genes associated with virus diversity. Interactions between human proteins are delimited by the hatched grey

circle. Genes are represented as nodes; edges indicate known interactions [sold lines depicts direct and hatched lines depict indirect interaction)
Human genes are colou rcoded as follows: orange, genes with at least one SNP significantly assoclated with virus diversity; yellow, genes with at least
one SNP that did not withstand genome-wide Bonferroni corection but displayed a rank higher than the 99" and a p value lower than 107 [these
genes were not included in the input IPA list used to generate networks); grey, genes covered by at least one SNP in the HGDP-CEPH panel; white,
genes with no SNPs in the panel. Virus-host interactions are shown for genes subjected to virus-driven selection only; genes interacting with wiral
products that display no SMNP significantly associated with virus diversity are denoted with an asterisk, Viral products are reported outside the hatched
circle and colour coded as follows: purple, HIV-1; green, Human herpesvirus: blue, Human rotavirus G3; oyan, Human adenovirus 2; black, Human
T-lymphotropic vius 1.

dot:10.1371/jou mal pgen. 1000849.g001

beside the well known activities of SLL4 (MIM 147760) and £
(NN 147720, LL4 (MIM 1477800, TGRBT (MIM 1901800, fLT6
(MIM 603035), ZFNG (MIM 147570) and TVF (MIM 191160,
OAS2 (MIM 603350) encodes a protein that activales latent

T lymphooytes chemotaxis, s potentiating  the immune
responses, and PPPICA (MIM  114105),
newrin, activates NFATe [56], a key Bictor in the ap-regulation of
[L2 (MIM 147680) [57]. the main cytokine msponsible for T

alsy known as calci-

BMases, mesulting in the degradation of viral RNA and in the
inhibition of viral replication [33]. CCLI7 (MIM 601520) induces

|, PLoS Ganetics | www.plosgenetics.org

lymphooytes growth and differentation, Finally, (EBP2 (MIM
HUGGIE) encodes an MHOG Tarelated protein that binds 1o NKG2D
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(MM 02895 [5#], an actival 'mg receptor expressed on Chi T
cells as well as on NK cells, NKT cells and 98 T cells In the ligh
of the viral pathogenesis of a growing number of neoplasia, it is
sery interesting that other members of the network play 2 well
described role in the inhibition of tomoral growth. To particular,
F2FED(MIM 189971 is koown to have a ]J'Lu:L:!| mle in the control
of cell cyele and in the activation of lemeour suppressor proteins
andd; together with TPS31S, TADASL, amd TP33BP2 mediates
LS :'u-'l'lt‘]’:lt'rltll nt and independen) .l'[:lﬂ]:lluml.'- [59-60]. € (MIM
123854 is involved in cell cyele progression through the G2 phse,
whereas RADZZA (MIM 600061) up-regulates the nucleotide
extision activity  of  Smethyladenine-DNA  ghycosylise  [61],
therefore playing a mle in DNA damage mcognition in base
FRCLSIO rl-.]m.'lr. l"'lrl;l|]}",\'?(.‘x1._ (MIM (LI encodes 3 maclear
omphan receptor expressed in T cells and iovolved in apoptosts
[62]. NR4AZ &5 also koown to play a central wle in elicitiog the
production of mlammatory oytokines o muoliple scleresis (AS
(MM 1262000 [63]. Notably, ants in APPICA (Figure 1) have
recently been reported o com well [64],
We therefore imvestigated whether otler genes o lII]( SNPs
which correlate with virus diversity have been identified in GWAS
fisr M5 susceptibility or severity, Three additional genes, FAFO2C
MVIM GOREEY,. (20133 (also known as MACRODZ, (MIM
G11567)) and CAUDT (MIM 60B397) have been assoctated with
M5 [64] amd display SNPs significantly cormelated with virus
diversity (Table S While the fometion of C2 0755 s inkoown,
FMIDAC encodes a histone demethylase expressed at very high
levels in B ocells and oytotoxic amphocy
methods), a pattern comsistent with its being subjected to vins-
driven selective pressere. Finally, CSUO0 i analegy to (e
aforementioned SERPINGT  adts s a regulator ol the complement
system [653]; notably, complement activation plavs a central role in
both respatse tovinses and inflammatory reactions, panticularly
in the central nervous system [66].

Analysis of thee 30 stronger associations (Lable 3) indicaed th
several genes are part of the petwork described above or have been
imvolved in immuone TeSpOIse (st InmateD B qene list, Table 29,

= with MS severit

(st matenals and

Comversely, others encode relatvely anknown products (e
ALLAT52S (MIM 611258), LHFPED ‘\-Il'\-l BTG, LOCTIIEY,
RNF217, TMEMI32E, LEPREL (MIM 610 ANEEN
MYOSC (MIM 610022), ANXA4 (MIM 106491 and SCRNT).

b@ PLoS Genetics | www.plosgenetics.org

Table 4. Significantly over-represented PANTHER categories.

PANTHER category PANTHER description Number of genes® pvalue®

Blological process Signal transduction &1 1Hxin?
Cell adhesion-mediated signalling 16 G10x10
Cell adhesdon 16 TEEx10TY
Cell communication 24 27910
Neuronal activities 13 143107
Carbohydrate metabolism 15 20521071
Extracelidar matsix protein-mediated signaling 5 2arxin
immunity and defense 2 15exi0 !

Molecular function FReceptar 10 a27x107
Other receptar 11 319w *
Extraceliular matsb: linker protein a 537x10°*
Extracedhilar matrix 10 3gxi07!

“Mumber of genes that cormrelate with virus diversity ineach PANTHER categary.

¥p values ara Bonderroni corrected.

dok10.1371 foumnalpgen. 1 C0GBIG 10N

Among s quies, MY, ANXAY and SCRAY are involved n
membmne trafficking events along exocytotic and o
parthwins, suggesting that they might play a role o ei
entry [67] or Iytie gramile exocytosis; this might be the case lor
ANEL which is expressed at bigh levels in NK cells (see materials
andd methods), Most interestingly, ¥4 (WM G03550) (Table 3)
has recently been described as a |JJ:1 K“"[Jhnll ase ivolved in biggenng
imale i responses a uml viruses  [68]. Finally, both
EDEZA (MIM 602658 and 8 (MIM 600228 mughl play
a role i mantaining g epitl || barrier homoreostasis during
viral infection. Indeed, both genes can be induced by TRF-alpha

ut lung epithelial cells [69-70] and can nfluence
reabsorption and, therefore; edema lrmaton, In line with these

luenng e

olservations 1':<p|1-.-as'u:u of the amilormde-sensitive t-.]:'lthr“:d Nat
chanmel (SCANTA codes Tor the o subunit) is alfected by infection
with influemea virs, severe acute wespiratory syndmome comnavis
rus e respimatery syncitial vins,

In humans, resistance o infecious diseases s thought to be
under complex, multigenic control with single loct playing o small

protective role [£7]. This concept also hodds For viral infection as
demonstrated by the role of genetic vintants in modulating the
susceptibility o HIV infertion or disease progresion (reviewed in
[71]). Classic GWAS offer a powerdul resowree to identify
?:IH("[]IﬂJi' 'll_vh wi lor lectious diseases: el GWAS ypically hawve
limited poower 1o de vartants with a low [requency or a small
effect. Indeed, recent GWAS for SNPs determining the host
control of HIV-1 [+-5] failed 1o identify most kown loc with a
wole in AIDS progression.
proposed here is based on the identification of variants subjected

The aliermative il]]prn.‘rh we have

e vins-drven selective pressure, Similarly e the GWAS results
did mot identify well
TESPONSE PEnes, Sull, we noticed that variants in TR (AWM
60B487) (=2291845, t=0.4, p= l.ﬂﬁxlﬂ_'r'_. rank=0.97) and
IFIHT (MIM GO6Y5 1) dalso known as MOAS, rs104539256, ©=0.51,
A=34%1077,
virts-iversity,

mentioned  above we known antiviral-

mnk = 0.9% showed significant associations with
although they did vot withsiood  genomeswide
analysis. Also. it s worth mentioning that variants with a well
established tole in rsistance o viml infecions Ty b ur:ulrn”)‘
evolving: this is the case For the AJ2 allele of CCRT (MIM 601373)
for example, which confers protection aganst HIV-1 mfection and
possibly  against other  pathoges,

but displays no  selection
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signuature [72]. This is possibly due w how loog and how strong the
selective pressure has been exerted. Conversely, virtants suljected

1o selective pressure must have (or have had along homan history)
some selective advantage, indicating that the SNPs we e
identified can be tegarded as candidate modulators of nkection
susceptibility or disease progression.

Materials and Methods

Environmental variables

Vines absence/presence matrices for the 21 countries where
HGDP-CEPH populations are located were derived from . the
Global lnbections Disease and Epidemiolory Network database
a global

is weekly updated

(Gideon, hittp:/ S wwwegideononline.com), milections

disease knowledge tool. Information in Gide

and derives from World Health Organization reports, National
Health Ministries, PubMed searches and epidemiology meetings.
The Gideon Epidemiolmry module follows the status of koown
infections diseases globally, as well @ in individual cownt with
amd
distribution per country. We manually corated vins absence/
3 meting information from single
entries, These may refer woeither species, genern or milies

specific notes indicating  the  disease’s history,  icide

natnees by

resence

cast data are not available for dilferent speoies of a same genis/
Family)

)

Following previous suggestions [7-9], we recorded only
virtzes tiat are trnsmitled it 21 countres, meaning thit cases
ol transmission due o toursm and immigration were not aken

inte account; also, SpreCies that have re rd asa

result, for example, of

ently been erdie
cimation campaigns, were recorded as
i, A total of 81 vires species/genery/ Timilies
ble S6). The same approach was applied o

presend in the o

calculate the diversity of other pathogers, namely  bacteria,

wene retrimved (|

protoeoa and belminths [9], The aonal miimem asd maximom
wemperature were retrieved from the NCEP/NCAR  databuase
thttped Awww g conoaagov/ vousysdedroms Aged_itad datasetsS b
Legaes and Willmott Average. re-gridded dataset) using the
grographic conrdinates reported by HGDP-C
each population (http:/ Awvww.cephb i /en/ higdp Aable php). Sim-
ilarly, net short wave radiabon Qux data were obtaimed from
NOEP/NCAR (hurpe/ V wwweest]noaacgon/psd Adaad gridded// daca,

n(l']].u'.iuml}?ii.ﬂ

EPH webisite For

cetlux boml, Reanalysis 10 Surface Flix); these

data were read using Grid Analyss and Display System (GrADS,
hittpe/ Swwwiges org grad Daily values for four years (198
1951} were mveraged 1o obtain e annual mean,

Sinee virus diversity, due o data onganization in Gideon, can

|’|"l}' l]l‘ l:!Jl'llIHl.l'd ]'J"'r H!IIIIIT\'. dli‘.r IJI;!JI I]l‘.r ])IJ}Jlll.'ll IHJlI;J\ |]I{'
same procedure was applied to climatic vimables, Thevefore the
el for

populations located i the same country, This assures that a

values of anmul temperature and radiation D were avers
simnilar mumber of ties s mamtatned ool correlation asalyses,

Data retrieval and statistical analysis

Date conceming e HGDP-CEPH  panel derive brom a
provious work [B]. Abpical or duplicated samples asd pairs of
close relatves were removed [73].

A SNP was ascribed to a specilic gene i i was located within the
transeribed region or no Grther than 500 bp apstream  the
trarzscription start site, MAF o any single SN P was caloulaed as
the average over all populations. The list ol immune respose
nes was dertved {tom the InoateDB website -;hll]l:.r' FATGTLTER
miatedb comd) and it contains 4 pon-redundant List of 5,070
rmnmme genes denved fom ImmPort, IRIS, Sepie Shock Group,
MAPK/NFKB Network and  Immunome  Database; it ooly
e hscdes genes denved Trom corated momuone geoe lsts,

b@ PLoS Genetics | www.plosgenetics.org
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Grenes involved i aan biosynthesis wene obtained by merging
wenes from two KEGG pathways (“Glyean strsctures - biosyn-
thesis 17 and @ 27, Additional

genes were identified by searching Gene Ontology categories for

an strchomes - |3i.l:.‘.'_\'rlll!l'.‘;Lﬁ

geins that act as gheosylramsiorass (GOOO0I6757) and are
located in either the Golgi or the endoplamic reteulum
(GO000G7 83, GOO005793 and GOODBETH4L The list of human
menes coding for proteis . interacting with viral products was
derived from three sources: a previeusly poblished study [38], the
VicHos tNetwelsite [T4] Qatged dphildh Luniv-lyon L Avicbostnet! )
and the HIV-1 Human Protein Interaction Database [753] (http: /s
wwwenebindm b gony RefSeq/ HIVIne mctions /),

Expression dati were obtaied from SymAtlas (http:/ (st ls,
mlong/). The location of genomic elements thiat are highly

conserved among vertebrales was derived Fom UCSCO annotation
tabiles (hitps/ Y genomencse.odu/;. “PhastCons Conserved  Ble-
ments, Feway Venebrate Multiz Alignmment™ ma
ions were cileulated by Kendall’s rank: correlation
coeflicient (T, a non-pammetric statstic wed o mesure the

All vorm

degree of cortespondence between two raskings, The reason for
usinng this test is that even o the presence of ties. the sampling
distribution of T satisfactorily converges woa nommal distribtion
or than 10 [76].

» lwe probability of obtaining n SNPs located

for values ol n

In wrrder to estin

within e 42
applied @

nnd sigrifis
impling approach: samples of w0 genes were

anily assovtated with vins diversity, we

randomly extmcted Bom a list of all genes covered by al leas)
one SNI' in the HGDP-CEPH panel (mimber of genes = 15.280)
and Tor each sample the number of SNPs significantly assoctated
with vines diversity was counted, The empincal probability of
oblaining n SNPs was then caleolated from the distaluotion of
counts deriving from 10,000 random samples. A SNT was aseriled
it was local

o @ o Twithin the trnscribed region or i the
500 upsiream nuclentides.

Anabysis of PANTHER over-reprsented Rmctiona calegones
aned pathways was perliormed using the “Clompare Classiications of
Lists™ tonl available at the PANTHER classification system website
[77] thttp:/ A www pantherdboorg /). Brietly, gene lists are compared
1o the mlerence list osing the binomial test for each molecular
funnetion, biological provess, or pathway term in PANTHER,

Al calenlation were performed in the R environment 78]
(lattpasd Swwwer-praject.ongd ),

MNetwork construction
Bilill'ifj.ﬂjlj m'lvmrl: HJIEIJ}'H;.H' WAS pi'rlinmnrl '\'\'illl lug'uu'lry
Pathways Analysis {

IPA) sofiware using an unsupenvised analysis
(wwwingenuity com), 1PA builds networks by querying  the
Ingenuity Patlvways Koowletdize Base or inlemctions between the
wdentiliod genes and all other gene objects stored in the knowledge
base: it then generates networks with a maximom network szze of 33
e Sproteins, We used all genes showing at least one significantly
associated SNE as the input set; in this case 3 SNP was ascribed 1o a

werwe 100 was lecated within the trmmseibed remon or inothe 25 kb
uprstreian, All network edges are supported by af Least one pulilis bed
reference or from canonical infonmation stored in the Tngemity
Patbways Knewledge Base. Do determine the probability of (e
anabysed genes to be Toumd together ina network Trom Inge ity
Pathwiarys Knowledie Bas: due wo random chinee alone, IPA applies
a Feber's exact test The network score tepresents tye -log (b value),

Supporting Information

Table 81 SNPs in InnateDB genes that significantly cormelate
with virus diversity.
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Found at: doi: 10,1371/ joumal. pen. LODOBAY 5001 (0,05 MB PDE)

Table §2 S5SNI in genes ivolved i glyean biosyntlesis lai
.t:i._qui.ﬁra.ull}' correlate with virus (Ii\.’r.r!."lty,

Feamd at: doi 100137 Ljournalpgen, T000849.5002. (0,08 MB
DO

Table 83 SNPS in genes coding for proteins interacting with
viral products that significantly correlate with vinus dinersity,

Found at: doi 1001 37 1/ joumal pien. TOOOR49 000 (0,05 MB PDF)
Table 84 SNPs simificantly assoctated with virs diversity, The
table reports all SNPs that withstood Bonlerront correction at the
g-nmnr.uw'[dl' lemveel {w'llll 2 =005 and di.-.]ﬂa}'ud a Tau prrn-nlﬂt-
mnk higher than the oy among  MAF-matched  SNPs, as
described in the main text and i material and methods. SNPs
are ranked at:('nrdi.ug wy the value of Taw, IF the SNP s located
within a genic region {or in the 500 upstream nucleo tides) the gene
symbaol is reported. Also, the gene dosest 1o the SNI' and s
distamee {'m 1:}1} are indicated, The ammoactd substtetion =
reporied  [or nomsynonymous SNPs amotated  as
“phastCons element™ are locaed within soecoding genomic

varants:

regons that display high sequence comsenation among mammals
fis described mthe wext),

Found at: donl0.137 lfjm.n'rlal.pgun.liﬂ JOEAG 00 (0,21 M
DO
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2.5 Population genetics of IFIH1: ancient population structure, local
selection and implications for susceptibility to ty pe 1 diabetes
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Results and Discussion

Abstract

The human IFIH1 gene encodes a sensor of double strand RNA involved in innate immunity
against viruses, indicating that this gene is a likely target of virus-driven selective pressure.
Notably, IFIH1 also plays a role in autoimmunity as common and rare polymorphisms in this gene
have been associated with type 1 diabetes (T1D). We analysed the evolutionary history of IFIH1 in
human populations. Results herein suggest that two major {FIHI haplotype clades originated from
ancestral population structure (or balancing selection) in the African continent and that local
selective pressures have acted on the gene. Specifically, directional selection in Europe and Asia
resulted in the spread of a common IFIH 1 haplotype carrying a derived His460 allele. This variant
changes a highly conserved arginine residue in the helicase domain, possibly conferring altered
specificity in viral recognition. An alternative common haplotype has swept to high frequency in
South Americans as a result of recent positive selection. Previous studies suggested that a portion of
risk alleles for autoimmune diseases could have been maintained in humans as they conferred a
selective advantage against infections. This is not the case for IFIH1 as population genetic
differentiation and haplotype analyses indicated that the T1D susceptibility alleles behaved as
neutral or nearly neutral polymorphisms. Our findings suggest that variants in IFIH1 confer
different susceptibility to diverse viral infections and provide insight into the relationship between

adaptation to past infection and predisposition to autoimmunity in modem populations.
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Introduction

The human IFIH1 gene (interferon induced with helicase C domain 1) (MIM 606951) encodes a
cytoplasmic sensor of double strand RNA (dsRNA) that mediates immune activation in response to
viral infections (reviewed in (Meylan, Tschopp, Karin 2006)). The protein product of IFIH1
interacts with dsRNA through its helicase domain and uses two N-terminal CARD domains for
signalling through a set of adaptor molecules that converge on IRFs (interferon responsive factors)
and NF-kB for the production of S-interferon and other cytokines (reviewed in (Meylan, Tschopp,
Karin 2006; Takeuchi and Akira 2008)). Experiments in knock-out mice have indicated that IFIH1
mainly acts as a sensor of picomavins-derived dsRNA (Kato et al. 2006) and recent evidence has
indicated that V proteins encoded by paramyxoviruses can bind the protein product of IFIH1 and

inhibit dsRNA-mediated activation of the -interferon promoter (Andrejeva et al. 2004).

Picornaviridae and Paramyxoviridae include several well-known human pathogens such as
poliovirus, coxsackievirus, encephalomyocarditis virus, measles and mumps. Consistently, we have
previously demonstrated that a single nucleotide polymorphism (SNP) in IFIH1 displays signatres
of virus-driven selective pressure in human populations (Fumagalli et al. 2010).

Recent studies have shown that polymorphisms in IFIH1 also play a relevant role in the
pathogenesis of autoimmune diseases. Both common and rare polymorphic variants in the gene
have been reproducibly associated with the susceptibility to type 1 diabetes (T1D) (Jermendy et al.
2010; Liu et al. 2009; Nejentsev et al. 2009; Shigemoto et al. 2009; Smyth et al. 2006). In
particular, the derived T allele of rs1990760 (exon 15, Ala946Thr) is common in Europeans and
comrelates with an increased risk to develop the disease (Jermendy et al. 2010; Liu et al. 2009;
Nejentsev et al. 2009; Smyth et al. 2006), while the association of this same variant with

susceptibility to rheumatoid arthritis, autoimmune thyroid disease and multiple sclerosis is more
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controversial (Couturier et al. 2009; Enevold et al. 2009; Marinou et al. 2007; Martinez et al. 2008a;
Martinez et al. 2008b; Penna-Martinez et al. 2009; Sutherland et al. 2007). In the case of T1D, rare
variants that decrease or disable IFIH] expression have a protective role (Nejentsev et al. 2009),
while higher gene expression is observed in peripheral blood mononuclear cells of individuals

carrying the common susceptible genotype (Liu et al. 2009).

On the one hand, these data suggest that increased efficiency of IFIH1 transcription or protein
function may be associated with the development of autoimmunity. On the other hand, given the
central role of IFIH1 in antiviral response, it is conceivable that sustained activity of this helicase
might confer strong protection against infections and therefore be favoured by natural selection.
Recent studies addressing the relatonship between adaptation and immune diseases in humans
(Barreiro and Quintana-Murci 2010; Fumagalli et al. 2009b) suggested that a portion of risk alleles
has been selected because they could provide protection against infectious diseases.

Here we analysed the evolutionary history of IFIH1 in humans. Results indicate that local selective
pressures have acted on this gene, favouring the spread of different alleles/haplotypes in distinct
geographic areas. In particular, population genetics analyses suggest that ancient population
structure (or balancing selection) resulted in the maintenance of two major haplotype clades in
African populations, while a selective sweep has driven a derived nonsynonymous variant to high
frequency in Asians and Europeans; as for South Americans, a recent, possibly ongoing, selective
sweep originated population-specific haplotypes. Finally, population genetic differentiation and
haplotype analysis suggested that the T1D risk alleles in Europeans have not been the selection

target but rather behaved as neutral variants.
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Materials and Methods

DNA samples and sequencing/genotyping

Human genomic DNA for Europeans (CEU), Yoruba (YRI), Asians (AS) and South Americans
(SAM) was obtained from the Coriell Institute for Medical Research. The analyzed region was PCR
amplified in overlapping fragments and directly sequenced; primer sequences are available upon
request. PCR products were treated with ExoSAP-IT (USB Corporation Cleveland Chio, USA),
directly sequenced on both strands with a Big Dye Terminator sequencing Kit (v3.1 Applied
Biosystems) and run on an Applied Biosystems ABI 3130 XL Genetic Analyzer (Applied
Biosystems). Sequences were assembled using Auto Assembler version 1.4.0 (Applied Biosystems),

inspected manually by two distinct operators and singletons were re-amplified and resequenced.

Data retrieval and haplotype construction

Genaotype data for 238 resequenced human genes were derived from the NIEHS SNPs Program web
site (http://egp.gs.washington.edu). In particular, we selected genes that had been resequenced in
populations of defined ethnicity including Europeans, Yoruba and Asians (NIEHS panel 2).

For each gene a 5kb window was randomly selected; windows with resequencing gaps longer than
500 bp or containing less than 5 SNPs were discarded. The number of windows for YRI, CEU and
AS were as follows: 203, 193, 186.

Haplotypes were inferred using PHASE version 2.1 (Stephens, Smith, Donnelly 2001; Stephens and
Scheet 2005), a program for reconstructing haplotypes from unrelated genotype data through a
Bayesian statistical method. Haplotypes for individuals resequenced in this study are available as
supplementary material (Table S1).

Data concerning the HGDP-CEPH panel derive from a previous work (Li et al. 2008). Atypical or

duplicated samples and pairs of close relatives were removed (Rosenberg 2006). Following
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previous indications (Fumagalli et al. 2009a; Fumagalli et al. 2009b), Bantu individuals (South
Africa) were considered as one population.

Annotation regarding conserved sequences among different species was derived from UCSC
Genome Browser (http://genome.ucsc.edw/, phastConsElements28wayPlacMammal table).

We calculated CNS densities (proportion of conserved bases per intron length) for a set of 20.978
non alternative introns. Density distributions (percentiles) were calculated independently for 10
intron-length classes (breaks: 1,128,294,549,886,1300,1880,2700,4080,8020,53600). CNS densities
for IFIH1 introns 3 and 4 have been compared to the comresponding class distribution based on their

length and correspond to the 97th and 99th percentiles, respectively.

Statistical analysis

A detailed description of all tests we applied and their meaning is available as supplementary
material (Table S2).

Tajima's D (Tajima 1989), Fu and Li's D* and F* (Fu and Li 1993) statistics, as well as diversity
parameters By, (Watterson 1975) and rt (Nei and Li 1979) and Fay and Wu's H (Fay and Wu 2000)
were calculated using libsequence (Thomton 2003), a C++ class library providing an object-
oriented framewark for the analysis of molecular population genetic data.

Calibrated coalescent simulations were performed using the cosi package (Schaffner etal. 2005)
and its best-fit parameters for YRI, CEU and AS populations with 10,000 iterations. For SAM, a
previously reported demographic model (Ray et al. 2010) was used and included in the cosi best-fit
model. Coalescent simulations were conditioned on mutation rate and recombination rate was
derived from UCSC tables (http://genome.ucsc.edu/, snpRecombRate Hamap table).
Composite-likelihood-ratio test and coalescent simulations under a selective sweep regime were

performed using clsw and ssw programs kindly provided by Yuseob Kim.
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The Fsr statistic (Wright 1950) estimates genetic differentiation among populations and it was
calculated among continental groups using the R package HIERFSTAT (Goudet 2005).

S*, a measure of LD based on the number of congruent or almost congruent mutations, was
calculated as proposed by Plagnol and Wall (Plagnol and Wall 2006) using LDstruct software
(http://wrww-gene.cimr.cam.ac.uk/vplagnol/). Significance was assessed by calibrated coalescent
simulations conditioned on the number of segregating sites and incorporating different demographic
models (Gutenkunst et al. 2009; Schaffner et al. 2005; Voight et al. 2005).

Data concerning haplotype-based tests iHS and XP-EHH were derived from the HGDP Selection
Browser (http:/hgdp.uchicago. edu/cgi-bin/gbrowse/HGDP/) (Pickrell et al. 2009).

The maximum-likelihood-ratio HKA test was performed using the MLHKA software (Wright and
Charlesworth 2004), as previously proposed (Fumagalli et al. 2009a). Briefly, 16 reference loci
were randomly selected among NIEHS loci shorter than 20 kb that have been resequenced in the 3
populations; the only criterion was that Tajima's D did not suggest the action of natural selection
(i.e. Tajima's D is higher than the 5" and lower than the 95" percentiles in the distribution of NIEHS
genes). The reference set was accounted for by the following genes: VINN3 (MIM 606592),
PLA2G2D (MIM 605630), MB (MIM 160000), MAD2L2 (MIM 604094), HRAS (MIM 190020),
CYP17A1 (MIM 609300), ATOX1 (MIM 602270), BNIP3 (MIM 603293), CDC20 (MIM 603618),
NGB (MIM 605304), TUBAI (MIM 191110), MT3 (MIM 139255), NUDT1 (MIM 600312),
PRDX5 (MIM 606583), RETN (MIM 605565) and JUND (MIM 165162).

The MWUhigh test was performed as previously described (Andres et al. 2009; Nielsen et al. 2009).
Significance was assessed by performing 10000 coalescent simulations conditioned on the number
of segregating sites and incorporating demographic scenarios (Schaffner et al. 2005).
Median-joining networks to infer haplotype genealogy was constructed using NETWORK 4.5
(Bandelt, Forster, Rohl 1999). Estimate of the time to the most common ancestor (TMRCA) was

obtained using a phylogeny based approach implemented in NETWORK based on the average
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S*, a measure of LD based on the number of congruent or almost congruent mutations, was
calculated as proposed by Plagnol and Wall (Plagnol and Wall 2006) using LDstruct software
(http://wrww-gene.cimr.cam.ac.uk/vplagnol/). Significance was assessed by calibrated coalescent
simulations conditioned on the number of segregating sites and incorporating different demographic
models (Gutenkunst et al. 2009; Schaffner et al. 2005; Voight et al. 2005).

Data concerning haplotype-based tests iHS and XP-EHH were derived from the HGDP Selection
Browser (http:/hgdp.uchicago. edu/cgi-bin/gbrowse/HGDP/) (Pickrell et al. 2009).

The maximum-likelihood-ratio HKA test was performed using the MLHKA software (Wright and
Charlesworth 2004), as previously proposed (Fumagalli et al. 2009a). Briefly, 16 reference loci
were randomly selected among NIEHS loci shorter than 20 kb that have been resequenced in the 3
populations; the only criterion was that Tajima's D did not suggest the action of natural selection
(i.e. Tajima's D is higher than the 5" and lower than the 95" percentiles in the distribution of NIEHS
genes). The reference set was accounted for by the following genes: VINN3 (MIM 606592),
PLA2G2D (MIM 605630), MB (MIM 160000), MAD2L2 (MIM 604094), HRAS (MIM 190020),
CYP17A1 (MIM 609300), ATOX1 (MIM 602270), BNIP3 (MIM 603293), CDC20 (MIM 603618),
NGB (MIM 605304), TUBAI (MIM 191110), MT3 (MIM 139255), NUDT1 (MIM 600312),
PRDX5 (MIM 606583), RETN (MIM 605565) and JUND (MIM 165162).
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Median-joining networks to infer haplotype genealogy was constructed using NETWORK 4.5
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obtained using a phylogeny based approach implemented in NETWORK based on the average
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distance from the root (Morral et al. 1994; Saillard et al. 2000) and using a mutation rate based on
the number of fixed differences between human and chimpanzee and assuming a separation time
from humans of 6 MY ago (Glazko and Nei 2003). A second TMRCA estimate derived from
application of a maximum-likelihood coalescent method implemented in GENETREE (Griffiths
and Tavare 1994; Griffiths and Tavare 1995). Again, the mutation rate p was obtained on the basis
of the divergence between human and chimpanzee and under the assumption of a generation time of
25 years. Using this p and 8 maximum likelihood (8x), we estimated the effective population size
parameter (Ne). With these assumptions, the coalescence time, scaled in 2Ne units, was converted
into years. For the coalescence process, 10° simulations were performed.

All calculations were performed in the R environment (www.r-project.org).

Results

Nucleotide diversity and haplotype structure

We had previously identified a SNP in IFIHI that strongly comrelates with virus diversity in human
populations, suggesting that this variant or a linked one has been subjected to virus-driven selective
pressure (Fumagalli et al. 2010). The SNP (rs10439256) is located within intron 4 and falls within a
region that is highly conserved among mammals. In general, the region surrounding exon 4
harbours several conserved non-coding sequences (CNS) (Fig. 1); a comparison with the intronic
density of CNSs in human genes indicated that both intron 3 and 4 display an exceptionally high
number of conserved sequences (see methods), suggesting the presence of gene regulatory
elements. As shown in figure 2, the allele frequency distribution for rs10439256 displays high
continental differentiation: the ancestral T allele is fixed or almost fixed in Europe, the Middle East
and Asia, while the C derived allele shows intermediate or high frequency in Africa and

Central/South America, respectively. In line with this observation, analysis of population genetic
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differentiation (Fsr) across 52 human populations indicated that rs10439256 displays the highest Fsr
among SNPs genotyped in the HGDP-CEPH panel and located within IFIH1 (Fig. 1). In particular,
a striking difference in allele frequency is observed between populations living in East Asia and
those in Central/South America (Fig. 2), suggesting local adaptation. In order to explore this
possibility we calculated the distribution of Fsrvalues for all SNPs in the HGDP-CEPH panel {more
than 660,000 variants, (Li et al. 2008)) between the Yakut (located in Siberia and considered as the
closest ancestors of modem Americans, (Li et al. 2008)) and the Maya. rs10439256 displayed an
Fsr of 0.32, which corresponds to a percentile rank of 0.957 in the distribution of HGDP-CEPH
SNPs, suggesting the action of local selective pressures on IFIH1 in the Americas.

To gain further insight into the evolutionary history of the gene, we resequenced a ~10 kb region
encompassing rs10439256 and covering several CNSs (Fig. 1) in 3 HapMap populations, namely

Yoruba (YRI), Europeans (CEU) and East Asians (AS), as well as in South Americans (SAM). The

number of SNPs identified in each population is reported in table 1, together with 8y and m, two

nucleotide diversity measures ((Neiand Li 1979; Watterson 1975)). As an empirical comparison,

Oy and 1 were also calculated for 5 kb windows deriving from 238 genes resequenced by the
NIEHS program in YRI, CEU and AS (no extensive resequencing data are available for SAM) (see
table S3 for a comparison with 10 kb windows). As shown in table 1, the CEU sample displayed a
significant reduction of nucleotide diversity in this gene region.

We next calculated Fsr over the whole resequenced region. Generally high Fsr values were obtained
(Tab.1) and again these were compared to the distribution of Fs; calculated for the 5 kb reference
windows: YRI/CEU values ranked above the 95th percentile (see table S3 for a comparison with 10
kb windows).

In order to analyse the haplotype structure of the resequenced IFIH1 gene region, we constructed a
median-joining network (Fig. 3). A genealogy with two major, deeply separated clades (A and B)

was evident. In line with the Fsr results, haplotype frequency is extremely diverse across
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populations with all CEU chromosomes clustering in clade B together with the majority of Asian
haplotypes. Conversely, most SAM chromosomes belong to clade A, and account for population-
specific haplogroups.

In order to estimate the TMRCA (Time to the Most Recent Common Ancestor) of the IFIH1
haplotype genealogy, we applied a phylogeny-based method (Bandelt, Forster, Rohl 1999). Using a
mutation rate based on 63 fixed differences between chimpanzees and humans and a separation time
of 6 million years (MY) (Glazko and Nei 2003), we estimated a TMRCA of 3.01 MY (SD: 0.531
MY). In order to obtain a more robust estimate and given the relatively low recombination rate in
the region, we calculated a second TMRCA using GENETREE, which is based on a maximum-
likelihood coalescent analysis (Griffiths and Tavare 1995). The method assumes an infinite-site
mode] without recombination: 8 segregating sites and 1 haplotype had to be removed as they
violated these assumptions. The resulting gene tree, rooted using the chimpanzee sequence, is
partitioned into two deep branches (Fig. 4). A maximum-likelihood estimate of 8 (B,.) of 9.4 was
obtained, resulting in an estimated effective population size (N.) of 17904. Using this method, the
TMRCA of the IFIH1 haplotype lineages amounted to 2.31 MY (SD: 0.537 MY). These TMRCA
estimates are deeper than those obtained for the great majority of neutrally evolving autosomal loci

(Garrigan and Hammer 2006; Tishkoff and Verrelli 2003).

Neutrality tests

We calculated Tajima's D (D+) (Tajima 1989), Fu and Li's F* and D* (Fu and Li 1993), as well as
Fay and Wu' s H (Fay and Wu 2000) for the resequenced IFIH1 region and evaluated whether these
statistics significantly deviate from expectations under neutrality using both coalescent simulations
and the empirical distribution of 5 kb reference windows (see table S3 for a comparison with 10 kb
windows). For coalescent simulations, we applied models that incorporate demographic scenarios

(see methods). Results are summarized in table 2 and indicate that Dy is significantly high in YRI
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but no other test rejects neutrality in this population. Conversely, low values of Dy, D* and F* were
obtained for CEU with borderline significant p values. As for AS and SAM, D* was unusually high
in both populations and H was significantly negative; this latter result indicates that AS and SAM
display an excess of high frequency derived alleles.

Under neutral evolution, the amount of within-species diversity is predicted to correlate with levels
of between-species divergence, since both depend on the neutral mutation rate (Kimura 1983). To
test this expectation we applied a maximum-likelihood-ratio HKA (MLHKA) test (Wright and
Charlesworth 2004) by comparing polymorphisms and divergence levels at at the IFIH1 genomic
region with 16 NIEHS genes resequenced in YRI, CEU and AS (see methods). The results are
shown in table 2 and indicate that a significant reduction in nucleotide diversity versus divergence

is detectable in the CEU sample, while the opposite situation is observed in YRI and AS.

Selection pattern in human populations and possible selection targets

As determined above, IFIH1 haplotypes display an unusually deep coalescent time. There are at
least two possible explanations for this finding: long-standing balancing selection and ancient
population structure in the African continent. The two processes originate different gene tree
topologies in that balancing selection elongates the whole neutral genealogy, while population
structure results in a longer proportion of genealogical time occupied by single lineages (i.e. longer
than expected basal branches) (Takahata 1990; Wall 2000). Therefore, admixture of structured
populations is expected to result in a specific pattem of linkage disequilibrium (LD). Plagnol and
Wall (Plagnol and Wall 2006) recently proposed a new measure of LD, denoted S*, that is
specifically devised to test for an excess of congruent or almost congruent mutations. Calculation of
S* for the YRI sample resulted in a value of 69,014; coalescent simulations with different
demographic models yielded the following p values: 0.038 (Schaffner et al. 2005), 0.034 (Voight et

al. 2005) and 0.017 (Gutenkunst et al. 2009) (see methods). These data are therefore consistent with
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the idea that the two major clades of the IFIHI genealogy result from ancient population admixture
in Africa. Yet, it is worth mentioning that a more complex situation of long-standing balancing
selection with episodic selective sweeps or with multiple positively selected alleles (see below)
might also result in unusual LD patterns.

Whatever the reason for the maintenance of the two deep clades, the large number of mutations on
the basal branches (i.e. mutations that differentiate clade A and B) affects neutrality tests,
irrespective of the evolutionary patterns that have acted on this gene region in different populations
following the establishments of balancing selection or after population admixwure. Indeed, these
mutations contribute to nucleotide diversity estimates and are likely to account for the significant
MLHEKA test we obtained for YRI and AS and for the significantly high Fu and Li's D* values in
SAM and AS. For the CEU sample, the lack of haplotypes in clade A simplifies the analysis and the
data we obtained (reduced nucleotide diversity and significant MLHKA test) suggest that IFIH1 has
undergone a selective sweep in this population.

Further analyses on the evolutionary pattemn of IFIH1 in CEU, AS and SAM, were performed by
applying a composite-likelihood ratio test (CLR) ((Kim and Stephan 2002)) which evaluates the
local reduction of variation and skew of the frequency spectrum. Specifically, all CEU
chromosomes were included in the analysis while for AS and SAM only haplotypes in clades B and
A, respectively were used. We evaluated statistical significance of likelihood ratio (LR) values in
two ways: distinguishing ancestral from derived alleles and then not distinguishing allele states
(Test 1 and Test 2). As shown in table 3, all tests rejected neutral evolution for all populations.
Given that CLR is not robust to demographic history, we applied a goodness-of-fit (GOF) test
(Jensen et al. 2005); this method specifically tests how well a selective sweep model fits the data, as
opposed to a generalized alternative model, by simulating genealogies under directional selection.
Thus, non significant p values represent a good fit of the sweep model to the data, while low p

values fall within the range of effects that can also be generated by demographic events (e.g.
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population bottlenecks). For CEU, AS and SAM, the GOF p values suggest that rejection of
neutrality by the CLR test is more likely due to a selective sweep than to demographic history {Tab.
3). These data therefore support the idea that different IFIH1 haplotypes have increased in
frequency in CEU/AS and SAM as a result of directional selection.

It has recently been shown that biased gene conversion (BGC) affects neutral substitution patterns
(reviewed in (Duret and Galtier 2009)); the effect of BGC is particularly strong in sub-telomeric
regions and in regions with high male-specific recombination rates (Dreszer et al. 2007: Duret and
Arndt 2008: Webster et al. 2005). IFIH1 is not sub-telomeric and male-specific recombination rate
along the gene amounts to 0.4 cM/Mb, a value substantially lower than the genome average for
autosomes (0.98 cM/Mb) (Kong et al. 2002). In the region we analysed 17 polymorphisms (those
located on the branch leading to clade B haplotypes) display a high frequency of the derived allele
(frequency > 0.6 averaged over all populations); of these only 7 are A/T -> G/C mutations, one is a
T -> A and the remaining are G/C -> T/A substitutions. Overall, these data suggest that BGC does
not play a major role in shaping nucleotide variability at IFIH1.

The rise in frequency of a selected allele may generate an extended haplotype which results from
the long-range association with nearby polymorphisms - depending on the timing and strength of
the selective event. To verify whether this is the case for IFIH1, we derived empirical p values for
two haplotype-based tests, namely iHS (Voight et al. 2006) and XP-EHH (Sabeti et al. 2007) from
the HGDP Selection Browser (http://hgdp.uchicago.edu/cgi-bin/gbrowse/HGDP/) (Pickrell et al.
2009). While no exceptional value was observed for CEU and AS, the two tests were significant for
HGDP-CEPH populations living in America. Specifically, the iHS test was significant over a large
genomic portion encompassing {FIH1 and several flanking genes while the XP-EHH test showed
significant p values over a narrower region encompassing IFTH1 and partially extending into the
FAP gene, with a peak being observed within IFIH1 (Fig. 5).

As mentioned above, two nonsynonymous variants in IFIH1, Arg843His (rs3747517) and
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Ala946Thr (rs1990760) located in exons 13 and 15 (Fig. 1) have been associated with T1D and MS
(Enevold et al. 2009; Jermendy et al. 2010; Liu et al. 2009; Nejentsev et al. 2009; Shigemoto et al.
2009; Smyth et al. 2006). For YRI, CEU and AS, we retrieved genotype information for the two
variants from HapMap, while the two SNPs were typed in SAM. Additionally, we resequenced
exons 3-8 in the four human populations. We noticed that one variant located in exen 7
(rs10930046) is responsible for the His460Arg substitution. The derived histidine allele is fixed in
Europeans and displays extremely high frequency in Asians; conversely, SAM mainly carry the
ancestral Arg allele that is present at intermediate frequency in YRI. The Hisd60Arg variant is
located in the helicase domain and the ancestral arginine residue is completely conserved across
vertebrates, including birds and fishes (Figure S1). Inclusion of this variant in the haplotype
network indicated that the derived His460 allele is located on the branch leading to the major
haplogroups in clade B, with all chromosomes in clade A carrying the ancestral allele (variant 75in
figure 3). This is consistent with the possibility that this variant represents the selection target in
CEU and AS. We next performed a second network analysis by including the two nonsynonymous
variants in exons 13 and 15 (Arg843His and Ala946Thr). As shown in figure 3, all haplotypes in
clade A carry Arg843 and Ala946 alleles with the exception of one YRI chromosome (carrying
His843, possibly due to a recurrent mutation, not shown), Conversely, the situation for
chromosomes in clade B is represented in figure 3 (small insert) and indicates that CEU and AS
haplotypes are split into two main subgroups depending on the allelic status at codon positions 843
and 946. Notably, variants 31 and 32 in the network (Fig. 3), which are specific to South American

chromosomes, are located 3 bp apart from each other within a CNS (Fig. S2).

Discussion
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Results herein demonstrate that distinct variantsthaplotypes in IFIH1 gene have been subjected to
natural selection in human populations, and suggest that two distantly related haplotype clades have
originated from distinct ancestral hominid populations or have been maintained by balancing
selection. Several authors have previously proposed that ancestral African populations were
structured (reviewed in (Garrigan and Hammer 2006)) and signatures of ancient population
admixture have been identified at specific human loci (Barreiro et al. 2005; Cox et al. 2008;
Garrigan et al. 2005; Kim and Satta 2008; Satta and Takahata 2004). A recent study found strong
evidence of ancient admixture in both Europeans and West Africans, with contributions to the
modem gene pool of about 5% (Plagnol and Wall 2006). A hallmark of ancient population structure
is the presence of highly differentiated haplotypes with very little evidence of recombination
between lineages (Wall 2000). This is the result of mutations arising in isolated populations and
prevented from recombining with one another until after the admixture event. Ancient population
structure is also expected to result in unusually deep TMRCA estimates (reviewed in (Garrigan and
Hammer 2006)). Our analysis of IFIH1 in the YRI sample indicated that the pattern of LD is
consistent with the ancestral African population being subdivided. As it is evident from the median
joining network, one single chromosome (the isolated African haplotype in clade B) might result
from recombination between the two lineages and S*, a measure of LD based on the number of
congruent (or almost congruent mutations), yielded a significantly high score, supporting the notion
whereby the two major clades result from admixture of isolated populations. Yet, selective events or
complex evolutionary scenarios may also determine unusual LD pattemns and long-standing
balancing selection results in deep coalescence through the maintenance of distinct lineages
(Charlesworth 2006). Recently, the MWUhigh test has been applied at the genome-wide level to
identify targets of balancing selection (Andres et al. 2009; Nielsen et al. 2009). The test is based on
the concept whereby balancing selection skews the allele frequency spectrum towards intermediate

frequency alleles, a finding which is not expected in a situation of ancestral admixture. The
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MWUhigh test calculated on the folded spectrum yielded a significant result for YRI (p=0.021; see
methods) but not for the other populations (not shown), suggesting a role for balancing selection in
maintaining the two major haplotype clades. Therefore, while unusual LD patterns (as measured by
S*) are not expected in a situation of balancing selection, an excess of intermediate frequency
alleles (as obtained by the MWUhigh test) is not consistent with a scenario of ancient population
structure. Nonetheless, complex evolutionary scenarios following admixture or balancing selection
may affect both allele frequency and LD patterns. Also, these two possibilities are not necessarily
mutually exclusive as a haplotype introduced by admixtwure may have higher chances to be detected
in modern populations when subjected to a selective event (that opposes its chances of being lost by
drift) (Hawks et al. 2008).

Several evidences suggest that different alleles in IFIH1 have been the target of directional selection
in CEU, AS and SAM. Specifically, our data suggest that clade B haplotypes have reached a high
frequency in Europe and Asia as a result of directional selection. In the CEU sample a significant
reduction of nucleotide diversity is observed and the CLR test indicated that a sweep model fits the
data for CEU, SAM and AS. In this latter population a small number of chromosomes is also
observed in clade A; given the deep divergence of the two clades, this results in a high level of
polymorphism (as assessed by the MLHKA test) and in a significant value for D*, a situation that is
not generally consistent with a simple model of directional selection. Yet, both tests are not devised
to incorporate population structure (or preexisting balancing selection) in p value calculation, but
rather rely on the null hypothesis of neutral evolution and perform comparison with other loci
(MLHKA) or exploit coalescent simulation in a panmittic population (D*). Similarly, complex
evolutionary scenarios such as the succession of balancing and directional selection regimes might
result in genetic diversity patterns that are difficult to reconcile with simple expectations. These
same observations hold for the SAM sample, but in this case directional selection resulted in

increased frequency of population-specific haplotypes. Consistently, we observed high F<; between
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Asian and American populations, strongly suggesting that local selective pressures resulted in the
spread of different alleles. The significant XP-EHH test is in line with this observation and suggests
a relatively recent selective sweep event in SAM.

IFIH1 plays a central role in antiviral response and rs10439256 was previously indicated as being
targeted by virus-driven selective pressure (Fumagalli et al. 2010). In the populations we analysed
this variant is in strong linkage disequilibrium with the Hisd460Arg SNP (Table S4), which affectsa
highly conserved residue located in the helicase domain. Notably, the helicase domain is directly
involved in viral RNA binding (Takeuchi and Akira 2008), suggesting that variants in this region
alter the specificity of IFIH1 against one or more viral species. Therefore, it is tempting to speculate
that the derived 460His allele has been the target of positive selection in European and Asian
populations, possibly because it confers increased resistance to one or more viruses in these
geographic areas. This would also imply that the Argd460His polymorphism represents a
susceptibility/protective variant against diverse viral infections. With respect to South American
populations, we noticed that two variants (112474958 and rs12478730, positions 31 and 32 in
figure 3) define all SAM chromosomes in clade A and occur within a CNS. Whether these variants
affect IFIH1 regulation remains to be evaluated, as well as the possibility that they represent the
selection target in this population. In this respect, it is worth mentioning that selective sweeps
typically affect large genomic regions due to genetic hitch-hiking; thus, inference on the real
selection target is difficult unless functional information is available.

The structure and distribution of IFIH1 haplotypes described herein may harbor consequences for
association studies, especially when populations of non-European descent are being analysed. The
derived allele of rs1990760 was shown to predispose to T1D in Caucasians (Jermendy et al. 2010;
Liu etal. 2009; Nejentsev et al. 2009; Smyth et al. 2006). As shown in figure 3, all CEU
chromosomes belong to clade B, and both the ancestral and risk alleles of rs1990760 occur on the

same haplotype background in this population. This is not the case for YRI and AS given that
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figure 3) define all SAM chromosomes in clade A and occur within a CNS. Whether these variants
affect IFIH1 regulation remains to be evaluated, as well as the possibility that they represent the
selection target in this population. In this respect, it is worth mentioning that selective sweeps
typically affect large genomic regions due to genetic hitch-hiking; thus, inference on the real
selection target is difficult unless functional information is available.

The structure and distribution of IFIH1 haplotypes described herein may harbor consequences for
association studies, especially when populations of non-European descent are being analysed. The
derived allele of rs1990760 was shown to predispose to T1D in Caucasians (Jermendy et al. 2010;
Liu etal. 2009; Nejentsev et al. 2009; Smyth et al. 2006). As shown in figure 3, all CEU
chromosomes belong to clade B, and both the ancestral and risk alleles of rs1990760 occur on the

same haplotype background in this population. This is not the case for YRI and AS given that
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chromosomes harboring the ancestral allele are represented both in clade A and B. If, as expected,
haplotypes in the two clades are functionally different, association studies in non-European
populations using rs1990760 might be hindered by haplotype heterogeneity for the protective allele.
Given that T1D is characterized by a juvenile onset and is a potentially lethal disease, it is unclear
why alleles that predispose to this condition have not been eliminated by natural selection.

It was recently suggested that a portion of risk alleles for autoimmune diseases, including T1D,
have conferred a selective advantage against ancestral infections and may therefore have been
maintained in human populations as a result of balancing or positive selection (Barreiro and
Quintana-Murci 2010; Fumagalli et al. 2009b). Data herein suggest that this is not the case for
genetic variants in IFIH1 conferring susceptibility to T1D. Specifically, our results do not suppont
the possibility that the Ala946Thr polymorphism associated with T1D represents the selected
variant, while the association of the putative selection target (His460Arg) with T1D has been
excluded (Nejentsev et al. 2009). Rather, Fsy and haplotype analyses suggest that the predisposing
946Thr and 843His alleles arose on clade B haplotypes and behaved as neurral or almost neutral
variants. As a selective sweep favoring the raise of a selected allele may result in the parallel
increase of linked neutral and mildly deleterious alleles, the T1D risk SNPs may have hitch-hiked
with the selected variant(s) in IFIH1 so as to increase in frequency in non-African populations. This
observation supports the idea that a portion of susceptibility alleles for autoimmune conditions
segregated as neutral or mildly deleterious variants in human populations for a long time because
environmental conditions in pre-industrialized societies did not allow the development of

autoimmune diseases (Sironi and Clerici 2010).

Supplementary material is available online
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Figure legends

Figure 1. Schematic diagram of the exon-intron structure of IFTHI. Gray boxes represent exons
and the region we resequenced is indicated by the shaded box. The location and ID of SNPs
genotyped in the HGDP-CEPH panel is reported, and the line is proportional to Fsr calculated

across continental groups. The location of CNSs is shown below the gene diagram (black boxes).

Figure 2. Worldwide allele frequency distribution for rs10439256. Each pie represents one
HGDP-CEPH population. The ancestral T allele is shown in blue, the derived C allele in yellow.

Yakut and Maya are circled in red.

Figure 3. Genealogy of IFIH1 haplotypes reconstructed through a median-joining network.
Each node represents a different haplotype, with the size of the circle proportional to frequency.
Nucleotide differences between haplotypes are indicated on the branches of the network. Circles are
color-coded according to population (green: YRI, blue: CEU, red: AS, gray: SAM). The most recent
common ancestor (MRCA) is also shown (black circle). The relative position of mutations along a
branch is arbirary. Mutation 75 identifies rs10930046 (His460Arg). The genealogy of clade B
haplotypes with the inclusion of 153747517 (mutation 76) and rs1990760 (mutation 77) is shown in
the smaller panel. Color codes are as in the main network. The allelic status at aminoacid positions

843 (rs3747517) and 946 (rs1990760) is also shown.

Figure 4. Estimated haplotype tree for the IFTH1 gene region we resequenced. Mutations
are represented as black dots and named for their physical position along the regions. The
absolute frequency of each haplotype is also reported. Note that mutation numbering does not

comrespond to that reported in figure 3.
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Figure 5. Long-range haplotype analysis for populations living in the Americas.
Sliding window analysis of iHS (-log10 value, blue) and XP-EHH (-logl0 value, red) for a 500
kb region centered around [FIH1. The location of known genes in the region is shown, as well as

the IFIH1 region we analyzed (gray shading).
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Tables

Table 1. Nucleotide diversity and Fsr for the IFIH1 region we analyzed

Pop. N S"  Bu(rank’) n(rank”)  Fsr(rank®)

YRI 40 49  10.62 (0.69) 13.86 (0.93) CEU: 0.41 (0.97); AS: 0.20 (0.72); SAM:
0.52

CEU 40 6  1.30(<0.001)  0.74 (0.005) AS: 0.16(0.78); SAM: 0.88

AS 40 31  6.72(0.68) 6.93 (0.69) SAM: 0.72

SAM 32 31 5.34 7.09

* Sample size (chromosomes)

"Number of segregating sites

¢ Nucleotide diversity measures (x 10™)

“percentile rank relative to the distribution of 5kb windows from NIEHS genes

Table 2. Summary statistics and MLHKA test for the IFIH1 gene region.

Pop. Tajima’'s D Fu & Li'sD* Fu & Li's F* Fay and Wu'sH MLHKA

b

value  rank® g value rank® p” value rank®  p° value n k® p

YRI L.16 05875 0014 .73 0350 0413 -0.081 0621 0248 0.73 0.284 3 0.006

CEU -1.14 0.145 0.104 =210 0067  0.057 -2.11 0062 0.055 0.23 0.392 0.40 0.046
AS 011 0548 0.498 L3z 05862 0.029 1.07 0849 0127 -1245  0.024 2.6 0.013

SAM  -0891 na” 0148 1.53 npa° 0010 086 na® 0187 2213 0003 na. na’

“ percentile rank relative to the distribution of 5kb windows from NIEHS genes;

* p value obtained by coalescent simulations using demographic models.

not available

* selection parameter (k>1 indicates an excess of palymorphism compared to divergence; k< 1
indicates the opposite situation)

Table 3. CLR test resulis

Pop. Test 1° Test 2°

LR* GOF* LR* GOF*
CEU 6.95(0.004) 10.19 (0.25) 7.57 (0.002) 12.83(0.24)
AS 6.01 (0.007) 15.61 (0.81) 9.25(0.007) 14.83(0.77)
SAM 9.90 (0.006) 9.18(0.87)  6.17 (0.011) 11.21(0.84)

* Distinguishing ancestral/derived allele.

® Not distinguishing ancestral/derived allele.

“ Likelihood ratio with p values in parenthesis.

* Goodness-of-fit test with p values in parenthesis.
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Figures
Figure 1.
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Figure 2.
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Figure 4.
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Figure 5.
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The landscape of human genes involved in the
immune response to parasitic worms
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Abstract

these conditions and parasitic infections.

Background: More than 2 billian individuals worldwide suffer from helminth infections. The highest parasite
burdens occur in children and helminth infection during pregnancy is a risk factor for praterm delivery and
reduced birth weight. Therefore, helminth infections can be regarded as a strong selective pressure,

Results: Here we propose that candidate suscaptibility genes for parasitic worm infections can be identified by
searching for SNPs that display a strong correlation with the diversity of helminth species/genera transmitted in
different geographic areas, By a genome-wida search we identified 3478 variants that correlate with helminth
diversity. Thesa SMPs map to 810 distinct human genes including loci involved in regulatory T cell function and in
macrophage activation, as well as leukocyte integrins and co-inhibitory molecules. Analysis of functional
relationships among these genas identified complex interaction networks centrad around Th2 cytokinas, Finally,
several genes carrying candidate targets for helminth-driven selective pressure also harbour susceptibility alleles for
asthmay/allergy or are involved in airway hyper-responsiveness, therefore expanding the known parallelism between

Conclusions: Our data provide a landscape of human genes that modulate susceptibility to helminths and
indicate parasitic worms as one of the major selective forces in humans.

Background

Helminth infections are estimated to infect about 2 bil-
lion individuals worldwide {reviewed in [1]}. Although
rarely fatal, these parasites cause high rates of morbidity
by establishing chronic infections, In particular, the
highest parasite burdens are observed in pre-school and
school-aged children, often resulting in anemia, under-
nourishment and growth stunting (reviewed in [1]).
During pregnancy helminth infection is a risk factor for
preterm delivery, reduced birth weight and maternal
mortality (reviewed in [1]), Moreover, by chronically
infecting their host, parasitic worms increase the sus-
ceptibility to other pathogens such as viruses, bacteria
and protozoa [1]. Previous works have indicated that the
intensity of helminth infection is a heritable trait,
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although measures of heritability vary among studies
and depend on the parasite beanalyzed [2].

These observations suggest that helminth infections
have represented a very strong selective pressure for
humans, a selective pressure that is very likely to also be
remarkably constant over time, Indeed, most vertebrates
have been hosting a wide range of parasitic worms for
million years and humans have had their share before
emerging as a species (reviewed in [3]). We have pre-
viously addressed the role of helminths as selective
agents in human evolution analyzing a large set of
human genes encoding interleukins and their receptors;
we demonstrated that the pressure imposed by parasitic
worms on these genes has been stronger than the one
due to viral and microbial agents [4]. The reasons for
this observation likely lie in the long-term relationship
between humans and helminths, in the relatively slow
evolutionary rates of these parasites and in their geo-
graphic distribution being considerably stable, Here we
aimed at exploiting the selection signatures left by these
pathogens on human genes to identify, at the genome-
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wide level, candidate genes and variants that may have
been subjected to helminth-driven selective pressure.

Results
Helminth diversity and prevalence correlate across
geographic locations
In order to search for candidate variants subjected to
helminth-driven selection, an estimate of the selective
pressure exerted by these pathogens needs to be defined.
It has been previously suggested [4-6] that the selective
pressure exerted by infectious diseases in different geo-
graphic areas can be estimated by counting the number
of different pathogen species/genera that are transmitted
in these regions. In particular, in the case of hel-
minthiases, we consider parasite diversity to be a better
estimate of helminth-driven selective pressure than pre-
valence for different reasons. First of all, comprehensive
data on prevalence are impossible to retrieve for many
parasite species/genera or countries and even when
available, prevalence data may vary considerably within
the same country depending on the surveyed regions
and the population surveyed (eg. city dwellers rather
than farmers/bushmen/nomads, children rather than
adults). Moreover, the prevalence of specific hel-
minthiases might have changed greatly over recent vears
as a result of eradication campaigns, and historical pre-
valence data are rarely available. Also, it should be con-
sidered that prevalence data are difficult to combine
since in endemic regions polyparasitism is common [1];
indeed, in these regions subjects infected with multiple
helminths tend to harbor the most intense infections,
possibly due to an additive and/or multiplicative impact
on nutrition and organ pathology (reviewed in [7]).

These same observations also apply to other possible
measures such as parasite burden or infection patho-
genicity, which are very difficult to quantify and that
may have varied considerably along human evolutionary
history, Conversely, the diversity of helminth species
transmitted in different geographic locations has been
shown to depend upon climatic variables [8] which, in
turn, may be considered as relatively stable over time,
suggesting that diversity may better describe long-term
evolutionary pressures, Thus, we calculated helminth
diversity from the Global Infectious Disease and Epide-
miology Network database (Gideon); as described in the
method section, all entries for single helminthiases were
manually inspected and all species/genera transmitted in
a given location were counted as present irrespective of
their prevalence. The number of different helminth spe-
cies/genera per country is reported in Additional file 1
(Table S1).

We next wished to verify whether the prevalence of
the most common helminth infections (as reported in
[1]) correlates with helminth diversity across the 52

Page 2 of 15

populations genotyped in the HGDP-CEPH panel (Addi-
tional file 1, Table S1}. Again, we retrieved prevalence
and diversity data from Gideon by manually inspecting
single and retrieving all prevalence surveys. The preva-
lence of single helminthiases per country was obtained
by averaging all surveys; data obtained on HIV-seroposi-
tive individuals were not included in the analyses
because of the known moduolation of HIV on the sus-
ceptibility on helminth-based infections [1,9,10]. Finally,
countries with no survey data were not included in the
analysis for the specific helminth. Parasites were then
grouped into five major classes (following [1]). As
shown in table 1, the prevalence of all parasite groups
correlated with helminth diversity.

SNPs associated with helminth diversity are over-
represented in immune response genes

Previous analysis have indicated that several genes cod-
ing for interleukins and interleukin receptors are sub-
jected to helminth-driven selective pressure [4].
Interleukins are central mediators of immunity and
inflammation and, in general, we might expect genes
with a role in immune response to be preferential tar-
gets of helminth-driven selective pressure, Specifically,
we expect variants within these genes to be more fre-
quently associated with helminth diversity than observed
for randomly sampled loci. We verified this prediction
by analyzing the ImmPort list which contains 2,287
genes involved in immune response and covered in the
HGDP-CEPH panel, this latter containing data for more
than 660,000 single nucleotide polymorphisms geno-
typed in almost 950 individuals sampled throughout the
world [Additional file 1, Table 51} [11].

We calculated Kendall's T rank correlation coefficient
between allele frequencies of SNPs in ImmPort genes
and helminth diversity., A 8NP was defined as being
significantly associated with helminth-diversity if it dis-
played a significant correlation (p value after Bonfer-
roni correction < (L.01: uncorrected ¥ value < 1.94 =
107} and a t value higher than the 95th percentile in
the distribution of correlation coefficients calculated
over all SNPs having minor allele frequency (MAF)
similar (in the 1% range) to that of the SNP being ana-
lyzed. This latter requirement stems from the need to
account for the influence of non-selective events, as a
few HGDP-CEPH population result from recent or
ancient admixture [11] and population history, migra-
tory events and genetic drift have affected human
genetic variability [12,13]. Among 2,287 ImmPort
genes, 246 contained at least one SNP significantly
associated with helminth diversity (Additional file 2,
Table 52). The likelihood to obtain an equal or higher
number of genes carrying significantly associated SNPs
was assessed by a re-sampling approach. Specifically,
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Table 1 Correlation between the prevalence of all parasite groups and helminth diversity

Ascaris lumbreoides, Thehuts rhchiusa, Necatar amesicands, Ancylastama dusdenak

red wolvlus, Loa Joa®

stosarmd inrecalaium, Schistosamd faponicw,

hasehis viverring, Paraganimus affcanus, |Cl'\’.|uJ"L' TIUS COMBAcius, Paragonimus
us hugningensis, Pamgos

rrius kedlicarm, Rdm.;n-wnﬁ
agonimus fuanshanenss, Paraganimus

Pasaganimus szechuanensls, B

uterabilatesalis, Faragonimus westemnan), Fasdalopsis Busk Fasaieala [hepatiza ar gigantiea)

Parasite group Kendall's B Parasite species
value
Soil-transmitted 0381 Q007
namatades
Filarial nematosdes 0387 Q00053 Wuchererka Baneaf, Brugia makns, Onche
Schistosomes (482 2B Schismsorna manson), Schisfasamd hasma
1a Schiifasama mekangi
Faad-bame aa1d 26 % Clanarchis sinangis, Cpist
e matsdes 4] ecuadarienss, Paragan
mexleanus, Paraganimus mivelzaki,
Taania® 0462 000633 Tasnia solum

a Dracunculus medinenis was not induded becawse prevalence data were only available in few countries;

b Prevalence data were available for 27 populations only.

we divided all genes with at least one SNP tvped in the
HGDP-CEPH panel in 24 intervals based on the num-
ber of typed SNPs; 10,000 re-samplings were then per-
formed by selecting for each ImmPort gene, a
randomly selected gene with a similar number of SNPs
(i.e. a gene located in the same interval) (see methods).
The number of SNPs in ImmPort genes did not differ
significantly from the average number in the re-sam-
plings (p = 0.22) and the empirical probability of
obtaining 246 penes with at least one significant SNP
resulted equal to 0.041, indicating that immune
response genes more frequently display variants corre-
lating with helminth diversity compared to randomly
chosen loci

When the same analysis was performed using the pre-
valence of soil-transmitted nematodes, filarial nema-
todes, schistosomes and food-borne trematodes no
significant enrichment for ImmPort genes was observed
(empirical p values = 0.83, 0.96, 0.45, and 0.39,
respectively).

In agreement with previous suggestions [4], these data
indicate that helminth diversity may be a reliable esti-
mator helminth-driven selective pressure.

Genome-wide search for variants subjected to helminth-
driven selective pressure

Given these results, we wished to identify SNDPs signifi-
cantly associated with helminth diversity on a genome-
wide base. We therefore calculated Kendall's rank corre-
lations between allele frequency and helminth diversity
for all SNPs (n = 660,832) typed in the HGDP-CEPH
panel. We next searched for instances which withstood
Bonferroni correction with o = 0,05 (iLe. uncorrected p
value < 7.6 x 10 and displayed a t percentile rank
higher than the 95th among MAF-matched SNPs, A
total of 3,478 SNPs mapping to 810 distinct genes satis-
fied both requirements (Additional file 3, Table 53). We
next verified whether climatic variables could be respon-
sible for the correlations detected between these SNPs

and helminth diversity. Hence, for all countries where
HGDP-CEPH populations are located we obtained the
following parameters: average annual minimum and
maximum temperature, short wave radiation flux and
precipitation rate (annual maximum and mean). None
of these SNPs withstood Bonferroni corrections in these
analyses.

Previous works have reported an enrichment of selec-
tion signatures within or in close proximity to human
genes [12,14-17]. In line with these data we verified that
helminth-associated SNPs are more frequently located
within gene regions compared to a control set of MAF-
matched variants (y” test, 7 = 0.014).

A full list of the 3,478 SNPs that showed a significant
correlation with helminth diversity is available as Addi-
tional file 3 (Table $3). Table 2 shows the 20 strongest
correlations together with a short comment on the pos-
sible role of candidate genes in immune response or hel-
minth resistance.

Among the 810 genes subjected to helminth-driven
selective pressure, we identified ectodysplasin A (EDA)
and its receptor (EDAR). EDAR has been subjected to
strong positive selection in populations of Asian des-
cent [17] and is responsible for hair thickness in these
populations [18]. One coding variant (rs3827760,
370Val/Ala) in EDAR is thought to be the selection
target but it has not been genotyped in the HGDP-
CEPH panel. We therefore wished to verify whether
the variants we found to correlate with helminth diver-
sity are located on the same haplotype as the selected
370Ala allele. We used the Sweep software [19] to ana-
lyze the haplotype structure in the genomic region
encompassing EDAR; we selected a core containing the
370Ala/Val variant and used HapMap data from Asian
individuals (Chinese and Japanese). The results indi-
cated that most chromosomes carrving the putatively
selected 370Ala variant also harbor four alleles we
found to be significantly correlated with helminth
diversity (Figure 1},
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Table 2 Top 20 SMNP (or SNP clusters) associated with helminth diversity
SNP Candidate Distance Annotation T Description Reference
gene {bph®
EEISe LMD 14833 intergenic 0002 CSMDT acts as a reguiater of the complement systam [#7]
1511614925 NAPTLT, 35490 intran; Q700 PHLDAT participates in regulating T-cell recepton/CD3-de pandent induction [78]
BAE2L20  PHLDAT 1925 interganic 0200 of CO95/Fas
13657 POMHAY 45048, intergenic Q6% Pyruvate dehydiogenase {lipeamide} apha 2
1513659 75 44657 Qa7
4684083 CHLY 4eRaa0; nteigenic 064} Call adhesion makecule with homology to LICAM
1S2681213; 1 75000 Q576
15163520 Ta2lad 0675
El0di4 145 SLOFAS genic intren QRS ALCI0A8 encodes 4 2ine wansparter which 1s upregulated by different [ 7801
avtekings in dung epithelia and monocytes
G4 COXNMRIL 12582 interganic 0634 Engagement of COX00RLT {aka CD200R2) results in the development of [33]
dandriric colls that preferantially induce Trag Cells
7130880 PRMTI 14457 intepgenic  QAE2  PAMTE encodes a protein argining methylransferase exprossed in T and B [81]
cells; arginine methylation & important for T cell activatien and & induced by
CO28 engagarments
E04508 KATRALY |RR TS intengenic 0652 Katanin poed subunit A-like 1
512371626 GRFPT genic intran Q650 GRIPT aas with Bera-catenin 1o enhance the acivity of LEF] {mphaoid [&2]
enhancer-binding factor 1}
1441443 POIANG 252500 intergenic 0678 PDZ domain containing ring finger 3
m2362%3  JRAKIBRT 452153 intepgenic Q677 IRAKEPT is required for ThFalpha aanation of NF-KB dependent-gena [83]
expiession
3807250 DPPs genic intren 0677 Dipeptidyl-peptidase 6 a susceptibility gene Tor amyotrophic lateral scherosts  [84]
517702528 BTG 52819 intergenic QA7 BTGf i a tanscriptional target of pS3 that inhibits E2F1
EIR5122  AG0ATTT 508 intergenie 0674 Putative non-coding ANA
92241 STIM2 529000 interganie, 0673 STIM2 pramates sioe-cpeated Ca2t antry inte T calls; STIMT and STIM2 (34
«0TL protelns are required far the development and fundion of regulatony T celis
102302 GIMARF Qenic intrcn 0672 GMAPTencodes a GTRase of the immunity-associated pratein family; it & Symatlas
expressed at very high kel in CD4' and CO8' T calls, and in NK cells
B7258075  RYRI feldi T W 0672 Acwvatien of BYRT causes aqaped incresse n the expression of MHOI 157]
malecules on the surface of dendritic cells
424138 DPYsL qenic intren QA7T  Dibwdrapyrimidi rase-like 2
ERISHS0 ZFPTET Qenic intren, 0671 ZFPIAT encodes a transaripticnal repressar exprested al masimum levels in 5]
@TL ot T cells Syrmhtlas
1143683 JThAM Genic IS S 5e 0671 TGEAM combines with ITGE2 10 fam a leukcoyte-spadfic integrin. TEAM & [41]
(AEsEVall the tagetof an immunamadulatony: molecue sacretad by Ancelosiama

annum

SNF are ranked according 1o« values.

a distance of the associared SMP from the candidate gene. in all cases the candidate gene was the known gene dosest to the SNP.

Functional characterization of genes subjected to

hel minth-driven selective pressure

We investigated the role and functional relationship
among helminth diversity-associated genes using the
Ingenuity Pathway Analysis and the PANTHER classifi-
cation system [20-22]. For these analyses, a SNP was
ascribed to a given gene if it was located within the
transcribed region or in the 25 kb upstream of the tran-
scription start site.

Unsupervised IPA analysis retrieved five high-scoring
networks (p < 10"} (Figure 2 and Additional file 4, Fig-
ure S51) and two additional networks with lower scores
(p = 107}, The two highest scoring networks were
merged, as well as networks 3 and 5. As shown in figure
2, 37 and 32 genes in merged networks 1 and 2

correlated with helminth diversity, respectively, corre-
sponding to almost 60% of network nodes,

We next investigated the over-representation of
PANTHER classification categories among genes signifi-
cantly associated with helminth diversity. Table 3 shows
the 5 significantly over-represented PANTHER pathways
with the contributing genes, as well as the most signifi-
cantly over-represented molecular functions and biological
processes. Notably, genes involved in cytokine-mediated
inflammation and integrin signaling accounted for two
significantly over-represented pathways, While the multi-
ple functions of integrins and cytokines on the immune
system are established, the role of glutamate and o adre-
nergic receptor signaling in immune related processes are
less understood, Recent evidence has indicated that
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Figure 1 Haplotype analysis of the genomic region encompassing EDAR Haplotype bifurcation diagram for the ganomic region previcushy
identified as being subjected 1o 2 selective sweep {see tex). The kcatlon of known genes in the regien i also shown. As described in the text
we selacted a core comaining the pulatively selected 370alth la vanant idark blue circlel. The four SNPs that conelate with helminth diversity

are represented as lght blue cirdes

ionotropic glutamate receptors are expressed by T lym-
phocytes (reviewed in [23]) and glutamate can exert differ-
ent actions on these cells including triggering adhesion,
proliferation and chemotaxis (reviewed in [23]), Similarly,
u adrenergic receptors are expressed by different immuno-
competent cells (reviewed in [24]); in particular, expres-
sion of ADRAIA is induced in human monocytes by
inflammatory cytokines [25]. Finally, it is interesting to
notice that components of the treleasing hormone (TRH)
receptor signaling pathway are also over-represented
among genes subjected to helminth driven selective pres-
sure. Tacts on specific receptors within the pituitary gland
to stimulate the release of thyroid stimulating hormone
and prolactin. The immunomodulatory role of thyroid
hormones on immune functions are clearlyestablished

(reviewed in [26]). Moreover, experiments in mice have
indicated that thyroxine plays a role in the establishment
of Schistosema mansoninfection [27 28] and animals trea-
ted with the hormone display increased parasite numbers
and development of giant worms [28]. Notably, among
variants correlating with helminth diversity at the gen-
ome-wide level, we also found one SNP relatively close to
the gene encoding prolactin (rs13198653, 1 = 0.64, p = 44
% 10°%) and one variant within PRLR {prolactin receptor,
rs4235652, T = 0,62, p = 1.8 x 10°7) (Additional file 3,
Table 53). PRL was shown to be an immunomodulator
and acts as a cytokine on many different immune cells;
indeed, PRLR is expressed by B, T and NK cells, as well as
macrophages (reviewed in [26]) and PRL expression in T
cells is regulated by 1L-2, IL-4 and IL- 1. These data
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Figure 2 Network analysis of genes associated with helminth diversity. Gones ae represanied as nodes, edges indicate known intections
batwesn protains Sold lines depicts dirsct and dashed lines depict indirect interaction), Genes are color coded as fellows green, genes with at
least ane SHP significantly associated with helminth diversity: gray, genes vered by at kast one SNP in the HEDPCEPH panel white: genes
with ne SMPs in the panel. Panel A and B epresents the networks abained by marging netwarks 1 with 2 and 2 with &, respectively.
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Table 3 Panther over-represented categories among genes showing correlation with helminth diversity

PANTHER PANTHER description Number p value®

Contributing genes

category
genaes
Pathway  Integrin signaliing pathway .2 (10087 JTGAY COLSAT, ITGAS FINB, JTGAS, TGRS, ToAM, ITGRLT, COL442
A A ITEAL LIMST,
I8 1, DOCKY, GRB2, ITGRY, MAPKI4, COL9AT
Alpha adrenargic @ ptor 8 00138 PLCAEY, ADRALA, JTPRT, GNAD, SNAP2S, 1, WAMP3, ITPRZ
signaling pathway
inflammaticn mediated by 00206 SOC%E, PLOH2 PICRT, GREZ GNGIA, T
chemakine and cytokine MYO38, PLAZGAR, GNA
signaling pathway COL A2 ITGRZ, PAKY, 1WA, PLEDZ, ADCY2 PT
LAMG4A ITGAL COL2347
onotrepic glutamate weeptar 11 00253 AR GR, GRIAT, CACNGS, GRINGA, SHANKZ, CAMK2A, SNAP2S
pathway CAMK2 D, WAMP3, CACNGS
Thyrotropin-releasing hormana 1 10303 BICH2 LR, &4, CACNB2 GNGHE GHNAGL FLCDs, CH4G4, FLCES,
receptor signaling pathway VAMPS, SpAR2S
Biological Sigral transduction #n 405 % 107 it
process
Cell adhesian FE) FAEE S E A
Cell communication 113 917210 rLe
Cell structure and rmetllity 13 135 % 10° .
Meursnal activtios & 295 % 108 .
Developmental processes 163 287 » 108 M,
on tHanspen s 848 %107 it
Cation transpar 54 167 % 10° mt
Molecular i channe| 44 406 % 107 n
function
Receptor 117 209 x0° L.
Hydrolase & 192 x 10° .
Gepratein madulator 45 284 x 10° .
Cell adhesion maolecule 42 192 % 107 nt
Sigraling motecule a8 f44 % 10° ns
Merribiane-bound signaling kil ags = 10" nf

maleaile

* p values are Borferroni comected
nr: not reported

therefore suggest a role for both thyroid hormones and
prolactin in the resistance to parasitic worms,

Helminth-driven selection and susceptibility to allergy
and asthma

We next wished to analyze the relationship between var-
iants/genes associated with helminth diversity and the
genetic susceptibility to asthma and allergy. We
searched among published genome-wide association stu-
dies (GWAS) for SNPs that have been associated with
allergy, asthma or related traits (serum IgE levels and
plasma eosinophil count). Only 12 SNPs were retrieved,
9 of them genotyped in the HGDP-CEPH panel. One of
these SNPs (rs12619285) displayed a significant correla-
ton (p = 5.8 x 10°% with helminth diversity (Table 4}
and the allele associated with high eosinophil counts
[29] positively correlated with the diversity of parasitic
worms. In order to gain further insight into this issue,
we focused on genes rather than variants, in line with

the view that the gene rather than the allele should be
regarded as the replication unit, Given the low consis-
tency that often plagues association studies, only robust
allergy/asthma susceptibility genes were considered (see
methods). As shown in Table 4, we observed that 12
allergy/atopy genes displayed at least one SNP (either
genic or intergenic) significantly associated, at the gen-
ome-wide level, with helminth diversity. Among these
genes, one SNP in /L4 that has been associated with
asthma (rs2070874, +33C/T) has also been genotyped in
the HGDP-CEPH panel; again, the allele that positively
correlates with helminth diversity (T) is associated with
asthma [30].

It is worth noting that we found several SNPs located
upstream the transcription start site of CLTA4 and sub-
jected to helminth driven selective pressure. CLTA4 is
located on the h:mg arm of chromosome 2, telomeric to
CD28. This raises the possibility that the observed allele

associations at these two genes (see Figure 3) derive
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Table 4 SNPs that correlate with helminth diversity in
asthma/allergy genes

SNP Gene  Distance T Reference
1S2243268 1070874 L4 e ast B
genic 160
17 A1aTY7 rad 308343 KOWSS 11291 a&a% Ol
22 159
B3 735 ra23T 504 1211571291 CTLA4 a2 aad B
23862 el k]
1137% 058
353458 w75 X7 DOFPI gani 062 Pl
Qe 058
ETIR071E 2245900 HFEPIES TIRY 253945 sz P
TI6M 0]
A5563 159
PTGERZ. 16071 us8 B
GATAY  27e91a asy B
FHET T gani 057 B), OMIM
151554286 L A [T
is10237930 PSR 16674 0% B
1587 741 ADREZ2 9418 05 B, OMIM
1512619285 KZF2 40365 a5 [249]

from linkage to a single selected allele. Yet, analysis of
linkage disequilibrium (LD) {Additional file 5, Figure 52)
indicates that LD is not extensive across the genomic
region (also due to the presence of a recombination
hot-spot in between the two genes), suggesting that
CD28 and the promoter region of CTLA4 are indepen-
dent selection targets,

Discussion

Here we propose that candidate susceptibility genes for
parasitic worm infections can be identified by searching
for SNDPs that display a strong correlation with the
diversity of helminth species/genera transmitted in dif-
ferent geographic areas, Our approach relies on the
assumption that helminth-driven selective pressure has
affected the spatial distribution of these variants and it
may suffer from a few limits and caveats. First, we used
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the diversity of parasitic worms as a measure of hel-
minth-driven selective pressure for the reasons reported
above, Yet, helminth diversity may be affected by report
biases (e.g. under-reporting in developing countries due
to limited research and clinical facilities) and it weights
equally all helminth species irrespective of their preva-
lence and disease burden, As an example, rare helminth
species that are reported in Gideon and included in our
diversity measure may have exerted a very limited selec-
tive force (although prevalence may have changed over
time and it is difficult to infer selective pressure for sin-
gle species). In order to evaluate the impact of rare spe-
cies, we recalculated helminth diversity by taking into
account only parasites that are common in at least one
country (see methods and Additional file 1, Table S1).
This diversity measure strongly correlated (t = 0.75, p <
10°%) with parasite diversity calculated over all species,
suggesting that the inclusion of rare helminths should
not largely affect our results. Another possible con-
founding factor is accounted for by the co-variation of
helminth diversity with other environmental variables
(e.g. climate and other infectious agents). We verified
that variants associated with helminth diversity are sig-
nificantly enriched within immune response genes and
that the SNPs we identified do not correlate with cli-
matic factors, suggesting that climate does not act as an
important confounding factor. Yet, we cannot rule out
the possibility that other infectious agents have affected
the spatial distribution of the variants we identified as
the diversity of helminths correlates with that of other
human pathogens [4,8] across geographic locations.

Finally, although we searched for SNPs strongly asso-
ciated with helminth diversity (uncorrected p value <
7.6 x 10®) and we applied a correction based on the
MAF-matched distribution of Kendall's rank correlation
coefficients, we cannot exclude that the spatial distribu-
tion of a fraction of the variants we identified is due to
population demography, migration history and drift,
therefore representing false positives,

Haphap
Perlegen

threugh the UCSC Geneme Browser

rs376SE84 | rs7509230 | 5231726 |
re23 1604 |
1811571281
RefSeq Genes
L 028 [imtetmtmimtmivifmd il CTLAY
CTLAS b-tp
Duke DNasel Hypersensitive Sites in CD4&+. T-cells
Duke DNase Sitss Wi m | 1 | | | Rl 1

Recombination Hotspots from SNP G-errolwiﬁ

Figure 3 Analysis of SNP located in the genomic reglon encompassing CD28 and CTLA4 SNPs cignificanthy assocared with helminth
diversity are shown in red while the regicn covered by 028 and CTLA4 ate o
T cells s shown in gray while recombination hotspats are in black. The image was generated by using the “add custom track” utility available

Comelaad SHP
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Despite these limitations we were able to identify sev-
eral genes that can be regarded as good candidates as
modulators of susceptibility to helminth infection as tes-
tified by our interaction network and PANTHER ana-
lyses. Mammalian hosts respond to parasitic worms in a
relatively uniform manner by producing specific cyto-
kines (mainly IL-4, IL-10, IL-5 and IL-13) and IgE, as
well as through the activation of effector cells such as
eosinophils, basophils and mast cells [31]. Overall, the
response to helminth infection is Th2-dominated and
serves to both oppose the parasite and to contain tissue-
damage. In line with this concept, IL4 and IL!0, as well
as IL13 are hub genes in two interaction networks we
identified (Figure 2). Nonetheless, the role of other
immune components during helminth infections is
becoming increasingly clear. In addition to Thl cells
that mediate host response in some stages of Schisto-
soima and Brugia malayi infection (reviewed in [31,32]),
the role of regulatory T cells (Treg) is now recognized
(reviewed in [31,32]). An increase in Tregs has been
observed in different experimental mouse models of hel-
minthiases and in infected humans (reviewed in [31]).
Motably, among the 20 genes more strongly associated
with helminth diversity (Table 2} we identified two loci,
namely CO200RIL [33] and STIM2 [34] that are
involved in the development and function of Treg cells,
Additionally, we found several SNPs located upstream
the transcription start site of CTLA4 to strongly corre-
late with helminth diversity (Table 4). The gene encodes
a co-inhibitory lymphocyte molecule that is preferen-
tially expressed by Treg cells [35] and is thought to be
at least partially responsible for the hypo-responsive
phenotype of Th2 effector cells (referred to as "condi-
tioned Th2"} which is often observed in helminth infec-
tions (reviewed in [31]). As an example, blockade of
CTLA-4 during Nippoestrongylus brasiliensis infection
results in higher Th2 cytokine production and decreased
parasite numbers [36], CTLA~ competes with CD28 for
binding to CD8&6 (and CDB0) (reviewed in [37]). Both
CD28 and CD86 carry variants significantly associated
with helminth diversity (Figure 3 and Additional file 3,
Table 53) and their binding provides a co-stimulatory
signal for naive T cells; however, binding of CTLA-4 to
CD86/CD&0 on dendritic and T cells leads to functional
inhibition (reviewed in [37]}). Similarly to CTLA4, both
CD86 and CD28 have been implicated in the immune
response against helminths, Specifically, previous studies
have indicated that anti-CD86 treatment blocks immune
response to Schistesoma mansoni and Heligmosomoides
polygyrus and cd28-/- mice display increased susceptibil-
ity to S mansoni [38]. Interestingly, we also found
CD247, another co-inhibitory molecule to correlate with
helminth diversity (Additional file 3, Table 53). A recent
report [39] has shown that Schistosoma induces anergy
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of CD4" and CD8" T cells by up-regulation of CD247
expression on macrophages, These latter cells are con-
sidered an important component of anti-helminth
response and an alternative form of macrophages has
been described in subjects infected by parasitic worms.
These cells up-regulate arginase instead of iNOS and
express specific molecules including RETNLB (in
humans the entry corresponding to FIZZ1/retnla has
been discontinued and replaced with RETNLE)} and
CHIA (acidic chitinase or AMCase) (reviewed in
[31,32]). Notably, we found one SNP in RETNLE to sig-
nificantly correlate with helminth diversity (Additional
file 3, Table S3); with respect to CHIA, we noticed that
one variant (rs10494133) displayed a strong correlation
with helminth diversity although it did not withstand
Bonferroni correction at the genome-wide level (1 =
049, p = 3.3 x 10°),

We found several integrins and adhesion molecules to
correlate with helminth diversity (Table 3). Among
these, ITGAM, ITGAL and ITGAX (Figure 2) encade
integrin o chains that combine with the § 2 chain
(encoded by ITGB2) to form leukocyte-specific heterodi-
meric integrins, These molecules repulate lymphocyte
adhesion and transendothelial migration, playing there-
fore a central role in inflammatory processes, ITGAL
and ITGAM are bound by neutrophil inhibitory factor
(NIF), an antiadhesive glycoprotein isolated from the
canine hookworm Ancylostoma canimam [40,41], sug-
gesting that leukocyte integrins are relevant to the
immune response to helminth infections. Interestingly,
more recent evidence [42] has revealed that the genome
of the human parasite Necafor americanus encodes at
least 9 genes with similarity to NIF, suggesting that their
products might play a similar role in establishing an
immunocompromised niche for the parasite. The
ITGAM/ITGB2 and ITGAX/ITGB2 integrins bind iC3b
(Figure 2), a cleavage product of complement compa-
nent 3 (C3). Previous studies have shown that iC3b is
deposited on N. brasiliensis larvae [43,44] and 3 defi-
cient mice carry high lung larval burdens [43]. In line
with these findings, C3 is essential for killing Strongy-
loides stercoralis larvae in mice [45] and ¢3-/ mice do
not develop an effective Th2 response after infection
with S.manseni and cannot clear the parasite after che-
motherapy [46].

As far as the second network is concerned (Figure 2),
it is worth mentioning that NOTCH! and ETSI have
been implicated in multiple immune functions, The
NOTCH signaling pathway is involved in the intrathy-
mic differentiation of T cells, as well as in Th cell devel-
opment in the periphery [47]. In line with the role of
Treg cells in helminth infection, NOTCH! has recently
been shown to be involved in Treg function [48] and to
cooperate with TGFb for regulation of the FOXP3
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promoter [49], With respect to ETS{, it functions as a
transcriptional regulator of several cytokine genes
including /L5, IL2 and GMCSF [50-52]. It also regulates
expression of CD226 [53] and it is known to induce of
Thl mediated inflammation [54].

Also, network B (Figure 2) contains two genes coding
for ryanodine receptors (RYR! and RYR2); we also
found RYR3 to correlate significantly with helminth
diversity (Additional file 3, Table 53}, The function of
these molecules in the immune system is poorly under-
stood yet, both RYRI and RYR3 have been involved in
calcium signaling in T cells [55,56]. Moreover, recent
evidences have indicated that dendritic cells express
RYR! and activation of the receptor causes a rapid
increase in the expression of MHCII molecules on the
surface of these cells [57].

Finally, it is interesting to notice that among the genes
subjected to helminth-driven selective pressure in net-
work B we found SYK, encoding a tyrosine kinase that
interacts with the high affinity 1gE receptor and med-
iates IgE signaling in mast cells and basophils [58,59].
Similarly, €D226 and FYN (both in network A, Figure
2) have been involved in mast cell activation mediated
by the high affinity IgE receptor [60], suggesting a role
for these genes in allergic inflammation. Indeed, syk has
been shown to mediate airway hyper-responsiveness in
an experimental mouse model [61] and most genes dis-
cussed above have been involved in the elicitation of
allergic phenomena. In addition genes reported in Table
4, the interaction of CD28 with CD86 is central to
induction of allergic airway inflammation in mice [62]
and CD86 antisense oligponucleotides suppress airway
hyper-responsiveness in allergic animals [63]. Variants
in C3 have been associated with asthma [64] and mice
deficient in C3 exhibit diminished airway hyper-respon-
siveness and lung eosinophilia when challenged with
allergen [65]; also, NOTCHL is involved CD8" T cell-
mediated development of airway hyper-responsiveness
and inflammation [66], while ITGAL/ITGB2 mediates
altered responsiveness of atopic asthmatic airway
smooth muscle in rabbits [67]. Finally, Ets-1 induces
tenascin expression in bronchial fibroblasts [68]. In this
respect it is worth mentioning that, although subjects
genotyped in the HGDP-CEPH panel are supposed to
be healthy, a proportion of them may suffer from rela-
tively mild diseases including asthma, atopy and related
disorders; this may be especially true in some areas such
as Latin America, for example, where urban centres
have the highest reported prevalence of asthma world-
wide (reviewed in [69]). While this possibility does not
affect the results we reported herein, it highlights the
fact that the epidemiology of these disorders is rapidly
changing, and several reports have revealed a general
increase in prevalence with urbanization, leading to the
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suggestion that environmental factors (including hel-
minth infections) may play a central role in modulating
the susceptibility to these diseases (reviewed in [69]).
The relationship between asthma/allergy susceptibility
and parasitic worms is though to be complex (reviewed
in [70]}. On one hand helminth-driven selective pressure
is expected to favor individuals carrying alleles that
allow a strong Th2 response and, therefore to promote
the transmission and spread of asthma-susceptibility
variants. On the other hand, lack of parasites in devel-
oped countries has likely removed the immunomodula-
tory role of these organisms, eventually leading to the
increased incidence of atopic conditions. The current
knowledge of asthma/allergy susceptibility alleles (12
alleles identified by GWAS) is too limited to warrant
extensive speculation on the first issue. Still, our data
indicate that many genes we identified carry variants
associated with asthma/allergy or have been involved in
the elicitation of airway hyper-responsiveness. Therefore,
our results expand the previously noticed parallelism
between genes involved in the development of asthma/
allergy and those responsible for responding to parasitic
worms, suggesting that the evolutionary scenario under-
lying the increase in asthma, allergy and related pheno-
type envisages a relevant role for these long-standing
parasites.

Among the genes subjected to helminth-driven selec-
tive pressure we identified EDAR and EDA, its ligand.
Binding of ectodysplasin to EDAR activates the NF-kB
pathway through the NEMO protein. The EDA/EDAR
pair mediates signals needed for the development of
ectodermal appendages and mutations in both genes
result in hypohidrotic ectodermal dysplasia. Many stu-
dies [15,17,71,72] have indicated that EDAR has been
subjected to a strong selective pressure resulting in the
rapid spread of the putatively selected 370Ala allele in
Asian populations, This allele is responsible for the
hair phenotype of these populations but the selective
pressure underlying the selective sweep is unknown.
Hypotheses have been proposed that increased hair
thickness might be protective against cold climates or
be favored through sexual selection [18,73]. We found
that in Asian populations, most chromosomes carrying
the selected allele also carry four SNPs subjected to
helminth-driven selective pressure (Figure 1). Both
EDA and EDAR are expressed in human lymphocytes
and dendritic cells (see methods), suggesting that they
may function as NF-kB activators in these cell types, as
well, It is therefore tempting to speculate that hel-
minths represent the selective pressure underlying the
spread of a selected allele in Asia. This idea is consis-
tent with the concept whereby infectious agents have
represented one of the major selective forces for
human populations,
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Conclusions

In summary, our data are consistent with the notion
whereby parasitic worms have acted as a powerful selec-
tive force on human populations and have contributed
to shape nucleotide variability at a number of genes
involved in immune responses, We also show that sev-
eral genes associated with helminth diversity are
involved in the pathogenesis of atopic conditions or in
airway hyper-responsiveness,

Methods

Data retrieval and statistical analysis

Helminth absence/presence matrices for the 21 coun-
tries where HGDP-CEPH populations are located were
derived from the Gideon database. Information in
Gideon is weekly updated and derives from World
Health Organization reports, National Health Ministries,
PubMed searches and epidemiology meetings., The
Gideon Epidemiology module follows the status of
known infectious diseases globally, as well as in indivi-
dual countries, with specific notes indicating the dis-
ease's history, incidence and distribution per country.
We manually curated helminth absence/presence
matrices by extracting information from single Gideon
entries, Following previous suggestions [4-6], we
recorded only helminths that are transmitted in the 21
countries, meaning that cases of transmission due to
tourism and immigration were not taken into account.
A total of 60 helminth species were identified in at least
one country (Additional file 6, Table 54). Prevalence
data for single helminth infections were similarly
obtained from Gideon, as described in the text. In order
to calculate parasite diversity for species that are com-
mon in at least one country, we inspected Gideon
entries for survey data or prevalence notes; helminth
infections reported as “rare in humans" were discarded;
similarly, parasites with no prevalence estimates or
notes were considered as rare; therefore, this diversity
measure should be regarded as an approximate
estimate,

The annual minimum and maximum temperature
were retrieved from the NCEP/NCAR database (Legates
and Willmott Average, re-gridded dataset) using the
geographic coordinates reported by HGDP-CEPH web-
site for each population. Similarly, net short wave radia-
tion flux data were obtained from NCEP/NCAR
(Reanalysis 1: Surface Flux); these data were read using
Grid Analysis and Display System (GrADS).

Since helminth diversity, due to data organization in
Gideon, can only be calculated per country (rather than
per population), the same procedure was applied to cli-
matic variables. Therefore the values of annual tempera-
ture, radiation flux and precipitation rate were averaged
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for populations located in the same country. This
assures that a similar number of ties is maintained in all
correlation analyses,

Data concerning the HGDP-CEPH panel derive from a
previous work [11]. Atypical or duplicated samples and
pairs of close relatives were removed [74], Following
previous indications [4,5], Bantu individuals (Seuth
Africa) were considered as one population.

A SNP was ascribed to a specific gene if it was located
within the transcribed region or no farther than 500 bp
upstream the transcription start site. MAF for any single
SNP was calculated as the average over all populations,
The list of immune response genes was derived from
the Immunology Database and Analysis Portal (Imm-
Port). Expression data were obtained from SymAtlas.
SNPs identified in GWAS and associated with aiierg}f.
asthma or related traits (serum IgE levels and plasma
eosinophil count) were derived from the A Catalog of
Published Genome-Wide Association Studies. The list of
allergy/asthma susceptibility genes was obtained from a
previous review [9] or from the Online Medelian Inheri-
tance in Man website (MIM: 600807),

All correlations were calculated by Kendall's rank cor-
relation coefficient (1), a non-parametric statistic used to
measure the degree of correspondence between two
rankings. The reason for using this test is that even in
the presence of ties, the sampling distribution of t satis-
factorily converges to a normal distribution for values of
n larger than 10 [75].

In order to estimate the probability of obtaining 246
genes carrying at least one significantly associated SNP
out of a group of 2,287 genes (the number of ImmPort
genes), we applied a re-sampling approach after dividing
genes on the basis of the number of SNPs typed in the
HGDP-CEPH panel. In particular, all genes covered by
at least one SNP in the HGDP-CEPH panel (number of
genes = 15,280) were divided in 24 intervals based on
the distribution of typed SNPs per gene (Additional file
7, Table S5). Samples of 2,287 genes were randomly
extracted from a list of all genes covered by at least one
SNP in the HGDP-CEPH panel by applying the criterion
that for each lmmPort gene, a control gene was selected
from the same interval. For each sample the number of
genes with at least one significant SNIP were counted.
The empirical probability of obtaining 246 genes was
then calculated from the distribution of counts deriving
from 10,000 random samples, Similarly, the number of
SNPs in ImmPort genes was compared to the distribu-
tion of SNPs in the 10,000 re-samplings.

Analysis of PANTHER over-represented functional
categories and pathways was performed using the “Com-
pare Classifications of Lists” tool available at the
PAMNTHER classification system website, Briefly, gene
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lists are compared to the reference list using the bino-
mial test [22] for each molecular function, biological
process, or pathway term in PANTHER. All p values
were Bonferroni corrected. All calculation were per-
formed in the R environment [76]. For PANTHER ana-
lysis we widened the inclusion criteria in that SNPs
located within the transcribed region or in the 25 kb
upstream the transcription start site were ascribed to
the gene.

e(JTL data were derived from the eQTL Resource web
site held at the University of Chicago (Prtichard Lab).

Network construction

Biological network analysis was performed with Ingenu-
ity Pathways Analysis (IPA) software using an unsuper-
vised analysis. IPA builds networks by querying the
Ingenuity Pathways Knowledge Base for interactions
between the identified genes and all other gene objects
stored in the knowledge base; it then generates networks
with a maximum network size of 35 genes/proteins, We
used all genes showing at least one significantly asso-
ciated SNP as the input set; in this case a SNP was
ascribed to a gene if it was located within the tran-
scribed region or in the 25 kb upstream. All network
edges are supported by at least one published reference
or from canonical information stored in the Ingenuity
Pathways Knowledge Base. To determine the probability
of the analyzed genes to be found together in a network
from lngenuity Pathways Knowledge Base due to
random chance alone, IPA applies a Fisher's exact test.
The network score represents the -log (p value).

LINKS
The Immunology Database and Analysis Portal, https://
www.immportorg

Ingenuity Pathway Analysis, Ingenuity Systems, http://
www.ingenuity.com

NCEP/NCAR, Surface flux, http:! fwww.esrlnoaa.gov/
psd/data/gridded /data.ncep.reanalysis.surfaceflux html

GrADS, http:.l'.fww.iges.arg,"grad.s.f

SymAdtlas,: http://symatlas.gnf.org

Catalog of published GWAS, http://www.genome.gov

Panther,: http://www pantherdb.org

eQ)TL resources @ the pritchard lab, http://eqtl uchi-
cago.edu/Home. html

UCSC Genome Browser, http://genomeucsc.edu

HGDP-CEPFH Panel, htip:/ (hagsc.org/hgdp/

Sweep software, httpy//www.broadinstitute.org/mpg/
sweep/

Additional material

Additional file 1
helminth drersit,

Table 51. Fopulations in the HGDP-CEPH pand and
estimates
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Additional file 2 Table 52 Genes in the ImmPort It that deplay at
least ane SMP snificantly associated with helminth diversity. For sach
gene the MNP showing the strangest comelatan & reparted. SNPs ane
ranked gocarding to the value af ¢

Additional file 3: Table §3 SHP: significantly asciated with helminth
drversity. The table reparts all SWPs that withstood Banlerani correctian
ar the genome-wide el (with alpha =10.5) and dEplayed a tau
percentile rank higher than the 95th among MAF-matched SMPs, a=
dezaibed in the main text. SNPs are ranked accarding ta thevale of ©
1f the SNP & located within a genic regian dor in the 500 upstream
nuckeatides]) the gene simbol & reported. Altermativedy, the gene closest
ta the NP and itz ditance Jin bpl are ndicated.

Additional file & Figure 51 In addition o the twa merged netwarks in
the main text, IPA identified three additional networks (A-C) with p = 10
? Genss ae represented as nodes, edges indicate kmawn interactians
between pratein: {sokd lines depicts direct and dashed lines depict
indirect interactan). Genes are cobor coded as follows areen, genes with
at keast one SHP significamly associated with hetminth diversity; gray,
genes covered by at least ane 5P in the HGOP-CEPH panel whits,
genes with na 5Pz in the panel

Additional file 5 Figure 52 Anahsiz of LD in the genamic fegion
encompassng COZ8 and CTLA SNPs significantly assocated with
helminth dreersity are shown i red while the region avered by C025
and CTLAS are shown in blue. The location af DNAse hypesensitve Stes
in D4 T el rwm in gray white recombiration hotspots aein
black. LD platz §2) are shown fr Yaruba (YR, Eurapeans {CEU) and
Asans (JFT+CHEL The image was generated by using the "add custom
prack” utidlity avaiable through the UCSC Gename Browser.

Additional file & Table 54 Hefminth species/genera tamsmitied 0 at
least one country and that are comman in at beast ane country.
Additional file 7: Table 55 Gene subdidsan on the base of SHP
number. Genes were divided in 24 intervak accarding ta the number af
SNPs typed in the HGDP-CEPH panel

Abbreviations

M single nuckotide polrmarphism; Treg: requlatory T cell LT finkage
disequilibrium; MAF: minar aliele frequency, NIF: neutrophil inhibatory factor;
TRH: tredeasing harmane; PRL pralactin
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Human ERAP1 and ERAP2 encode two endoplasmic reticulum aminopeptidases. These enzymes trim pep-
tides to optimal size for loading onto major histocompatibility complex class | molecules and shape the anti-
genic repertoire presented to CDB" T cells. Therefore, ERAPT and ERAP2 may be considered potential
selection targets and modulators of infection susceptibility. We resequenced two genic regions in ERAP1
and ERAPZ in three HapMap populations. In both cases, we observed high levels of nucleotide variation,
an excess of intermediate-frequency alleles, and reduced population genetic differentiation. The genealogy
of ERAP1 and ERAFZ haplotypes was split into two major branches with deep coalescence times. These fea-
tures suggest that long-standing balancing selection has acted on these genes. Analysis of the Lys528Arg
(rs30187 in ERAP1) and Asn392Lys (rs2549782 in ERAP2) variants in an Italian population of HIV-1-exposed
seronegative (ESN) individuals and a larger number of ltalian controls indicated that rs2549782 significantly
deviates from Hardy-Weinberg equilibrium (HWE) in ESN but not in controls. Technical errors were excluded
and a goodness-of-fit test indicated that a recessive model with only genetic effects adequately explains HWE
deviation. The genotype distribution of rs2549782 is significantly different in the two cohorts (P = 0.004),
mainly as the result of an over-representation of Lys/Lys genotypes in the ESN sample (P-value for a reces-
sive model: 0.00097). Our data suggest that genetic diversity in ERAP1 and ERAP2 has been maintained by
balancing selection and that variants in ERAP2 confer resistance to HIV-1 infection possibly via the presen-
tation of a distinctive peptide repertoire to CD8* T cells.

INTRODUCTION are recognized and ehminated by CD8™ T cells; this

pathway 15 specialized in the recognition ol intracellular
Cells expressing foreign proteins in association with a  pathogens including viruses. The composition of the peptide
major histocompatibility complex (MHC) class 1 molecule  repentoire displayed by the MHC | largely depends on the
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specificity of the MHC peptide-binding groove, but also on the
availability of suitable peptides gencrated by the antigen-
processing pathway. Therefore, antigen processing is essential
for assuring immune surveillance and for establishing immu-
nodominance (i.e. the phenomenon whereby only a minority
of epitopes are functionally immunogenic).

The processing of intracellular proteins is a multi-step event
initiated by proteolysis in the cytosol that generates peptides
between 2 and 25 amino acids in length (reviewed in 1). A
fraction of these peptides is trnsported W the endoplasmic
reticulum (ER) by the transporter associated with antigen-
processing protein and trimmed at the N-terminus so as o gen-
crate optimal size fragments for MHC 1 to be loaded into
MHC | clefts (reviewed in 1)

In humans, at least two aminopeptidases located m the ER,
encoded by ERAPI (MIM *606832) and ERAP2 (MIM
“609497), act m concert to tnm peptides at their N-terminus
(2), whereas mice have only one ER-aminopeptidase
(Erapl). Experiments in Ergpl '~ mice indicated that the
emzyme shapes the peptide repertoire displayed by MHC 1
molecules in both normal and virus-infected cells (3—35). In
the absence of Erapl. some viral or endogenous peptides are
presented at lower levels, whereas others display enhanced
presentation (4-60). In human cells, RNA interference exper-
iments have produced contrastng results concerning the
effect of ERAPI and ERAPZ on MHC class 1 molecule
expression and peptide presentation (2,7), suggesting that
factors such as peptide sequence, cell-type and MHC class 1
alleles may determine whether the two aminopeptidases
enhance or mhibit antigen presentation.

These observations suggest that ERAPT and ERAP2, along
with the other components of the antigen-processing and
presentation pathway, play a role both in protecting from

infectious diseases and in maintaining immunotolernce to
self-peptides. In line with this view, variants in both gencs
have been associated with an increased nsk of developing
ankylosing spondylitis (8,9). Notably, the role of ER4P! and
ERAP2 polymorphisms in modulating the susceptibility to
infection has never been studied.

MHC class | genes are extremely polymorphic in humans,
and genetic variability 1s maintained by balancing selection
which is, at least in part, pathogen-driven (10,11). Since the
repertoire of peptides presented by the MHC 1 molecules ult-
mately depends on ERAPS and ERAP2. these genes may be
considered potential selection wrgets, as diverse alleles may
display differential activity for specific peptides.

Here we show that long-standing balancing selection has
maintained genetic vardability at the human ERAP! and
ERAP2 genes and that variants in ERAPZ are associated
with natural resistance against HIV-1 mfection.

RESULTS
Nucleotide diversity and neutrality tests

ERAPI and ERAP? are located in a head-to-head orientation
on the long arm of chromosome 5 (Fig. 1), Analysis of
linkage disequilibrium (LD) in three HapMap populations,
namely Yoruba (YRI), Europeans (CEU) and East Asians
(EAS), indicated that the two genes lie in distinet LD blocks
(Fig. 1 and Supplementary Material, Fig. S1).

Throughout the manuscript, single-nucleotide polymorph-
1sms (SNPs) are indicated using the NCBI notation for refer-
ence SNP cluster 1Ds (rs#) (hup:/fwww nebinlm.nth gov/p
rojects/SNPY), and derived alleles are defined through com-
parison with the chimpanzee reference sequence. In order to

120

010E ‘62 Jequeides; uo ousyy 1p 1Ipn1S 1Bep yismeaun 18 Biospumofpiopo Buny wouy pepeoumog



Results and Discussion

Human Molecular Genetics, 2010

Table 1. Nucleotide diversity and neutrality tests for the £RAP T and ERAP? pene regions

Gene Pop®  N" 8% By (w107 i ™ Tajima’s [ Fu and Li's D* Fuand Li's #
Value  Rank?  Value Rank'  Value (PF Rank!  Value (PF Rank”!  Walue (PF Rank
ERAPI  YRI 40 36 2133 098 2632 099 082 (0.0456) 095  —028(0414) 051 01202213 068
CEU 40 37 2192 099 2613 099 0L67 (0.2 073 —043(0650) 041 — 006 (0.502) 0,53
EAS 40 25 1481 097 2650 099 2,76 (0.004) [EL] LA5{0.029) 098 224 (0403) 0.9
ERAPI YRI 441 a7 i3 086 2191 0.99 2.35 (=0.001) ={99 LO2{0.024) a7 175 (0001 ) =09
CEU 40 42 1488 098 2305 099 2,15 (0413} 097 0,55 (0.226) 078 133 (0085) 093
EAS 40 ERY I169 095 2306 048 137 (=0.001) =089 159 {0.005) =89 2ol {=0.001) =409

*Population,
"Sumple size {chmmosames ),
“Number of sepregating sites.

Tpercentile rank relative to 1 distribution of 238 2 kb windows from NIEHS genes,

“Pavalue caleulated by coalescent simulations.

test the hypothesis whereby balancing selection has main-
tained nucleotide vanability at ERAPT and ERAP2, we rese-
quenced two genomic regions internal to these genes in the
sume  three populations. Specifically, an ~3.9 kb region
encompassing the Lys528Arg variant (rs30187) was analysed
for ERAPI (Fig. 1). This choice was motivated by the fact that,
although multiple variants in the gene have been associated
with ankylosing spondylitis (12), the 528Arg allele was also
shown to decrcase enzymatic activity (13), suggesting that
rs30187 may represent a lunctional vamant. The derived
528Arg allele has also been associated with essential hyperten-
sion (14) and haemolytic uraemic syndrome (15), and a pre-
vious analysis (16) indicated that rs30187 defines an
expression QTL (¢QTL) for ER4API. This same observation
applies to rs2247650, an SNP located within ERAPZ (16).
This SNP lies relatively close to 2549782 (Fig 1), which
determines the substitution of the highly conserved asparagine
residue at codon 392 with a lysine: the polymorphism has been
associated with both ankylosing spondylitis and pre-eclampsia
{17.18). Thus, an ~6.6 kb region within ERAP2 and coverng
both vanants was resequenced (Fig. 1).

Forty-nine and 48 SNPs were detected in the ERAPT and
ERAP2 regions, respectively, none of which represented a
novel nonsynonymous variant.

Two major effects of balancing selection that can be
detected through resequencing data are (i) a distortion of the
site frequency spectrum (SFS) towards inte mmediate-frequency
alleles and (i1) an excess of diversity due to the maintenance of
polymorphisms linked to the selected vananys),

Common population genetic tests based on the SFS include
Tajima’s D (D) (19) and Fu and Li's D% and F* (20). Dy tests
the departure from neutrality by comparing two nucleotide
diversity indexes: gy (21), an esumate ol the expected
per=site heterozygosity, and 7 (22), the avemage number of
pairwise sequence nucleotide differences, Positive values of
Dy indicate an excess of intermediate-frequency vanants. Fu
and Li's £* and D* are also based on SNP frequency spectra
and differ from Dy in that they also take into account
whether mutations oceur in external or internal branches of
a gencalogy (20). As an empirical comparison, fhy. m, as
well as Dy, F* oand D% were calculated for 5 kb windows
(thereafter referred to as reference windows), denving from
238 penes resequenced by the NIEHS program in CEU, YRI

and EAS. Additionally, the statistical significance of neatrality
tests was evaluated by performing coalescent simulations with
a population genetic model that incorpormtes demogrphic
scenanos (see Matenals and Methods).

As shown in Table |, the regions we analysed in both
ERAPI and ERAP? display extreme nucleotide diversity,
with both 6, and 7 ranking above the 95th percentile in the
distabution of kb reference windows in all populations,
with the exception of #y in YRI.

All tests in Table 1 rejected neutral evolution at ERAPI in
EAS, and Dy was significantly high in YRL Conversely. no
significant deviation from neutmlity was observed, using
these tests; m CEU; this is partially due to the presence of a
single divergent haplotype o this population (see  what
follows and Fig. 2) that introduces several singletons and
affects SFS-based statistics.

Ag for ERAP2, most tests yielded significantly high results,
using both simulations and empirical comparsons in all popu-
lations.

A hallmark of balancing selection 18 an excess of poly-
morphism compared with neutral expectations. Indeed, our
data (Table 1) mdicate that nuckotide diversity indexes are
extremely high for both ERAPT and ERAP2. Yet, polymorph-
ism levels also depend on local mutation rates, and under
neutral evolution, the amount of within- and between-specices
diversity is expected to be similar at all loci in the genome
(23). The multi-locus HKA test was developed o verily
this expectation (24). We applied a multi-locus MLHKA
(maximum-likelihood HKA) test by companng polymorph-
ism and divergence levels at the ERAPI and ERAPZ
genomic regions with 16 NIEHS genes resequenced in YRI,
CEU and EAS. The results are shown m Table 2 and indicate
that a significant excess ol nueleotide diversity versus diver-
gence is detectable in all populations for both ERAPT and
ERAP2.

Fgr (25) measures vartations in allele frequencies among
populations (gzenetic differentiation) and largely depends on
demographic history (which affects all loci equally). Yet,
natural selection may drive allele frequencies to differ more
or less than expected on the basis of demography alone. In par-
ticular, balancing selection may kead 10 a decrease in popu-
lation differentiation compared with peutrally evolving loci
(26). Fgp among YRI, CEU and EAS caleulated for the
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ERAPI and ERAP2 regions amounted to 0,022 and (0LO08SE,
respectively. Both values are lower than the genome average
of 0.123 (27), and their percentile rank in the distribution of
Fyp caleulated for 5 kb meference windows were (105 and
0.022, respectively, indicating that both regions display unu-
sually low population genetic differentiation.

Haplotype analysis and time to the most recent common
ancestor estimation

Another feature of balancing selection is the maintenance of

two or more highly divergent haplotype clades; in cases
of long-standing balancing selection, the coalescence time of
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Grene Fixed substitutions MLHEA

YRI CEU EAS

' Pvalue f Povalue P Pyalue
ERAPY H 435 242 % W07 640 S0 1078 465 434 % 107
ERAP2 34 44 658 x 1074 a0 286 107" 532 36 %1077

4S¢lection parameter (& = | indicates i excess of polymarphism compared with divergence: & <0 | indicates the opposite situation ).

these genealogies is deeper than expected under neutrality
(28). In order to analyse the haplotype structure of the two
regions in ERAP ! and ERAP2, we constructed median-joining
networks (Fig. 2). Both haplotype networks display two major
clades separated by deep branches, In line with the extended
LD pattern (Fig. | and Supplementary Material, Fig. S1), the
haplotype network for the ERAP2Z gene region presented
no reticulations and few recurent mutations. Both the
Asn392Lys variant (rs2549782, variant 8 in the network)
and 52247650 (variant 1) are located on the two major
branches (Fig. 2). As lor ERAPI, the network displays some
reticulations and recument mutations/gene conversions, The
rs30187 vanant (Lys528Arg, variant 12 in the network) separ-
ates the two major clades. In order to estimate the time to the
most recent common ancestor (TMRCA) of the ERAFPT and
ERAP? haplotype genealogics, we applied a phylogeny-based
method (297 based on the average pairwise difference between
the haplotype clusters, Using mutation rates based on the
number of fixed differences with chimpanzee and a separation
time of 6 million years (MY) (30), we estimated TMRCAs of
4.12 MY (SD: 0860 MY) and .08 MY (8D: 0918 MY) for
ERAPI and ERAP2, respectively.

In order to obtain more robust TMRCA estimates, we used
GENETREE, which 15 based on 3 maximume-likelihood
coalescent analysis (31,32). The method assumes an infinite-
site model without recombination; therefore, haplotypes and
sites that violate these assumptions need to be emoved: we
removed 10 and 6 variants for ERAPI and ERAP2, respect-
ively. The resulting trees, rooted using the chimpanzee
sequence, were partiioned into two major branches (Fig. 3).
Using this method, TMRCA estimates of 426 MY (SD:
0493 MY; N, =21200) and 4.65 MY (SD: 0355 MY: N, =
144700 were obtained for ERAP! and ERAP2, respectively
(Fig. 3). Recombimation mte over the ERAP! and ERAP2
regions we analysed is relatively low, and exelusion of recom-
binant haplotypes. when they represent @ minority of the data
set, is accepted practice in tree construction (33); nonetheless,
estimation of TMRCA in recombining regions may not be
robust if no recombination is assumed (34). Thus, we applied
an additional method that reconstructs haplotype genealogies
through the coalescent with recombination (ancestral recombi-
nation graph) (35.36). Using this method, we obtained an esti
mate of recombination rate and TMRCA for each marker along
our entre gene regions (Supplementary Materal, Fig. S2).
Although recombmation rate is extremely low for ERAP2, 1t
increases in the middle of the ERAPI region. The posterior
means of TMRCA estimates resulted to be around 2.8 and
42MY for ERAPI and ERAP2, respectively, assuming
that A, for humans equals 10400 (37). Therefore, all TMRCA

estimates we obtained are highly unlikely under neutrality, as
estimates for neutrally evolving autosomal loe mnge between
0.8 and 1.5 MY (38).

ERAPI/ERAP2 genotypes and resistance to HIV-1
infection

Given the mle of ERAPT and ERAPZ in antigen presentation,
we wished to test whether the two nonsynonymous vanants
may maodulate the suscepubility to HIV-1 mfection. Most
humans are susceptible to the virus, but a minority of mdivid-
uals do not seroconvert despite multiple exposures, We geno-
typed rs30187 and rs2549782 in a cohort of well-charactenzed
ltalian heterose xual HIV-exposed seronegative ( ESN) individ-
uals who have a history of unprotected sex with their seropo-
sitive partners and in a larger sample of randomly selecied
Italian subjects (controls). No ESN was homozygous for the
CCR5A32 varnant, which confers resistance to RS HIV-1
strams (39). rs30187 and rs2549782 display no LD m these
samples (r* = 0.017, &' =0.19), in line with the analysis pre-
sented in Figure 1. The Asn392Lys variant (rs2549782) sig-
nificantly deviated from Hardy—Weinberg  equilibrium
(HWE) with an excess of homozygotes in the ESN sample;
similardy, we observed a higher proportion of homozygote
genotypes for rs30187 (in ERAP!) in the ESN sample only,
with marginal statistical significance after Bonferroni correc-
tion (Table 3).

Deviations from HWE in cases (here represented by ESN
subjects) may indicate a real association between SNP geno-
types and the trait being analysed or may result from different
effects such as population structure, sampling biases, unrecog-
nized copy number variants or genotyping errors. As for the
latter, the genomic DNA  of all ESN  subjects  was
PCR-amplified and directly resequenced twice, and no uncer-
tainty in electropherograms was observed. suggesting that
technical errors are not the cause for deviation from HWE.
In order to verify whether the excess of homozygoles in
ESN may be due to the presence of a large deletion segregat-
ing in this sample or to population structure, we genotyped six
maore SNPs in the ERAPHERAP? region. In particular, these
varants were selected among those genotyped in the HapMap
project to have a minor allele frequency similar to =30187
and 2549782 m CEU. Three of these SNPs are located in
the intergenic region separting ERAPT and ERAP2, two are
centromenc to ERAPT and one telomeric to ERAPZ (Fig. 1)
All these polymorphisms are located i LD blocks distinet
from those where the two nonsynonymous variants lie and
none of them deviated significantly from HWE in ESN
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(Table 2). Thus, unrecognized copy number vanants or popu-
lation structure is unlikely to be the cause of HWE deviation.
Wittke-Thompson ef al. (40) have developed a test to verily
whether deviations from HWE can be explained by an under-
lying penetic model for the trait being analysed rather than by
other effects. Using a K, (prevalence of ESN phenotype in the
general population) of (.20 (41.42), the best model fitting the
genotypic proportions in cases and controls was a recessive
model with g {susceptibility allele frequency) = 0,442, o (risk
in non-susceptible homozygotes) = 0,162, 8 (heterozygote rela-
tive risk) = 1 and ¥ (homozygote relative risk) = 2.216. Forthis
model, the goodness-of-fit test was not significant (y* = 0.586,
P=0.75df = 2), indicating that a recessive model with only
genetie effects adequately explains HWE deviation, We per-
formed the same analysis using a range of K, (from 005 o
0.30) values and similar results were obtained (not shown),
Companson of genotype frequencies in the ESN and control
samples indicated no significant difference for rs30187 in
ERAPI (Table 3). Conversely, the genotype distribution of

the ERAPZ vanant (rs2549782) was significantly difTerent in
the two cohorts {Bonferroni-corrected P = 0004, Table 3),
with the difference being mainly accounted for by an over-
representation of GG (Lys/Lys) genotypes in the ESN
sample (Bonferroni-corrected  P-value for a  recessive
model = 000097, Table 3).

In order to test whether the association between rs2549782
and the ESN phenotype might be secondary to LD with other
variants along the gene, we analysed four more markers
{Fig. 1) selected to be tag SNPs (see Materials and Methods
for details). No significant difference was observed in the gen-
otype distribution of these variants between ESN and controls
(Supplementary Matenal, Table S1). As for HWE. a tendency
towards deviation with an excess of homozygotes in ESN was
observed for 869315 (Supplementary Material, Table S1),
located 1.7 kb upstream the Asn392Lys variant. This is
likely due to partial LD between the two varants (7 = 0,42,
D' =0.78).

DISCUSSION

Pathogen-driven balancing selection is partially responsible
for shaping nucleotide diversity at MHC class 1 molecules,
with wiruses acting as the strongest selective pressure {(10).
Since ERAPT and ERAP2 perform the final and crucial step
in the generation of MHC class I-binding peptides, we
studied their selective pattern and tested whether varants in
these genes may modulate the susceptibility to viral mfections.
Our population genetic analysis of the two aminopeptidases
suggests that they have been subjected to long-standing balan-
cing selection, and the low LD between the two genes suggests
that they represent independent selection targets. Indeed,
Andres ef al. (43) have previously identified ERAP2 in a
genome-wide screen for genes subjected to balancing selec-
ton: i their analyses, these authors applied population
genetic tests 1o resequencing data denved  from  exonic
regions only. Therefore, the approach they applied is quite
different from the one we deseribe herein where a 6.6 kb con-
tinuous region was resequenced and analysed. Thus, our
analysis and that of Andres ef al. can be regarded as largely
independent  demonstrations  that balancing  selection has
been acting on ERAPZ.

The action of natural selection obviously implics the pres-
ence of a functional vartant with an effect on fitness and a
selective pressure to act on it, Owing to the action of recom-
bination and mutation, balancing selection signatures are
expected to extend over relatively short genomic intervals
(28), indicating that a selecuon target must be located within
or in close proximity to the gene region we analysed. Specifi-
cally, the two nonsynonymous variants in the ERAPJ and
ERAP? regions are located on the branches separating the
major haplotype clades (Fig. 2), suggesting that they may rep-
resent (or be in linkage with) the selected variants. In the case
of ERAP2, this same observation applies to rs2247650), a poss-
ible ¢QTL (16). As for the selective pressure acting on these
genes, given their role in antigen processing and presentation,
it 15 conceivable that, in analogy to MHC class | genes, the two
aminopeptidases may have mainly evolved in response to viral
threats. Following these observations, Lys528Arg (in ERAPI)
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Table 3. Genotype counts, HWE proportions and association analysis in ESN and controls

Phenotype  SNP 1D CGienotype counts  Genotype counts {recessive Povalue® ¥ (Fovaluer F (Povalue)
model) (HWE) {genotype) {receus ive)

ESN st LB T (A P4/ 24030 1455 .06z SA75(0.150) 34700024

Contml A LORT (A 25 10489 25193 =105

ESN a2 S49TR2(GT) 2525019 2544 0.05 1234 (0004) 12,18 (0.001)

Control rs2349TR2 (GT) ARLEOT2 6182 >0.0%

ESN rsl 49173 (GICY  LI/2R30 — =005 — —

ESN a2 WA LAY 92931 — =003 — —

ESN 20T 40 (CT 62340 — =005 — —

ESN r2M2T6I3(GIA) 934921 — =015 — —

ESN wIOLT 3 (CT) 1026083 — =005 — -

ESN a2 T4390GT) 713032 — =05 —

*Pvalues are Bonfermni<comected.

and Asn3Y2Lys (in ERAP2) may be regarded as possible
genetic modifiers of viml infection susceptibility and we
tested this hypothesis by analysing the genotype distnbution
of these variants in u cohort of lalian subjects who remained
seronegative despite multiple exposures to HIV-1.

The mle of ERAPI and ERAP? in antiviral response in
humans has never been direetly addressed, although previous
data have indicated that the Alal48Pro escape mutation in
the Gag protein of HIV abolishes its ability to be cleaved by
ERAPI, resulting in decreased eytotoxic T-cell msponses in
chromeally infected imdividuals (44). Interestingly, previous
studies also reported that, in the presence of the same MHC
class 1 alleles, the repertoire of peptides recognized by CDS™
T cells differs in HIV-l1-infected compared with ESN
individuals (43). This observation suggests that variations in
epitope immunodominance generated by the antigen-processing
pathway may influence the susceptibility to HIV-1 infection.

The data herein indicate that varianls in £RAP2 are associ-
ated with resistance to HIV-1 mfection. Specifically, a reces-
sive model with GG (i.e, Lys/Lys) homozygotes protected
from HIV-1 infection yielded the most significant result.
Therefore, the question is whether or not a recessive model
of resistance to HIV-1 afforded by the ERAP2 variant is bio-
logically plausible. The 392Lys allele changes an asparagine
residue which is highly conserved in vertebrate aminopepti-
dases (Supplementary Matenal, Fig. 83). The functional
effect of this variant has never been experimentally tested
and, although we found an association with this polymorph-
ism. we cannot exclude that the causal variant is located some-
where else in or outside the gene and in LD with rs2549782. In
any case, starting from the hypothesis whereby CDE™ T cells
from ESN subjects recognize ‘unconventional’ peptides that
may confer resistance to HIV-1 (45), we can imagine at
least two possible reasons as to why a recessive model
applies. Frrst, these peptides may be destroyed by ERAP2
molecules carrying the non-protective vanant so that they
are available at no or low frequency m Lys'Asn and Asn/
Asn cells. Second, these peptides may have lower affinity
for MHC class | molecules and may be out-competed
by peptides generated by ERAP2 molecules carrying the
non-protective allele. Indeed, peptides generated by Erapl
cleavage compete for MHC-binding with those normally
expressed by Erapl-deficient mouse cells (46).

As for ERAPT and its coding variant, both HWE proportions
and distribution in ESN subjects versus controls were similar
to those observed at ERAP2, but the statistcal significance
did oot withstand Bonferroni comection, Therefore, larger
cohorts will be required to address the role of this gene in
infecton susceptibility. An effort to exclude possible con-
founding effects and the role of other vandants along the
gene was made in the case of ERAPZ; the data we report are
based on a relatively small sample of ESN subjects and will
therefore require an independent wvalidation in a larger
cohort. If" these results will be confimmed, it is possible to
speculate that specific alleles m ERAP2 (and maybe in
ERAPT) confer differential susceptibility to distinet pathogen
species (one of these bemg HIV-1), and. therefore, balancing
selection might be acting to maintamn diversity in these
genes under pathogen-daven selection. Yet. the recessive
model for HIV-1 protection we describe suggests a situation
different from that observed at MHC class | genes, which
evolve under balancing selecton that probably involves an
element of heterozygote advantage (47 —49). Yet, the molecu-
lar function of aminopeptidases i extremely different from
that of MHC class | molecules. and the two possible scenanos
we envisaged to explain the recessive model of HIV-1 resist-
ance may well apply to other viral infections. Classic expla-
nations for the action of balancing selection include. in
addition to heterozygote advantage, adaptation to vanmable
enyvironmental conditions and frequency-dependent selection
(reviewed in 28). Both these explanations may apply to the
selection regime we described for ERAPT and ERAPZ and
they often denote host—pathogen interaction dynamics. Thus,
distinet alleles in the two aminopeptidases might result in
the differential processing of some peptides deriving from
intrace lukar pathogens, resulting in a distinetive repertoire of
antigens presented o CD8™ T cells and m altered suscepti-
bility to specific mfections. An alternative and not mutually
exclusive possibility is that vanants in ERAP! and ERAP2
are maintained by selection due to their modulation of pheno-
typic traits not directly related to pathogen resistance. In
addition to their being associated with ankylosing spondylitis,
30187 has been identified as a suscepubility variant for
essential hypertension (14), whereas the Asn392Lys poly-
morphism  predisposes  to pre-eclampsia  (18). Therefore,
additional selective pressures targeting genes involved in
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blood pressure homeostasis and reproduction might have con-
tributed to shaping the genetic varibility at £RAP{ and
ERAP2.

MATERIALS AND METHODS
HapMap samples and sequencing

Human genomic DNA from HapMap subjects (20 individuals for
cach population) was obtained from the Conell Institute for
Medical Research. All analysed regions were PCR-amplified
and direcdy sequenced; primer sequences are available upon
request. PCR products were treated with ExoSAP-IT (USB Cor-
poration, Cleveland, OH, USA), directly sequenced on both
strands with a Big Dye Terminator Sequencing Kit (v3.1
Applied Biosystems) and run on an Applied Biosystems ABI
3130 XL Genetic Analyzer (Applied Biosystems). Sequences
were assembled using AutoAssembler version 1.4.0 (Applied
Biosystems) and inspected manually by two distinet operators,

Human subjects and genotyping

Blood samples were collected from 69 Italian ESN subjects.
Inclusion criteria were a history of multiple unprotected
sexual episodes for more than 4 years at the time of the enrol-
ment, with at least three episodes of at-nsk intercourse within
4 months prior to study entry and an average of 30 (rmnge 18
to = 100y reported unprotected sexual contacts per year, These
ESN subjects are part of a well-charactenzed cohort of sero-
discordant heterosexual couples that has been [ollowed sinee
1997 (reviewed in 50). As for controls, 218 ltalian donors
were also meluded in the study, irrespective of their HIV
infection status. The study was reviewed and approved by
the institutional review board of the S.M. Annunziata Hospi-
tal, Florence, Italy. Wntten informed consent was obtained
from all subjects.

All variants in the ERAPIERAP? penomic region were
genotyped in the ESN and control samples through direct
sequencing (primer sequences are available upon request).
The polymorphic 32 bp deletion at the CCRS locus was
typed using a PCR-based method. Specifically, PCR amplifi-
cations were perdormed with JumpStart AccuTag LA DNA
polymerase (Sigma-Aldrich) and primers flanking the 32 bp
deletion (forward: -TGGTGGCTGTGTTTGCGTCT-3 and
reverse: S-ATGACAAGCAGCGGCAGGAC-3")., The PCR
products were electrophoretically separated on 3% agarose
gels; the expected sizes for the deleted and non-deleted
alleles are 137 and 169 bp, respectively.

Data retrieval and haplotype construction

Genotype data for 5 kb regions from 238 resequenced human
genes were derived from the NIEHS SNPs program website
(http:fegp.gsowashingtonedu). In  patticular, we selected
genes that had been resequenced in populations of defined eth-
nicity mncluding CEU, YRI and EAS (NIEHS panel 2).
Haplotypes were inferred using PHASE version 2.1 (31.52),
a program for reconstructing haplotypes from unrclated geno-
type data through a Bayesian statistical method. Haplotypes

for mdividuals resequenced in this study are available as sup-
plemental material (Supplementary Matenal, Table 82).

LD analyses were pedformed using the Haploview (v, 4.1)
(53), and blocks were identified through an  algonthm
implemented in the software. Data for LD analysis were
derived from HapMap.

Statistical analysis

Tajima’s D (19), Fuand Li's D" and F* (20) siatistics, as well
as diversity parameters By (21) and # (22) were calculated
using libsequence (54), a C++ class library providing an
object-onented framework for the analysis of molecular popu-
lation genetic data. Calibrated coalescent simulations were
performed using the cosi package (35) and its best-fit par-
ameters for YRI, EU and EAS populations with 10 000 ier-
ations, Coalescent simulations were conditioned on mutation
rate and recombination rate. Estimates of the population
recombination rate parameter p were obtained from diploid
data by a composite likelihood method (56), with the use of
the Web application MAXDIP  (hitp://genapps.uchicago.
edu/maxdip/). The maximum-likelihood-raio HKA test was
performed using the MLHKA software (24), as proposed pre-
viously (57). Baefly, 16 reference loci were randomly selected
among NIEHS loci shorter than 20 kb that have been rese-
quenced in the three populations; the only erterion was that
Tajima’s £ did not suggest the action of natural selection
(re. Tajima’s D is higher than the 5th and lower than the
95th percentiles in the distrbution of NIEHS genes). The
reference set was accounted for by the following genes:
VN3, PLA2G2D, MB, MAD2L2, HRAS, CYPITAI,L ATOXI,
BNIP3, CDC20, NGB, TUBAI. MT3, NUDTI, PRDXS,
RETN and JUND.

In all analyses, the chimpanzee sequence was used as the
out-group.

Wittke-Thompson et af. (40) derived genotype frequencies
for biallelic loct in cases and controls, assuming HWE in the
general population, The equations are parametrized in g (sus-
ceptibility allele frequency), e (nsk 1n non-susceptible homo-
wygotes), O (heterozygote relative risk), y (homozygote
relative nsk) and K, (tmit prevalence in the general popu-
lation). We obtained ML estimates for these parameters, mini-
mizing the goodness-of-fil test statstic (as reported o 40)
using the BFGS method.

Using an estimate of K, the procedure was repeated with 4
general model estimating g, @ and 3. and for constrained
speeific models, estimating g and y [dominant: 8 = y; reces-
sive: B=1, y > 1; additive: B=(y+ 1)/2, y> | and multi-
plicative: 8= sqri(y), vy = 1]. Given the different number of
parameters in the general model, the Akaike Information Cn-
terion was used for the best-fit model selection. A P-value was
then calculated for the minimal value of the test statistic using
a y distribution with 1 or 2 df for the general and constrained
models, respectively,

Al caleulations were carned out inthe R environment ( 58).

Tag SNPs along ERAP2 were selected with Tagger (59)
(http://www broadinstitute.org/mpg/tagger/)  using  multi-
marker predictors to capture alleles with minor allele fre-
quency =020 and an * threshold of 0.8, As allowed by the
software, we specified o nclude rs2549782 among tag
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SNPs, The input region cover the whole gene 5 kb upstream
the transcription start site, Association analyses were per-
formed using PLINK (60).

Haplotype analysis and TMRCA calculation
Median-joining networks o infer haplotype gencalogy were
constructed using NETWORK 4.5 (29), The estimate of the
TMRCA was obtained using a phylogeny-based approach
implemented in NETWORK 4.5 using a mutation rate
based on the number of fixed differences between chimpanzee
and humans. Additional TMRCA estimates denved from the
application  of a maximum-likelihood coalescent method
implemented in GENETREE (31.32). Again, the mutation
rate g owas obtained on the basis of the divergence between
human and chimpanzee and under the assumption both that
the species separation occurred 6 MY ago (30) and with a gen-
cration time of 25 years. The migration matax was derived
from previous estimated migration mtes (55). Using this g
and # maximum-likelihood ( fy ), we estimated the effective
population size parameter (N.). With these assumptions, the
coalescence time, scaled in 2N, units, was converted into
years, For the coalescence process, 10° simulations were per-
formed.

In order to obtain TMRCA estimates that take recombina-
tion into account, we used the InterRho program (3536),
kindly provided by Ying Wang. Genealogies are related
through an ancestral recombination graph, and an algonthm
based on a full-likehhood Bayesian Markov Chain Monte
Carlo method estimates background mutation rates and hot-
spots. The times, in 48, units, were scaled into years by con-
sidering N, = 10400 (37).

SUPPLEMENTARY MATERIAL
Supplementary Matenal is available at HMG online.
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Conclusions

3. CONCLUSIONS

There are several possible reasons for studying and identifying signatures of
natural selection in the human genome. One event motivation is to gain a deeper
understanding into the evolutionary history of our species. Another important driver
for evolutionary biologists is based on the straightforward observation whereby
natural selection acts on phenotypes and these, in turn, derive from functional
variants. Therefore, the identification of natural selection signatures implies the
identification of genes/gene regions carrying polymorphic functional variants in
human populations. This is particularly relevant when the genes being analysed
have been involved in human diseases or phenotypic traits of medical relevance.
Moreover, the selective pressures underlying human adaptation are often
environment-driven; therefore evolutionary biology approaches can provide
information on how humans have adapted to their environment and how
environmental shifts (as those carried along by agriculture first, industrialization
and modernization next) may have resulted in disease susceptibility. Consequently,
these approaches are particularly well-suited to the study of complex
diseases/traits. The genetic architecture of complex traits envisages a situation
whereby multiple loci, each with a small overall effect, contribute to the phenotype.
Moreover, several complex diseases result from a combination of genetic and
environmental effects.

Therefore, the questions addressed in this work can be summarized as follows:

1) Can population genetic approaches be applied to identify novel
susceptibility alleles for complex traits (specifically, susceptibility to
infection)?

2) Can population genetic approaches be used to infer the evolutionary
history of disease alleles for human autoimmune diseases?

As for the first question, we have addressed the ability of geographic-explicit
population genetic approaches to identify susceptibility alleles for virus-, protozoan-
and helminth-borne infections at the genome-wide level [34-36]. These approaches
have resulted in the retrieval of a number o putative susceptibility genes and SNPs.
These latter should be regarded as causal or in linkage with the causal variant.
Therefore, all these variants should now be analysed in detail and by means of
classic case/control association studies with the aim of identifying the underlying
selective pattern and the role in infection susceptibility. The case of IFIH1 is
emblematic in this respect: we identified a variant as being subjected to virus-
driven selective pressure [34] and a subsequent analysis of the gene revealed a
complex selective pattern with locally exerted selective pressures [37]. Similarly,
the case of ERAP2 indicates that the identification of gene regions subjected to
natural selection can provide information on the location of functional variants and
these, in turn, may be regarded as strong candidates to prioritize on case/control
association studies. In the case of ERAP2 we carried out one such study and
verified that a nonsynonymous variant subjected to naural selection affects the
natural resistance to HIV-1 infection [38].

With respect to the second question, we have shown that, while the evolutionary
history of several interleukin/interleukin receptor genes has been dominated by a
helminth-driven selective pressure, a subset of disease alleles for inflammatory
bowel disease and celiac disease have evolved in response to non-helminthic
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pathogens (i.e. viruses and bacteria), the underlying selective regime for some of
them being balancing selection [39]. Therefore, our data for interleukin genes seem
to support a conundrum of the hygiene hypothesis whereby disease alleles for
autoimmune diseases result from adaptation to a pathogen-rich environment.
Nonetheless, analysis of type 1 diabetes susceptibility alleles in IFIH1 did not yield
the same conclusion but rather suggested that these disease alleles have been
neutrally evolving in human populations. Clearly, analysis of larger allele samples
will be required to gain a comprehensive scenario of the evolutionary forces
shaping the distribution of autoimmune susceptibility alleles. Even more so after
the identification of a subset of alleles with an opposite risk profile for distinct
autoimmune diseases (reviewed in [40]). In conclusion, our data suggest that the
evolutionary patterns underlying the maintenance of autoimmune alleles in human
populations are manifold, and possibly depend on either gene function, or diseases
pathophysiology or other unknown factors. Analysis of many more variants and
identification of causal polymorphisms (rather than linked genetic markers) will be
required to gain a comprehensive scenario both from medical genetic perspective
and from an evolutionary viewpoint.
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