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SOMMARIO

INTRODUZIONE

La diversita genetica & generata da una combinazione di differenti processi
evolutivi, che includono principalmente mutazioni, deriva genetica, migrazioni e
selezione naturale.

E' noto che la selezione naturale influenza uno specifico locus\variante, mentre gli
effetti demografici hanno effetti su tutti i loci allo stesso modo; inoltre ci si aspetta
che la selezione sia focalizzata su posizioni genomiche che hanno un ruolo
funzionale. Le varianti target di selezione possono inoltre non avere solamente un
ruolo funzionale, ma spesso possono anche correlare con predisposizione o
protezione contro specifiche malattie; possono quindi essere studiate in screening
per studi di associazione a malattie o infezioni: infatti varianti genetiche che sono
vantaggiose tendono a crescere in frequenza in una popolazione, mentre
mutazioni deleterie vengono eliminate.

Due differenti approcci vengono applicati per identificare I'azione della selezione
naturale: un approccio inter-specie e un approccio intra-specie. Il confronto tra geni
ortologhi permette di valutare l'azione della selezione naturale Ilungo tempi
evoluzionistici lunghi; dall'altra parte l'analisi della variabilita genetica nelle
popolazioni umane pud mettere in evidenza processi adattativi piu recenti.
I geni coinvolti nella risposta immunitaria sono tra i pitu studiati dal punto di vista
evolutivo: é infatti stabilito che le infezioni hanno esercitato la pressione selettiva
piu forte nelluomo e probabilmente anche nelle altre specie viventi. Le interazioni
tra ospite e patogeno hanno modulato la diversita genetica nel corso del tempo da
entrambi i lati: questa continua corsa alle armi tra ospite e patogeno crea una
competizione tra geni che si adattano e contro adattano uno contro l'altro.

E' percio importante valutare il livello di variabilita genetica che determina tratti
fenotipici vantaggiosi, per identificare quelle regioni genomiche che sono
responsabili della diversita e dell'adattamento.

Il mio primo studio €& focalizzato sulle molecole coinvolte nella regolazione
dell'attivazione delle cellule T. L'attivazione dei linfociti T € un fenomeno complesso
che é mediato dall'interazione di diverse proteine espresse sulla superficie dei
linfociti T e delle cellule che presentano l'antigene. Differenti patogeni hanno
sviluppato strategie specifiche che hanno come target queste molecole; questi
geni sono stati quindi ingaggiati in un conflitto costante con un vasto numero di
patogeni e giocano un ruolo importante durante le infezioni; inoltre la variabilita
genetica in questi loci puo avere un potenziale impatto nello sviluppo di condizioni
infammatorie o autoimmuni.

Un secondo studio ha riguardato le molecole coinvolte nel pathway di
processamento e presentazione dell'antigene. Qualunque sia la natura della
molecola che deve essere presentata sulla superficie delle cellule che presentano
l'antigene, la dimensione limitata della tasca rende impossibile la presenza di
macromolecole: solamente i frammenti che derivano dalla loro lisi possono essere
presentati. Questo repertorio antigenico € generato dal pathway di processamento
e presentazione dell'antigene.



Un ulteriore studio ha riguardato il sistema di contatto e le molecole coinvolte in
esso. In particolare questo pathway rappresenta un collegamento tra la cascata di
coagulazione e la risposta immunitaria, due sistemi centrali nella sopravvivenza
dell'ospite in presenza di danni ai tessuti e infezioni.

Infine, gli ultimi casi studiati hanno riguardato molecole che sono deputate a
riconoscere gli acidi nucleici e ad attivare la risposta immunitaria contro virus e
batteri, quali le molecole RIG-I-like e le molecole AIM-2 like.

SCOPO DEL LAVORO

Lo scopo di tutti questi studi é stato investigare la storia evolutiva dei geni coinvolti
nei differenti patwhay, sia a livello intra-specifico che inter-specifico, e di estrarre
queste informazioni per fornire nuovi sviluppi sul ruolo funzionale che queste
molecole potrebbero avere nelle malattie che colpiscono I'uomo. Inoltre ho voluto
valutare la storia di alcuni alleli di rischio per malattie autoimmuni e di come si
sono diffuse nelle popolazioni umane.

MATERIALI E METODI

Le sequenze codificanti dei geni analizzati per le diverse specie sono state
ricavate dal database Ensembl e allineate usando il tool The RevTrans 2.0. Per la
ricerca di selezione positiva ho utilizzato il software PAML con differenti modelli
evolutivi; siti sotto selezione sono stati identificati usando i metodi Bayes empirical
Bayes e Mixed Effects Model of Evolution.

| dati dei genotipi di differenti popolazioni umane dei geni di interesse e di altri
1200 geni casuali di controllo sono stati ricavati dal database 1000 Genomi; in
particolare sono state analizzate tre popolazioni: Europea, Africana e Est Asiatica.
Questi dati sono stati utilizzati per calcolare diversi parametri di diversita
nucleotidica, cosi come alcune statistiche basate sullo spettro di frequenza dei siti.
| dati dei geni di controllo sono stati usati per calcolare distribuzioni empiriche di
questi parametti.

Fsr, una misura di differenziazione genetica tra popolazioni, e il DIND test, un test
basato sull'omozigosita degli aplotipi, sono stati calcolati per tutti gli SNPs
analizzati.

La significativita statistica di questi test e stata ottenuta da distribuzioni empiriche
di questi valori calcolati su tutte le varianti localizzate nei geni di controllo.

RISULTATI E DISCUSSIONE

Nella mie analisi ho trovato che i geni coinvolti nella regolazione dell'attivazione
delle cellule T hanno rappresentato dei target di selezione sia durante I'evoluzione
dei mammiferi che durante la recente storia evolutiva delle popolazioni umane; ho
inoltre evidenziato che la varianti di questi geni che sono correlate a malattie
nelluomo sono dei target preferenziali delle selezione effettuata dai patogeni.
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Questi risultati hanno mostrato che un allele pud diffondersi in una popolazione
perché conferisce maggiore protezione contro alcuni agenti infettivi, indicando che
l'adattamento alle infezioni & una possibile spiegazione per il mantenimento di
alcuni alleli di rischio per malattie autoimmuni. Questi risultati inoltre supportano
l'idea che l'adattamento dell'uomo verso un ambiente con un ridotta presenza di
patogeni ha determinato la diffusione di alcuni alleli di rischio per malattie
autoimmuni o infiammatorie.

L'analisi  degli eventi selettivi per le molecole coinvolte nel pathway di
processamento e presentazione dell'antigene ha rivelato la presenza
di un numero elevato di geni sottoposti a selezione positiva durante la storia
evolutiva dei mammiferi.

| dati hanno inoltre evidenziato la presenza di una continua pressione selettiva che
agisce su differenti scale di tempo evolutive per alcuni di questi geni,e anche
messo in evidenza come la maggior parte degli eventi selettivi che riguardano la
specie umana sono localizzati in regioni regolatorie e possono avere un ruolo nella
modificazione dei tratti fenotipici umani. L'analisi evolutiva dei geni coinvolti nel
sistema del contatto ha indicato che KNG dei mammiferi & stato target di una lunga
e forte pressione selettiva. In particolare i risultati supportano la teoria che KNG
possa avere un ruolo centrale nel modulare la risposta immunitaria e mostrano
come esso sia un target di differenti specie di patogeni. Per concludere, lo studio di
due differenti famiglie di recettori di acidi nucleici ha mostrato che una porzione di
questi geni sono coinvolti nel conflitto ospite patogeno, che porta allo scenario di
corsa alle armi tra le due specie, e i risultati hanno evidenziato informazioni
funzionali riguardo a specifiche varianti che possono influenzare specifici fenotipi.

CONCLUSIONI

I risultati di tutti i vari studi hanno mostrato come la selezione naturale abbiamo
agito sulla variabilita in differenti processi coinvolti nella risposta immunitaria e siti
target di selezione riguardano posizioni di fondamentale importanza per la
funzione proteica.

Questi nuovi dati hanno generato nuove ipotesi che possono essere testate
sperimentalmente, riguardanti il ruolo di siti specifici o regioni che modulano
fenotipi negli esseri umani; questi risultati suggeriscono anche che é necessaria
cautela nell'estrarre i risultati di uno specifico esperimento in organismi modello,
perché una parte considerevole della diversita genetica in queste molecole non é
dovuta a processi neutrali ma in risposta ad eventi adattativi.



ABSTRACT
INTRODUCTION

Genetic diversity is generated by a combination of different evolutionary
processes, including mutation, genetic drift, migration, and natural selection.It is
well known that natural selection acts on a specific locus\variant, whereas
demographic effects act on all loci in the same way; also the selection is expected
to be focused on genomic positions that have a functional role. Importantly, the
selected variants targeted by selection may not only have a functional role but can
correlate with predisposition or protection to some specific diseases. They can
therefore be prioritized in screenings for association with diseases and infections;
indeed, genetic variants that are advantageous tend to increase in frequency in the
population, while deleterious mutations tend to be eliminated. To identify selection,
intra and inter species approaches are usually applied; comparing orthologous
genes among different species is a successful approach to detect positive
selection acting over long evolutionary timescales; on the other hand, comparing
genetic variation within human populations may underline more recent adaptive
events. Genes related to immune system are among the most studied genes from
an evolutionary point of view: it is now established that infections have been acting
as a major selective pressure on humans and, most likely, on all living organisms.
Thus, the interactions between hosts and pathogens have shaped the genetic
diversity over time on both sides: moreover the continuous arm race between
hosts and pathogens creates a competition of co-evolving genes that develop
adaptations and counter-adaptations against each other. Therefore, it is important
to evaluate the level of genetic variation that determines advantageous phenotypic
traits to identify genomic regions/positions underlying diversity and adaptation. My
first study was focused on molecules involved in the regulation of T-cell activation.
The activation of T lymphocytes is a complex phenomenon that is mediated by the
interaction of a number of proteins expressed on the surface of T lymphocytes and
antigen presenting cells (APC).Several pathogens have evolved strategies that
specifically target these genes to either invade the host or to reduce the response
of the immune system. Thus, on one hand,these genes have been engaged in a
constant conflict with a large number of pathogens and play a fundamental role
during infections; on the other hand, genetic variation at these loci has a potential
impact on the development of autoimmune and inflammatory conditions. In the
second study | focused on molecules involved in the antigen processing and
presentation pathway (APP).Whatever the nature of the presenting molecule, the
limited dimension of its cleft makes it impossible for macro molecules to be
presented: only fragments (antigens) derived from the lysis of such molecules can
be nested in the cleft. This antigenic repertoire is generated by the antigen
processing and presentation pathway. Another study focused on the contact
system and the molecules involved in this pathway. In particular this pathway
represents a link between the coagulation and inflammatory responses, two
systems central to host survival in the face of tissue damage and infection.

Finally, the last molecules analyzed were the proteins responsible for nucleic acids
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recognition and the activation of the immune response against virus and bacteria,
as the RIG-I like proteins and the AIM-2 like proteins

AIM OF THE WORK

The aim of all the studies was to investigate the evolutionary history of the genes
involved in different pathways, both at the inter- and intra- specific level, and to
exploit this information to provide novel insight into the functional role of these
molecules in human health and disease. Also i wanted to evaluate the history of
autoimmune risk alleles and how they spread in human populations.

MATERIALS AND METHODS

Mammalian coding sequences were retrieved from the Ensembl website and
aligned using the The RevTrans 2.0 utility. For detecting the action of positive
selection | used the PAML software with different evolutionary models. Sites under
selection were identified using Bayes empirical Bayes and Mixed Effects Model of
Evolution analyses.Genotype Data from the Pilot 1 phase of the 1000 Genomes
Project were retrieved from the dedicated website for the genes analyzed and for
1,200 randomly selected RefSeq genes (control set) for three populations with
different ancestry: European, African and East Asian. These data were used to
calculate nucleotide diversity parameters as well as some site frequency spectrum-
based statistics. Data from the control gene set were used to calculate empirical
distributions of these parameters.

Fsr, a measure of population genetic differentiation, and the DIND test, a test
based on haplotype homozygosity, were calculated for all SNPs analyzed. |
calculated statistical significance of these tests by obtaining an empirical
distribution for variants located within the control genes.

RESULTS AND DISCUSSION

In my analyses | found that genes involved in the regulation of T cell activation
have represented selection targets both along mammalian evolution and during the
history of human populations; | also found that variants in these genes related to
human diseases to be preferential targets of pathogen-driven selection. These
results showed that an allele can spread in a population because it confers higher
protection against some infectious agent, indicating adaptation to infection as the
underlying explanation for the maintenance of a set of autoimmune risk alleles.
These result has a relevance for the hygiene hypothesis, and support the idea that
human adaptation to an environment with reduced presence of pathogens has
determined the spread of some risk alleles for autoimmune and inflammatory
diseases.

We then presented a comprehensive analysis of the selective events acting on the
antigen processing and presentation pathway across different evolutionary
timescales, revealing a high proportion of genes under positive selection in
mammalian species.

Data also indicate a continuum in selective pressure acting on different timescales
for some of these genes analyzed, and we also demonstrated that the selected
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variants in human populations were always located within regions with regulatory
function and can have a role in modulating human phenotypes.

The evolutionary analysis we performed about contact system genes indicated that
mammalian kininogen has been a target of long-lasting and strong selective
pressures. In particular our results reinforced the possibility that kininogen plays a
central role in the modulation of immune response and is a target of different
pathogen species. Finally our study of two different families of nucleic acid
receptors showed that a proportion of these genes have been engaged in host-
virus genetic conflict leading to a continuous host—pathogen arms race scenario,
and again our results provide functional information about variants that might affect
immunologic phenotypes.

CONCLUSIONS

Results in all these studies showed how natural selection shaped diversity in
different pathway involved in the immune response, and selected sites involve
positions of fundamental importance to the protein function. These novel data give
rise to a number of experimentally testable hypothesis concerning the role of
specific sites or regions as modulators of immunological phenotypes; they also
suggest caution when extrapolating results from specific experiments in model
organisms, as a considerable portion of genetic diversity in these molecules has
accumulated not as a result of neutral processes but in response to adaptive
events.
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SYMBOL LIST

SNP: single nucleotide polymorphism

MAF: minor allele frequency

DAF: derived allele frequency

Bw: an estimate of the expected per site heterozigosity

Tt the average number of pairwise sequence nucleotide differences among haplo-
types

Dy or D: Tajima's D

D* and F*: Fu and Li's D* and F*

HKA test: Hdson-Kreitman-Aguadé test

MLHKA: maximum likelihood HKA test

FgT: fixation index

DIND: Derived Intra-allelic Nucleotide Diversity

iHS: integrated haplotype score

EHH: extended haplotype homozygosity

T: Kendall's rank correlation coefficient

dN: the observed number of nonsynonymous substitutions per nonsynonymous
site

dS: the observed number of synonymous substitutions per synonymous site
w: dN/dS

LD: linkage disequilibrium

LRT: likelihood ratio tests

XP-EHH: cross-population extended haplotype heterozygosity test
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1 INTRODUCTION

1.1 Genetic variability in human populations

Genetic diversity is the result of many events acting during the evolutionary
history of a species; adaptive and demographic events like migrations,
genetic drift, mutation , and selection are the main factors responsible for
genetic variability during different time-scales.

Different processes, like genetic drift and demography, can modify
frequencies of different alleles from one generation to another by chance
alone; this means that particular alleles can be maintained in a population
by chance. This variability is also affecting human populations, and in
particular different studies have demonstrated that most of the
differentiation that we find in our species results from migration events and
is consistent with population expansions and bottlenecks [1].

It is known that modern humans appeared in Africa about 200,000 years
ago and approximately 60,000 years ago they started to spread out,
colonizing Europe and East Asia [2]. A study by [1] indicated that there is a
strong correlation between geographic distance between populations and
genetic variability within a population; indeed populations closer to Africa
show more variability than populations further from Africa, reflecting the
route of migrations of ancient humans.

The allele pool of populations reflects this geographic scenario, in fact most
of the alleles\haplotypes of Non-African populations are a subset of the
African ones. This observation is crucial in order to identify genetic
adaptation, because it must be considered when evaluating whether a
specific variant is influenced by the action of natural selection.
Demographic events influence variability in all genes in the same way,
whereas selection specifically targets defined regions; so deviation from the

general behavior of genetic variation can be an indication of the action of
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natural selection. It should also be considered that, during their evolutionary
history, humans have adapted to the environment, and this adaptation is
driven by different forces, with pathogens being among the most important

one [3].

1.2 Pathogens and natural selection

Infections caused by different types of pathogens are recognized as one of
the major selective pressures for humans and, possibly, for all living
organisms [3]. Interactions of pathogens with hosts result in a situation that
is defined as arms race, in which there is a continuous selective pressure
on hosts to generate resistance against pathogens, and at the same time
pathogens try to develop new strategies to evade host defenses for a
successful infection. The result of this arms race scenario is a great shape
in the genetic diversity both in the hosts and in the pathogens genomes,
determining fast evolutionary rates. This constant genotype turnover in the
interacting species is generally referred to as a “Red Queen” scenario, from
the character in Lewis Carroll's novel who says: “It takes all the running you
can do, to keep in the same place”.

This hypothesis has been supported by the description of rapid rates of
evolution in genes involved in host-pathogen conflicts and, more recently,
the development of experimental evolution approaches has allowed its
formal testing [4, 5].

Linked to this evolutionary scenario, another hypothesis has been
formulated: the so called “ hygiene hypothesis” [6]. This hypothesis
describes a situation in which big changes in the environment and more
hygienic conditions have reduced the exposure to antigens, generating an
unbalanced immune response. This unbalanced situation can lead to the
development and widespread occurrence of chronic inflammatory

conditions.



Given these two premises, it is obvious to expect that genes involved in
immune response commonly targeted by natural selection; in fact, different
studies [7-9] have demonstrated that immune-related genes are preferential
targets of natural selection, reflecting the dynamic nature of this system.

The recent availability of large-scale genomic data can be very helpful to
study how genetic variation is distributed among different human
populations; moreover, inter-species comparative analyses can be also
provide pivotal information on the genetic and immunologic determinants
underlying pathogen-driven selective scenarios. Inter-species evolutionary
guided approaches can shed light into into host-pathogen interactions, and

delineate the basis of host range and disease appearance.

1.3 Signatures of natural selection (intra-species level)

Most changes that affect genome variability are a consequence of random
genetic drift and demography rather than adaptive evolution; so
distinguishing the action of selection and demographic events is very
important, albeit difficult.

In principle, natural selection acts on variants in the genome, influencing
their segregation in different environmental conditions and without
differences whether the mutation is an old or a new one. Variants in the
genome usually do not segregate independently due to linkage
disequilibrium (LD), the non random association of alleles at two or more
loci. Natural selection therefore influences not only the selection target, but
also its surrounding variants and the expected result is not only a change in
the frequency of the selected allele, but also in all variants linked to it.
There are different ways in which natural selection can act. Purifying (or
negative) selection tends to eliminate new deleterious mutations or keeps

them at low frequency. Positive selection is the situation in which a new



mutation rises in frequency in a population due to its selective advantage;
and in case of balancing selection the variability within a population is
maintained, usually due to an advantage of the heterozygous individuals.
Under neutral evolution the only factors that influence genetic variability are
mutation rate population size and demographic events. Different types of
selection act in different ways on the frequencies of alleles: for example,
when a mutation is favoured by selection in a population, it will rise to high
frequencies, and also all variants that are neutrally evolving and are in LD
with it will rise to high frequencies.

This situation is described as a selective sweep and results in an overall
decrease of genetic variation at the selected site, as well as at the sur-
rounding region (Fig. 1.1).

Over time, new mutations will arise, but will initially be present at low fre-
guencies. In case of selection, these derived alleles (new alleles that are
not present in the closest related species) linked to the selected variant will
also rise in frequency (Fig. 1.1). Therefore, another signature of a selective
sweep, together with low levels of genetic variation, is an excess of high-

frequency derived alleles [10].
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Figure 1.1. Schematic representation of a selective sweep. Horizontal lines and
stars indicate haplotypes

and derived allele of SNPs, respectively; red colour indicates a new advantageous
mutation.Chromosomal segments that are in linkage disequilibrium with the advan-
tageous mutation are coloured yellow. Figure taken from [10]

Another selective scenario that can cause an increase of low-frequency
variants is purifying selection. New mutations with a deleterious effect are
generally maintained at low frequencies and as a consequence the fre-

quency of derived alleles is expected to be low.



Finally, Balancing selection increases the proportion of variants at interme-
diate frequencies, and it tends to maintain variation at one or more sites.
Moreover, variants that are linked to the selection targets are maintained to-
gether with the selected alleles, and the result is an excess of nucleotide di-
versity in the region (Fig.1.2) [11]. It should be noticed that opposite to a se-
lective sweep, where the region influenced by selection is usually large, in
the case of balancing selection the target tends to be small, especially

when the event is a long-standing.
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Figure 1.2. Schematic representation of the action of balancing selection. Horizon-
tal lines indicate haplotypes; stars represent neutral SNP alleles. The two alleles of
a SNP under balancing selection are shown with violet and green circles. Neutral
SNP alleles and new mutations arising over time are maintained together with the

two selected alleles.
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The most commonly applied model of evolution to distinguish neutral
variation from variation targeted by natural selection is the neutral model
[12], that makes relation between the rate of mutation and evolutionary
parameters.

This model assumes that most of the variation within a species is not due to
natural selection but is caused by random drift of neutral alleles;
specifically, polymorphisms within a species and the frequency of alleles
are related to the mutation rate and population size.

This model also specifies the relationship between two different species; in
particular the rate at which differences accumulate as two species diverge
is the same as the rate at which neutral mutations rise in frequency in each
species.

Given this premise, many statistical tests have been designed to detect
natural selection using this model of evolution; these and are defined as

tests of the null hypothesis of neutrality, or neutrality tests.

1.4 Neutrality tests

1.4.1. Allele frequency spectrum statistics

Numerous population genetics tests have been developed to identify and
distinguish the action of different types of selections looking at the spectrum
of allele frequencies in one or more populations. The most widely used test
was proposed by Tajima [13] and it is based on the comparison of two pa-
rameters: By, an estimate of the expected heterozigosity per site [14], and
1t [15], the average number of pairwise sequence nucleotide differences. D
is the standardized difference between 1 and 6y, under neutral selection
these estimates are expected to be equal, so the value for D under neutral
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evolution is 0. Since 1t depends on the frequency of alleles, D will be posi-
tive in the presence of many intermediate alleles and negative when an ex-
cess of rare alleles is observed. In the case of selective sweep, for exam-
ple, the presence of a large proportion of low-frequency variants generate
negative D values. The same result of low values can occur under purifying
selection.

Conversely, balancing selection causes high positive values of this statistic
due to the presence of different alleles in the population with intermediate
frequency.

Fay and Wu [16] proposed a test to distinguish among negative values of
Tajima’s D generated by the two different selection scenarios. In fact the ac-
tion of positive selection can drive derived alleles in the affected region to
high frequencies. So they proposed a test that compares two estimates: 1
and a measure of diversity that takes into account whether the selected al-
lele is the derived one (84). In the case of a recent selective sweep the ex-
cess of high-frequency derived mutations results in a negative value for H
[16].

Fu and Li [17] also developed neutrality tests based on the allele frequency
spectrum. These tests are conceptually similar to Tajima’s D, but also in-
clude information about the genealogy of the haplotypes. Mutations are
classified as external and internal: the former are the ones which occurred
on the external branches and the latter are mutations that occurred on the
internal branches of the genealogy. In case of natural selection the number
of external mutations is likely to deviate from its neutral expectation, while
the number of internal mutations is less affected.

All these tests can be biased by the fact that demographic events can also
change the site frequency spectrum. For example, a population bottleneck
is expected to result in an increase of intermediate frequency alleles, while
population expansion results in a higher proportion of low frequency vari-
ants.
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As said above, different human populations are known to have experienced
diverse demographic scenarios (Fig 1.3), so this information must be
considered, when it is necessary to establish statistical significance of
these tests. two common approaches are applied. The first is based on
simulations of different scenarios using a coalescent approach.

The coalescent is a process in which going backwards in time the
genealogies of two alleles merge at a common ancestor; the scheme is to
consider the ancestral history of a gene/ region by modelling time intervals
between each coalescent event going back in time.

Coalescent simulations are very common approaches to simulate neutral
genealogies and are useful in making predictions regarding the
evolutionary history of a gene/region. Therefore, a large number of
coalescent scenarios can be simulated and the statistics of interest
calculated for each of the simulations. The distribution of values for the
statistics obtained through the simulation process can give information
about the statistical significance of the values of the region analysed.

With this approach it is also possible to integrate coalescent information
with demographic scenarios and to simulate different demographic events
for different populations.

The second approach is based on the empirical comparison with data cal-
culated for a large number of genomic regions analysed in the same popu-
lation as the locus of interest. The idea is that demography affects all loci
equally, while selection is locus-specific. Therefore, the test is calculated for
the gene/ region analysed and for a set of random regions; significance is
evaluated by comparing the distribution of the values of the test in that pop-

ulation.
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Population size
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3500
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Time (generations ago)

2000

W. Africa E. Asia W. Europe

Figure 1.3. Demographic model for three major human populations. Nancestra: an-
cestral population size; Narica: African population size; Nooa: non-African population
size; Texpansion: TiMe of ancestral population expansion. Bottlenecks are indicated by
constrictions. Figure taken from [18]

1.4.2. Tests based on differences among populations

One of the most widely used approaches for detecting natural selection is
to study differences in allele frequencies between populations. Levels of
genetic differentiation among populations can be modified by the action of
positive selection; adaptations to the local environment or mutations that
arise in specific geographical regions might be the cause of these changes.
Conversely, balancing selection may result in different scenarios. In the
case of two populations being more similar than expected, the explanation
is that the selected allele and all linked variants tend to be maintained at
detectable levels in different populations. However, if balancing selection is

restricted to one specific geographic location then it can increase genetic
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differentiation between or among populations.

The most commonly used statistical measure of population differentiation
was developed by Wright [19] and is known as the fixation index (Fsr). The
main problem in using Fsr for the detection of natural selection is that
differentiation among populations is influenced by different demographic
events, for example the amount of gene flow and the rate of genetic drift,
and these factors make it difficult to discard demographic scenarios that
could account for the observed high or low Fsr values. One possibility is to
use information of population differentiation from a large nhumber of genetic
loci to create an empirical Fsr distribution. Another aspect to be taken into
account is that Fsr is not independent on the allele frequency, so when
evaluating the test, the frequency of the analysed variantsshould be

considered.

1.4.3. Extended haplotype tests

Another approach for detecting recent selective sweeps is based on the
analysis of haplotypes and their extension along a genomic region [20, 21].
These tests, called extended haplotype tests, exploit linkage disequilibrium
information of local genomic regions; they are based on the fact that under
positive selection an advantageous mutation rises quickly in frequency. If
the frequency increase of the selected allele occurs faster than the rate of
recombination, an extended region containing all the variants linked to the
selection target, will also rise in frequency; this phenomenon originates 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 se-
lective sweep.

The most common statistic used for evaluating the presence of large homo-
geneous genomic regions is the iHS (integrated haplotype score) test [20];
it compares the homozygosity of a specific haplotype against all other hap-

lotypes present in that region.
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A more recently developed test for detecting selective sweeps is the DIND
(Derived Intra-allelic Nucleotide Diversity) test [22]. It is also based on the
homozygosity of haplotypes, but it distinguishes between haplotypes that
carry the derived allele and the ancestral allele of the candidate variant.
The main idea is that if a new variant is selected, it increases in frequency
in the population with the same result as seen before, but this will not
happen for the ancestral allele. The DIND test compares the homozygosity
of haplotypes carrying the ancestral allele against the homozygosity of
haplotypes carrying the derived allele of that specific variant. High value of
this test together with high frequency of the derived allele is usually an
indication of positive selection.

The cross-population extended haplotype heterozygosity test (XP-EHH)
[21, 23] is another approach to identifying signals of positive selection by
comparing the lengths of haplotypes from two populations. This method
identifies selective sweeps if the selected allele has approached or
achieved fixation in one population but remains polymorphic in the general

human population [21].

1.4.4. Variation and divergence based tests

A different approach to search for selection is to use information about in-
tra-species variation and inter-species divergence. Under neutrality, these
two parameters are expected to be proportional to the neutral mutation
rate; so, one possibility to detect natural selection is to test whether this ex-
pectation is verified. The HKA (Hudson-Kreitman-Aguadé) test [24] is based
on an assumption that under neutrality the ratio of polymorphism to diver-
gence is the same for at least two genes analyzed. A gene of interest is
compared to a putatively neutral locus, and differences in the ratio of poly-

morphism to divergence between these are taken as evidence of selection.
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1.4.5. Environmental variables as selective pressure

Another possibility to identify the action of natural selection on a specific
genelregion is to search for variants that show differentiated allele
frequencies among populations that live in different environments, and to
evaluate whether a correlation exists between environmental variables and
genetic information.. This type of differentiation can be generated if
selective pressures exerted by the environmental variables are different
among geographic locations. Caution is needed when using this approach
due to the fact that the major contribution of genetic diversity across
geographic locations is accounted for by demographic event. Therefore, it

is important to disentangle neutral events from selective ones.

1.5 Detecting natural selection at the inter-species level

Genetic comparisons among different species can highlight selective
events that have been ongoing over long time scales. These approaches
aim to evaluate evolutionary patterns using extant genetic diversity and
phylogenetic relationships among species. The basis is to compare
orthologous coding sequences, and to analyze at each site of the sequence
whether all possible substitutions would be nonsynonymous (changing the
amino acid) or synonymous (not changing the amino acid). The number of
nonsynonymous differences per nonsynonymous site (dN) and the number
of synonymous differences per synonymous site (dS) are then calculated.

In case of neutral evolution, the rate at which nonsynonymous changes
accumulate in a protein is expected to be comparable to the rate of
synonymous changes, so dN/dS (w) will be equal to 1. In mammalian
species, most amino acid replacements are deleterious and tend to be
eliminated by purifying selection; this occurs at the majority of sites and,
consequently, for the majority of genes dN/dS is lower than 1. Conversely,

a specific selective pressure may favor amino acid replacements (positive
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or diversifying selection): in this case dN/dS will be higher than 1.

Often positive selection is focused on few sites with specific roles in the
function or stability in an otherwise selectively constrained protein. Also, the
selective pressure might act on a limited number of lineages in a phylogeny,
and not with the same strength on all lineages, and in this case is defined
as episodic selection.

Thus, evolutionary analyses use different methods to detect genes, sites or
lineages that show evidence of positive selection. Also most of these
methods depend on the number of species being analyzed and on their
phylogenetic relatedness,. Also sequence errors and poor alignment quality
,as well as the unrecognized action of recombination, can lead to an
overestimation of the action of positive selection [25, 26],. These factors

must therefore be accounted for.

1.5.1. Selection at a specific site

The most widely used models to detect selection at specific sites are the
site models implemented in the PAML (Phylogenetic Analysis by Maximum
Likelihood) package [27, 28]. They are used to infer positive selection and
to identify the sites under selection. These models allow w to vary from site
to site, assuming a constant rate at synonymous sites.

The analysis is based on fitting the data from a multi-species alignment and
from a phylogenetic tree to different types of models that either allow
(consider positive selection) or do not allow (consider only neutral
evolution) a class of codons to evolve with w>1.

To determine whether the neutral model can be rejected in favor of the
positive selection model likelihood ratio tests (LRT) are then used. Also, if
the null hypothesis of neutral selection is rejected in favor of a model that
allows the action on positive selection on that gene, a Bayes empirical

Bayes approach (BEB) can be used to detect specific sites targeted by
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selection [29]. In particular, the BEB analysis calculates the posterior
probability that each site of the alignment belongs to the class of codons
that is positively selected.

This approach assumes that natural selection is acting with the same
strength and in the same direction for all lineages analyzed in the tree. As
this is often not what happens, a different approach can be applied: the
mixed effects model of evolution (MEME) [30] allows the distribution of w to
vary from site to site and from branch to branch and, therefore, has greater

power to detect episodic selection.

1.5.2. Selection of lineages under positive selection

Another possibility when searching for positive selection at the inter-species
level is to evaluate how different lineages in a phylogeny are evolving. The
PAML software implements methods to detect selection along specific
branches through the so called branch-site models [31, 32]. These require
that different branches of the phylogeny are dived into two classes:
foreground and background branches. A likelihood ratio test is again
applied to compare a model that allows positive selection on a class of
codons only for the foreground branches with a model that does not allow
such selection [32].

The main problem in this type of approach is how to define which lineages
are foreground branches: the best solution is to have a priori information
based on biological evidence about the genes analyzed. If this information
is not known, it is necessary to consider each branch of the tree as
foreground.

There are other methods that evaluate the presence of positive selection at
branch level and do not require information about the evolutionary history of
genes analyzed. For example, the branch site-random effects likelihood

(BS-REL) method simulates three different evolutionary scenarios (neutral,
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purifying and positive selection) for all branches in the phylogenetic tree,
and each branch is considered independently from the others; in this way
the algorithm can identify branches that are influenced by positive selection
[33].

1.6 Aim of the thesis

The aim of the work was to investigate the evolutionary history of candidate
genes involved in different pathways with a central role in the immune
response. | analyzed at the most important molecules that modulate T cell
activation, proteins responsible for the generation of the antigenic
repertoire presented by MHC molecules, and molecules involved in
coagulation pathway.

| also analyzed the evolutionary patterns of different nucleic acid receptors,
as the AIM2-like receptors and the RIG-I-like receptors.

The analyses were carried out both at the inter- and intra-specific level, with
the aim to provide novel insights into the functional roles of these molecules
in human health and disease. The final goal was to identify variants to be
prioritized in screenings for association with autoimmune diseases and

infections.
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2 METHODS

2.1 Inter-specific analyses

Inter-species analyses were performed using the coding sequences of the
analyzed genes; in particular, mammalian sequences for all genes of
interest were retrieved from the Ensembl and NCBI databases

(http://www.ensembl.org/index.html; http://www.ncbi.nlm.nih.gov/); the list of

species analyzed for each gene varies depending on availability and other
factors (e.g. gene lossees, reliability of orthology).

DNA alignments of orthologous sequences were performed using the
RevTrans 2.0 utility [34], which uses the protein sequence alignment as a
scaffold for constructing the corresponding DNA multiple alignment. One of
the most common problems in these types of analyses is reconstructing the
correct alignment and using the correct sequences: errors in this two steps
can generate false positive results due to the incorrect evaluation of the
number of nonsynonymous and synonymous substitutions. Therefore, all
the alignments were generated using a software that maintains the codon
reading frame and were also manually checked and edited to remove
uncertainties.

Another element to consider is that variability generated by recombination
can be mistaken as positive selection [25]. Thus, alignments should be
screened for recombination before running positive selection tests. The
Genetic Algorithm for Recombination Detection (GARD) [35] from HYPHY
package [36] was used to screen the alignments for recombination; GARD
uses phylogenetic incongruence among fragments of a sequence
alignment to detect recombination events; the application of a genetic
algorithm allows searching for multiple breakpoints and the probability that
each breakpoint is due to recombination is assessed through Kishino-
Hasegawa tests [37].
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To evaluate the dN/dS (w) ratio along gene alignments the Single
Likelihood Ancestor Counting (SLAC) method [38] present in the HYPHY
package was used.

The site models implemented in PAML [28] can detect positive selection, in
particular if this selective pressure is affecting only few sites in a gene.
These models consider the dN/dS (w) ratio for any codon in the gene as a
random variable from a statistical distribution, thus allowing w to vary from
site to site, assuming a constant rate at synonymous sites. To detect
selection, site models that allow (M2a, M8) or disallow (M1a, M7) a class of
sites to evolve with w >1 were fitted to the data using two different codon
frequency model: the F3x4 and the F61 model, which weight in different
ways the frequency of each nucleotide in the data analyzed.

The nested models (M1la vs M2 and M7 vs M8) are compared through
likelihood-ratio tests (degree of freedom= 2) to asses statistical
significance.

Positively selected sites were identified using the Bayes Empirical Bayes
(BEB) analysis (with a cut-off of 0.90), which calculates the posterior
probability that each codon is from the site class of positive selection (under
model M8) [39].

For the identification of specific positively selected sites the Mixed Effects
Model of Evolution (MEME) from HYPHY (with the default cutoff of 0.1) [30]
was also applied. MEME allows the distribution of w to vary from site to site
and from branch to branch at a site, therefore allowing the detection of both
pervasive and episodic positive selection.

Positive selection can act on all lineages of the tree, but also on specific
branches; to explore possible variations in selective pressure among
different lineages, other models from the PAML package, called the free-
ratio models, were used. The MO model assumes all branches to have the
same w, whereas M1 allows each branch to have its own w [40]. The
models are compared through likelihood-ratio tests (degree of freedom=
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total number of branches -1). In order to identify specific branches with a
proportion of sites evolving with w>1, | used BS-REL [33]. This method
implements branch-site models that simultaneously allow w to vary across
branches of the tree and sites within the alignment. BS-REL requires no
prior knowledge about which lineages are of interest and uses sequential
likelihood ratio tests to identify significant branches. Branches identified
using this approach were cross-validated using the branch-site likelihood
ratio tests from PAML (the so-called modified model A and model MA1, “test
2") [32]. In this test, branches are divided a priori into foreground (those to
be analyzed for positive selection) and background lineages, and a
likelihood ratio test is applied to compare a model that allows positive
selection on the foreground lineages with a model that does not allow such
positive selection. A false discovery rate correction was applied to account
for multiple hypothesis testing (i.e. | corrected for the number of tested
lineages), as suggested [41].

Using the MA model has the advantage to identify specific sites positively
selected on the foreground branches (although it has limited statistical
power [32]), because it also implements a BEB analysis analogous to that
described above to calculate the posterior probabilities that each site

belongs to the site class of positive selection on those lineages.

2.2 Protein stability analyses

To evaluate the effect of different mutations on protein stability, analysis
was carried out using three different methods: FoldX 3.0 [42], PoPMuSiC
and I-Mutant 2.0 [43]. In FoldX and I-Mutant the AAG values are calculated
as follows: AAG = AGmuytant - AGuig-ype. In FoldX and I-Mutant AAG values > 0
kcal/mol are an indication of substitutions that decrease protein stability,

whereas in PoPMuSiC AAG values > 0 kcal/mol are evidence of
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substitutions increasing protein stability. So, to obtain comparable results,
PoPMuSIC AAG values were multiplied by -1.

In the analysis carried out with FoldX 3D, the three-dimensional structure of
the protein was repaired using the <RepairPDB> command and
substitutions were introduced using the <BuildModel> command with
<numberOfRuns> set to 5 and <VdWdesign> set to 0. Temperature (298K),
ionic strength (0.05 M) and pH (7) were set to default values and the force-

field predicted the water molecules on the protein surface.

2.3 Docking and secondary structure analyses

To analyze the interaction between molecules a docking analysis was
performed. In case of absence of known crystal protein structure in public
databases, secondary structure prediction was performed using PSIPRED
[44], and structure was obtained using QUARK [45], a server for ab initio
protein folding and protein structure prediction. Variants were generated
through MODELLER v9.11, using the ab initio prediction as template.
RosettaDock [46] and ClusPro [47] were used for docking calculations.
Protein 3D structures were derived from the Protein Data Bank (PDB).
Sites were mapped into structures using PyMol (The PyMOL Molecular
Graphics System, Version 1.5.0.2 Schrodinger, LLC)

2.4 Population genetics-phylogenetics analysis

A different way to analyze the action of positive selection is to integrate
divergence information with polymorphism data to detect fine-scale
differences in selective pressure within a gene. Wilson et al [48] developed
a population genetics-phylogenetics method that evaluates the distribution

of a selection coefficient within a species and compares it with the
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distribution generated by an inter-species analysis, and model the results of
this genetic variation in a selection coefficient y.

This method, known as gammaMap [48], assigns the selection coefficient y
to 12 different categories of selective effects, ranging from strongly
beneficial to effectively inviable;

GammaMap allows to estimate the frequency of y along all codons by
applying a sliding windows approach (thus providing information about the
whole gene region) and assigns posterior probabilities for each selection
coefficient at each site, allowing a site specific analysis.

For the gammaMap analysis | assumed 0 (neutral mutation rate per site), k
(transitions/transversions ratio), and T (branch length) to vary among genes
following log-normal distributions. For each gene | set the neutral
frequencies of non-STOP codons (1/61) and the probability that adjacent
codons share the same selection coefficient (p=0.02). For selection
coefficients a uniform Dirichlet distribution with the same prior weight for
each selection class was considered. For each gene | run 10,000 iterations

with thinning interval of 10 iterations.

2.5 Genome projects

In the last few years the interest in analyzing genome data from a large
number of human individuals of distinct ethnic groups has become
widespread. Different project with different methodological approaches

have addressed this issue.

2.5.1. HapMap Project

The International HapMap Project is a multi-country collaboration program
involving centers from all over the world (www.hapmap.org). The aim of this
project was to generate an haplotype map of the human genome, that
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describes the patterns of similarity of human genetic variation in a great
number of individuals of different ethnicity. The data produced by the
project are genotypes of the 270 individual samples and the frequencies of
1,500,000 SNPs from four populations with African, Asian, and European

ancestry.

2.5.2. Human Genome Diversity Project

The Human Genome Diversity Project (HGDP) is another international
project that aims to understand the diversity of different human populations.
Its goal is to collect genetic information from different population groups
throughout the world and to create a database of human genetic diversity.
The data generated are more than 650,000 SNPs in about 1,000

individuals from more than 50 distinct ethnic groups.

2.5.3. 1000 Genomes Project

The 1000 Genomes Project aimed to characterize human genome
sequence variation with the final aim to investigate the relationship between
genotypes and phenotypes.

The first phase of the project used different strategies of genome-wide
sequencing with high-throughput platforms. This phase was based of low-
coverage whole-genome sequencing of 179 individuals from four
populations with different ancestries: African (Yoruba, YRI), Asian (Chinese
plus Japanese, AS), and European (CEU); and produced genotype
datafrom approximately 15,000,000 SNPs.
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2.6 Population genetic analyses

2.6.1. 1000 Genomes data analyses

A set of programs was developed to retrieve genotypes from the 1000
Genomes Pilot Project MySQL database and to analyse them according to
selected regions/populations. These programs were developed in C++
using the GeCo++ [49] and the libsequence [50] libraries.
In order to obtain a control set of random genes to use as a reference set
and to define empirical distribution of all statistics applied, | initially selected
1,200 genes by random sampling of those included in the RefSeq list. For
these genes | retrieved orthologous regions in the chimpanzee, orangutan
or macaque genomes (outgroups) using the LiftOver tool; genes showing
less than 80% human-outgroup aligning bases were discarded. This
resulted in a final set of 987 genes. These data were used to calculate 6w
[14], 1t [15], as well as Tajima's D [13], Fu and Li's D* and F* [51], and
normalized Fay and Wu's H [16, 52] over each entire gene regions.
Normalized Fay and Wu's H was also calculated in 5kb sliding windows
moving with a step of 500 bp.
Fsr [19] and the DIND test [22] were calculated for all SNPs mapping to the
control gene sets and to the genes of interest. Because Fsr values are not
independent of allele frequencies, | binned variants based on their minor
allele frequency (MAF) and calculated percentiles for each MAF class. As
for the DIND test, | calculated statistical significance by obtaining an
empirical distribution of DIND-DAF (derived allele frequency) value pairs for
variants located within control genes. Specifically, DIND values were
calculated for all SNPs using a constant number of 40 flanking variants (20
up- and down-stream). The distributions of DIND-DAF pairs for African,
Asian and European populations was binned in DAF intervals and for each
27



class percentiles were calculated. Due to the nature of low-coverage data,
for low DAF values most itp resulted equal to O (i.e. the 95th percentile
could not be calculated); thus, | did not calculated DIND in these ranges
and consequently selection acting on low frequency derived alleles can not
bed detected.

The XP-EHH and iHS tests were calculated as previously described [20,
23]; specifically, the two statistics were calculated for all tested SNPs using
information from 200 kb flanking regions (100 kb 5' and 3'). To obtain
empirical distributions, | randomly selected 100 genic SNPs and calculated

their values for all SNPs in their 200 kb flanking regions.

2.6.2. Sanger-resequenced data analyses

Haplotypes were inferred from Sanger resequencing data using PHASE
version 2.1 [53, 54]. Median-joining networks to infer haplotype genealogy
were constructed using NETWORK 4.5 [55]. Estimates of the time to the
most recent common ancestor (TMRCA) was obtained using different
methods: i) a phylogeny based approach implemented in NETWORK 4.5
using a mutation rate based on the number of fixed differences between
chimpanzee and humans [55]; i) GENETREE, which is based on a
maximum-likelihood coalescent method [56, 57] assuming an infinite-site
model without recombination; haplotypes and sites that violate these
assumptions were removed; iii) a previously described method [58] that
calculates the average pairwise difference between all chromosomes and
the most recent common ancestor; this value was converted into years on
the basis of mutation rate retrieved as above.

| based calculations on the assumption that the divergence between human
and chimpanzee occurred 6 MY ago [59] and that the generation time is 25
years.

An approach based on coalescent simulations was applied to Sanger
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sequencing data. In particular, calibrated coalescent simulations with
different demographic parameters were performed using the cosi package
[18]. Simulations were conditioned on mutation and recombination rates.
Estimates of the population recombination rate parameter p were obtained
from resequencing data with the use of the Web application MAXDIP [60].

For Sanger-resequenced regions the percentile ranks of 6w and 1 were
obtained from the distribution of the same parameters calculated for 5Kb
windows deriving from 238 human genes resequenced by NIEHS (National
Institute of Environmental Health Sciences) SNPs Program. The maximum-

likelihood-ratio HKA test was performed using the MLHKA software [61].

2.6.3. Detection of pathogen-driven selection

HGDP-CEPH panel data derive from a previous work [62]. The approach
used to identify variants selected by different pathogen species can be
briefly described as follows: it is based on calculating the Kendall's
correlation coefficient (T) between allele frequencies of HGDP-CEPH SNPs
[62] and pathogen diversity in the countries where populations included in
the Panel live. In order to account for demographic events, each SNP is
then assigned a percentile rank in the distribution of t values calculated for
all SNPs having a minor allele frequency (MAF) similar (in the 1% range) to
that of the SNP being analyzed [63-66]. | considered a SNP to be
significantly associated with pathogen diversity if it displayed a significant
correlation coefficient and a t rank higher than 0.95.

Fst was calculated for all HGDP-CEPH variants among continental groups;
Fsr distributions were calculated for the MAF-matched SNP classes
described above; outliers are defined as variants with an Fsr higher than
the 95th percentile in the distribution of SNPs in the same MAF class.

| also applied a resampling approach in order to evaluate whether the
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identification of a set of pathogen-selected SNPs is expected by chance. In
particular, | retrieved all GWAS SNPs associated with any trait or disease
and collapsed SNPs in tight linkage disequilibrium (r*> >0.8) into single loci.
By performing 10,000 re-samplings of a set of randomly selected SNPs |
calculated an empirical probability of obtaining variants significantly

associated with pathogen diversity.

2.6.4. Comparison of Neandertal and Denisova data

Alignments of Neandertal [67] and Denisova [68] sequence reads to the
human reference genome were retrieved from the UCSC website
(http://genome.ucsc.edu/). | only considered reads with an alignment quality
higher than 60 and 25 for Neandertal and Denisova, respectively. Positions
where different reads, either for the same or for distinct individuals, carried

different bases were discarded.
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3 RESULTS AND DISCUSSION

3.1 A 175 million year history of T cell regulatory molecules reveals

widespread selection, with adaptive evolution of disease alleles

Immunity

A 175 Million Year History of T Cell Regulatory
Molecules Reveals Widespread Selection,
with Adaptive Evolution of Disease Alleles

Diego Forni,' Rachele Cagliani,’ Uberto Pozzoli,' Marta Colleoni,! Stefania Riva,! Mara Biasin,? Giulia Filippi,
Luca De Gioia,® Federica Gnudi,2 Giacomo P. Comi,* Nereo Bresolin,' Mario Clerici,>° and Manuela Sironi'-*

Scientific Institute IRCCS E. Medea, 23842 Bosisio Parini (LC), Italy

2Department of Biomedical and Clinical Sciences, University of Milan, 20157 Milan, Italy
SDepartment of Biotechnology and Biosciences, University of Milan-Bicocca, 20126 Milan, Italy
“Dino Ferrari Centre, Department of Physiopathology and Transplantation, University of Milan, Fondazione Ca’ Granda IRCCS Ospedale

Maggiore Policlinico, 20122 Milan, Italy

SChair of Immunology, Department of Physiopathology and Transplantation, University of Milan, 20090 Milano, Italy

SDon C. Gnocchi Foundation ONLUS, IRCCS, 20148 Milan, Italy
*Correspondence: manuela.sironi@bp.Inf.it
http://dx.doi.org/10.1016/}.immuni.2013.04.008

SUMMARY

T cell activation plays a central role in immune
response and in the maintenance of self-tolerance.
We analyzed the evolutionary history of T cell regula-
tory molecules. Nine genes involved in triggering
T cell activation or in regulating the ensuing response
evolved adaptively in mammals. Several positively
selected sites overlap with positions interacting
with the binding partner or with cellular components.
Population genetic analysis in humans revealed
a complex scenario of local (FASLG, CD40LG,
HAVCR2) and worldwide (FAS, ICOSLG) adaptation
and H. sapiens-to-Neandertal gene flow (gene trans-
fer between populations). Disease variants in these
genes are preferential targets of pathogen-driven se-
lection, and a Crohn’s disease risk polymorphism
targeted by bacterial-driven selection modulates
the expression of ICOSLG in response to a bacterial
superantigen. Therefore, we used evolutionary infor-
mation to generate experimentally testable hypothe-
ses concering the function of specific genetic
variants and indicate that adaptation to infection
underlies the maintenance of autoimmune risk
alleles.

INTRODUCTION

Tlymphocytes play a central role in the elicitation of effective im-
mune responses and in the maintenance of immune homeosta-
sis. A pivotal role in T lymphocyte activation is played by the B7
family of costimulatory molecules. The best-described B7 mole-
cules, B7-1 (CD80) and B7-2 (CD86), are expressed on antigen-
presenting cells (APCs) and engage proteins belonging to the
CD28 family on the surface of T lymphocytes (Chen, 2004). Bind-
ing of either CD28 or CTLA4 by CD80 or CD86 results in immune
activation or in the dampening of immune responses, respec-

() v

tively (Chen, 2004). Among other members of the B7 family,
CD274 binds the programmed death 1 (PDCDT) receptor and
plays an important role in tolerizing and destroying self-anti-
gen-specific cells (Nurieva et al., 2009). PD-1 can bind a second
protein, PD-L2 (PDCD1LG2), on non-T cells (Nurieva et al.,
2009); this interaction suppresses human T cell activation.

Apoptosis can also be mediated by the interaction between
FAS and FASL (Strasser et al., 2009) and by the ligation of Galec-
tin-9 (LGALS9) by TIM-3 (HAVCR2). This latter belongs to the
T cell immunoglobulin mucin (TIM) family and is involved in the
inhibition of Thi cell type immune responses (Sakuishi et al.,
2011). The interaction between Galectin-9 and TIM-3 is believed
to suppress the differentiation of naive T cells toward the Th17
cell lineage and, instead, to stimulate their differentiation into
regulatory T (Treg) cells (Sakuishi et al., 2011). Finally, the inter-
action between ICOS and ICOSL plays ar portant role in
cell-cell signaling and regulation of cell proliferation (Nurieva
et al, 2009), whereas the interaction between CD40 and
CD40L is central in lymphocyte activation, as well as in the regu-
lation of B cell function (Elgueta et al., 2009).

Although they represent only a subset of players in the com-
plex process of T cell regulation, the above-described proteins
have a central function in the elicitation of effective immune re-
sponses; as a consequence, several pathogens have evolved
strategies that specifically target T cell regulatory molecules to
facilitate the establishment of infection (Khan et al., 2012). There-
fore, on one hand T cell regulatory molecule genes have been
engaged ina constant conflict with pathogens and play a funda-
mental role during infections; on the other, genetic variation
within these loci has a potential impact on the development of
immunodeficiencies, autoimmune and inflammatory conditions,
and cancer.

RESULTS

Widespread Positive Selection during Mammalian
Evolution

We analyzed the following genes: CD28, CD80, CD86, CD274,
CTLA4, PDCD1, PDCD1LG2, ICOS, ICOSLG, FAS, FASLG,

Immunity 38, 11291141, June 27, 2013 ©2013 Elsevier Inc. 1129
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Figure 1. Schematic Domain Representation of the Proteins Encoded by the Nine Positively Selected Genes
Selected sites identified through both BEB and MEME are shown. Positions refer to the human sequence and asterisks represent gaps in the human sequence
that correspond to positively selected residues in the alignment. The location of recombination breakpoints is also shown.

CD40, CD40LG, HAVCR2, and LGALSS (Table S1 available on-
line). To investigate their evolutionary history in mammals, we
retrieved coding sequence information for all available species
(a list of the 39 species is available in the Supplemental Experi-
mental Procedures; see also Table S2). Multiple alignments
were analyzed to calculate the average ratio of dN (nonsynony-
mous substitution rate) to dS (synonymous substitution rate).
For most protein-coding genes, fewer nonsynonymous replace-
ments were observed compared to synonymous substitutions
(dN/dS < 1), because alterations in amino acid sequences are
more likely to be detrimental to protein function and are selected
against (purifying selection). Indeed, analysis of T cell requlatory
molecules revealed that all genes evolved under purifying selec-
tion (dN/dS < 1; Table S3). Nonetheless, positive selection
(dN/dS > 1) might act on a few sites within a gene that is globally
subject to purifying selection. To test this possibility, we applied
maximum-likelihood analyses (Yang, 2007). Specifically, we
used the codeml program to compare two models of gene evo-
lution that allow a class of codons to evolve with dN/dS > 1
against models of neutral evolution (which disallow dN/dS > 1).
Results indicated that for 9 out of 15 genes studied, the neutral
evolution models were rejected in favor of the positive selection
models (Table S2). Because recombination might yield false
positive results when likelihood-ratio tests are applied (Anisi-
mova et al., 2003), we screened the nine alignments for evidence
of recombination via GARD (genetic algorithm recombination
detection) (Kosakovsky Pond et al., 2006). PDCD1LG2, FAS,
and HAVCR2 displayed at least one recombination breakpoint
(Figure 1). Thus, we took into account both the breakpoint
locations and the domain structure for these T cell regulatory
molecules and performed the likelihood-ratio tests on gene sub-

1130 Immunity 38, 1129-1141, June 27, 2013 ©2013 Elsevier Inc.

regions (Figure 1). After multiple test correction (Anisimova and
Liberles, 2012), positive selection was supported by all tests
for at least one domain in each of the three genes (Table S2).

In order to identify specific sites subject to diversifying selec-
tion, we applied two methods: the Bayes empirical Bayes (BEB)
analysis (Anisimova et al., 2002) and the mixed effects model of
evolution (MEME) (Murrell et al., 2012). Only sites detected by
both methods were considered (Figure 1).

We next mapped sites targeted by diversifying selection onto
available crystal and domain structures. Analysis of CD80 (Fig-
ure 2A) indicated that three positively selected sites are located
at the CTLA4 binding interface, with one position directly inter-
acting with the MYPPPY conserved sequence of CTLA4; addi-
tional selected positions involve (Val56) or closely flank (Asp80)
sites that allow interaction between the two CD80 molecules
forming the homodimer (Figure 2A; lkemizu et al., 2000; Stamper
et al., 2001). Analysis of the single selected site in the galectin
domain of Galectin-9 indicated that it is not directly involved in
oligosaccharide binding (Figure S1; Nagae et al., 2008). As for
the IgV domain of TIM-3, it also acts as a receptor for phospha-
tidylserine (PtdSer) (DeKruyff et al., 2010), for the alarmin
HMGB1 (Chiba et al., 2012), and for an unknown protein or
glycan (Cao et al., 2007). In analogy to other TIM family mem-
bers, PtdSer is accommodated within a pocket of the TIM-3
IgV domain (metal ion-dependent ligand binding site, MILIBS)
created by the CC’ and FG loops (DeKruyff et al., 2010); PtdSer
binding alters the structure of the tip of the CC' loop (Figure 2C;
DeKruyff et al., 2010), and we found the two residues at the tip of
this loop to be subject to positive selection (Figure 2C). Mapping
of positively selected sites in the FAS death domain indicated
that two out of the three are located at the primary contact
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interface with FADD (Figure S1; Scott et al., 2009). As for the
tumor necrosis factor receptor (TNFR) domain, residues involved
in binding to FASL have been identified by mutagenesis (Bajor-
ath, 1999; Starling et al., 1998). Afthough no position directly
involved in ligand-receptor interaction was among the positively
selected sites we identified, these latter tend to cluster within a
relatively short stretch where the majority of FAS-FASL interac-
tions occur (Figure S1). Likewise, one of the selected sites in
the TNFR domain of CD40 is located at the binding interface
with CD40L (Figure 2D; An et al., 2011). Analysis of sites targeted
by diversifying selection in the cytoplasmic tail of CD40 indicated
that they occur within regions serving as binding sites for Ku,
JAK3, and TRAF6 (Morio et al., 1999; Pullen et al., 1999);
conversely, residues involved in the binding of TRAF1-3 are
highly conserved (Figure 2D; Lu et al., 2003; Pullen et al., 1999).
Finally, in the case of CD274, one of the positively selected sites
in the IgV domain flanks residues forming the PD-1 binding inter-
face (Figure 2B; Lin et al., 2008). In the case of CD86, several
positions subject to diversifying selection were identified in the
juxtamembrane (JM) and transmembrane (TM) regions (Figure 1),
which interact with the MIR2 immunomodulator encoded by
KSHV (Kaposi sarcoma-associated herpesvirus) (Kajikawa
etal., 2012). Therefore, we performed ab initio structure predic-
tion and in silico docking analysis to study the interaction be-
tween MIR2 and CD86. The structure of the CD86 JM region
was predicted to be random coil, preventing docking analysis;
conversely, the TM region was amenable to docking calculation:
this revealed that the two CD86 positively selected sites, Val260
and Trp286, are located at the contact interface of the two pro-
teins and can interact, mainly via hydrophobic contacts, with
residues of MIR2 (Figure 2E). To verify the importance of the
amino acids in positions 260 and 268, we created four different
in silico CD86 variants (Val260Ala and Trp268Ala, or Val260Gly
and Trp268Arg, these latter observed in some nonprimate mam-
mals, Figure 2E): none of them was able to bind MIR2 with the
same orientation as the human protein (Figure 2E). This analysis
confirms a crucial role of Val260 and Trp268 in the correct posi-
tioning of the two proteins during the interaction. The computed
binding poses of the variant CD86 molecules with MIR2 are un-
likely to occur in vivo, because of the presence of the phospho-
lipid bilayer (which is not explicitly considered in the docking
experiments). Therefore, these results suggest that variation at
the positively selected sites renders interaction between CD86
and MIR2 unlikely or very weak.

Local Adaptation, Balancing Selection, and Possible
Gene Flow among Archaic Hominins

We next investigated whether natural selection has affected ge-
netic diversity at T cell regulatory molecule genes in human pop-
ulations. We exploited data from the 1000 Genomes pilot project
deriving from the low-coverage whole-genome sequencing of
179individuals with different ancestry: Europeans (GEU), Yoruba
from Nigeria (YRI), and East Asians (AS; Japanese plus Chinese)
(1000 Genomes Project Consortium et al., 2010). We calculated
the following parameters: (1) 6y (Watterson, 1975) and = (Nei
and Li, 1979) describe genetic diversity and were estimated for
all T cell regulatory molecule genes (Figure S2); (2) site frequency
spectrum (SFS)-based statistics such as Tajima’s D (Tajima,
1989), normalized Fay and Wu’s H (Fay and Wu, 2000), and Fu

and Li's F* and D* (Fu and Li, 1993) were also calculated over
all genes (Table S4); (3) Fer, a measure of population genetic
differentiation, was obtained for all single-nucleotide polymor-
phisms (SNPs) within T cell regulatory molecule genes (Fig-
ure S2); and (4) tests based on haplotype homozygosity (derived
intra-allelic nucleotide diversity [DIND] and integrated haplotype
score [iHS]) (Barreiro et al., 2009; Voight et al., 2006) were calcu-
lated or retrieved for all SNPs in the genes under analysis (Fig-
ure S2). The statistical significance of all tests was obtained by
deriving empirical distributions of the same parameters calcu-
lated for a randomly selected set of ~1,000 genes (see Supple-
mental Experimental Procedures).

SNP genotype data from the Human Genome Diversity Panel
(HGDP) (Li et al., 2008) were also used to calculate Fgr values
among continental groups, haplotype homozygosity (HS) (Sa-
beti et al., 2007), and cross population extended haplotype
homozygosity (XP-EHH) (Voight et al., 2006). Finally, measures
of the selective pressure exerted by viruses, bacteria, protozoa,
and helminths were obtained (see Experimental Procedures).
Data from the 1000 Genomes Project and from the HGDP
resource were integrated and we considered genes to represent
selection targets if they showed significant results in the same
population for at least two tests based on different features
(e.g., Fsr and haplotype-based tests), as previously suggested
(Manry et al., 2011).

Six genes satisfied these criteria, although closer inspection of
CD80 genetic diversity indicated that the nearby gene might
represent the selection target. CD80 showed two variants with
a significant DIND test (Figure S2) in YRI. The rationale behind
the DIND test is that a derived allele under positive selection
will display lower nucleotide diversity at linked sites than ex-
pected from its frequency in the population. Thus, the ratio of
intra-allelic diversity associated with the ancestral and derived
alleles (imafitp) was analyzed against the frequency of the
derived allele (DAF) (Figure S2); given a DAF interval, a high value
of imalitp suggests positive selection. One of the CD80 variants
with a significant DIND test (rs6810215, DIND = 23.24, DAF =
0.48) also had extremely high Fgr values (Figure S2). As noted
above, Fgr is ameasure of population genetic differentiation: un-
der selective neutrality Fsr is mainly determined by demographic
history and drift, but natural selection may drive allele fre-
quencies to differ more than expected. Because selective
sweeps may involve long genomic regions, we extended the
analysis to flanking regions: a nonsynonymous variant in
TIMMDCT (rs57168946) was in linkage disequilibrium (LD) with
the variants in CD80 (Figure S3) and showed a highly significant
DIND test (DIND = 79, DAF = 0.48), suggesting that it represents
the selection target.

For CD274 we identified five variants with significant DIND test
results in AS (Figures 3A and S2). The variant showing the highest
DIND (rs2890657) also showed an Fgr value higher than the 9gth
percentile in the YRI versus AS comparison (Figure S2).
rs822339, which is in LD with rs2890657 (r* = 0.82 in AS), dis-
played a significant correlation with the diversity of bacteria
(rank = 096). We performed haplotype analysis over an
extended genomic interval encompassing CD274 (Figure S3).
Within this region, no SNP displayed a DIND test higher than
rs2890657, and only one (rs10815233) had a higher Fsr. Overall,
these data indicate that a homogeneous haplotype increased in
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Figure 2. Analysis of Positively Selected Sites

In all panels positively selected sites are shown in red.

(A) Ribbon diagram of the extracellular regions of CD80 (light gray) and GTLA4 (dark gray). Residues involved in the CD80-CTLAM interaction are represented in
yellow on both proteins; positions invelved in the interaction between the two CD80 monomers are in blue. Positions in greenindicate positively selected sites that

; N {legend continued on next page)
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frequency in AS (Figure S3), possibly because of the selective
pressure exerted by bacterial pathogens, and suggest that
rs2890657 represents a selection target. This SNP is located in
a region characterized by H3K4Mel and H3K27Ac histone
marks and by the binding of RNA polymerase Il, as determined
by chromatin immunoprecipitation and sequencing (ChlP-seq)
(Figure 3A).

CD40LG showed very low diversity in CEU and tended to
display low 7 in AS (Figure $2); in this latter population, Tajima’s
D and Fay and Wu's H displayed significantly low values (Table
84). These features are suggestive of a selective sweep. In
fact, the increase in frequency of a selected haplotype may result
in a temporary reduction in the level of genetic variability and ina
shift of the SFS, leading to a deficiency of intermediate frequency
alleles (negative values of Tajima’s D or Fu and Li's D* and F?).
Also, a selective sweep may determine an excess of high-fre-
quency derived alleles (negative values of Fay and Wu’'s H).
Fsr analysis of CD40LG indicated that rs3092923 had a value
higher than the 95" percentile in both YRI versus CEU and YRI
versus AS comparisons (Figure S2). Another variant in CD40LG
(rs3092936) was an outlier in the distribution of Fgt values calcu-
lated for continental groups in the HGDP, an effect mainly driven
by populations in the Americas (Figure 3B). Therefore, we per-
formed haplotype analysis over an extended region with the in-
clusion of the 1000 Genomes Main Project data, which comprise
Native American populations (Figure $3). Two variants in the re-
gion, rs3092923 and rs3092921, had extremely high Fsr (YRI
versus AS). The former was located at the end of intron 4, a re-
gion where a T-cel-lineage-specific enhancer has been
described (Schmidl et al., 2009), and the region surrounding
rs3092923 displayed H3K4me1 histone marks (Figure 3B). In
Native Americans a second extended haplotype carried the
derived allele of rs3092936 plus several additional derived alleles
(Figures 3B and S3). These define a haplotype with a frequency
of 27% in Native Americans and near absence in Africa, Europe,
and Asia. To identify the putative selection target(s), we calcu-
lated AS versus American Fgr for all variants in the region: the
originally identified rs3092936 together with nine additional
SNPs had the highest Fgt (0.153) and the ten variants displayed
the same DAF of 0.27 in Americans. Three of these SNPs fall
within noncoding sequences that are highly conserved in mam-
mals (Figure 3B).

For HAVCR2, we identified two variants with a significant DIND
test in YRI (Figure S2); one of these SNPs (rs4704846) also dis-
played extreme Fgr values in the YRI versus AS comparison (Fig-

ure S2), whereas the other (rs11741184) had a significant iHS
score (HS = —2.037) in Africans. The iHS test is similar in
concept to the DIND test and is based on haplotype homozygos-
ity. Analysis over an extended region (Figure S3) indicated that
no variant has higher DIND or Fsr than rs4704846. This variant
falls in the 3' UTR, within a predicted binding site for miR-379
(http://www.microrna.org/microrna), and replaces a G-C
pair to a G-U wobble (Figure 3C). Two HAVCR2 variants
(rs61159436 and rs6886320) significant at the DIND test were
also identified in AS (Figure S2), and in this population low values
of Fu and Li's D* and F* were observed (Table S4). rs61159436
had the highest DIND test in the analyzed region and is located
in the fifth intron of HAVCR2 (Figure 3C).

FAS showed high diversity in AS and CEU populations (Fig-
ure S2), and several SFS-based statistics were significantly
high in these same populations (high values of Tajima’'s D or Fu
and Li's F* and D* suggest balancing selection) (Table S4). Addi-
tionally, we detected six variants with extreme Fsr values in the
CEU versus YRI comparison (Figure S2) and located in the &
portion of intron 1 (Figure 4A);, one variant in this region
(rs7097467) was found to significantly correlate with helminth di-
versity (rank = 0.96). These features might suggest the action of
balancing selection in the 5’ gene region. Signatures of balancing
selection tend to be elusive, because no extended haplotype is
expected under this selective regime. Therefore, we performed
Sanger-resequencing and coalescent simulations to test for se-
lection. We sequenced a ~5 kb region encompassing the FAS
core promoter and first exon (Figure 4A). Results confirmed
very high nucleotide diversity in CEU and AS, as well as high
values for SFS statistics especially in CEU (Table 1). Under
neutral evolution, the amount of within-species diversity come-
lates with between-species divergence, because both depend
on the neutral mutation rate. This comparisen is formalized in
the Hudson-Kreitman-Aguadeé (HKA) test (Hudson et al., 1987).
We performed a maximum likelihood HKA test (MLHKA): for all
populations, MLHKA rejected the null model of selective
neutrality and an excess of polymorphism compared to diver-
gence was detected (Table 1). Haplotype analysis identified
two major clades (A and B) (Figure 4B), and calculation of the
time to the most recent common ancestor (TMRCA) resulted in
estimates ranging from 3.75 to 2.03 My (Table S5). Analysis of
variants in the haplotype network indicated that rs1800682
(—670 A>G) separates the two major clades (Figure 4B); this
variant affects a signal transducer and activator of transcrip-
tion-1 (STAT1) binding site (Kanemitsu et al, 2002) and

also represent positions directly involved in CTLA4 binding or in CDB0-CD8O interactions. The insert shows the CD80 surface involved in the interaction with

CTLA4.

(B) Structure of CD274 extracellular domain; residues in yellow directly interact with PD-1. Residue 93 is not visible in this image (back surface).

(C) Surtace of the TIM-3 gV domain bound (left) or unbound (right) to PtdSer. Residues 35 and 39 are not visible in this model (back surface). Residues in yellow
are involved in the binding of an Lnknown cellular component. The alignment for a portion of the IgV domain is also shown for a few representative mammalian
species. Color codes are the same as in the surface model; four cysteines conserved in all TIM genes are shown in blue.

(D) Ribbon diagram of the TNFR domain of CD40 and alignment of the GD4D cytoplasmic domain. The yellow residues in the TNFR domain are involved in binding
to CD40L. The green residue is positively selected and involved in CD40L binding. On the alignment, the binding sites for Ku, JAK3, and TRAFs are shown.
(E) Structures of GD86 and MIR2. Left: docked structures of CD86 (blue) and MIR2 (green). The human CD86 amino acids Val260 and Trp268, which are involved
in protein-protein interaction, are shown as yellow and orange spheres, respectively. The residues of MIR2 that interact with these two amino acids are rep-
resented as sticks. Middle: docked structures of human CD86 (black) and four different variants: Val260Ala (fuchsia), Val260Gly (green), Trp268Ala (blue), and
Trp268Arg (orange). Right: MIR2 interacting sites and alignment of the JM and TM regions of CD86 for a few representative mammals; the aspartic residue at
position 244 is in blue.

See also Figure S1.
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Figure 3. Analysis of Selected Variants

Location of the most likely selection targets in CD274 (A), CD40LG (B}, HAVCRZ (C), and FASLG (D) within the UCSC Genome Browser view. Relevant ENCODE

IE' I IV 1

Chif-seq
i ]

tracks are also shown. Variants in blue and magenta reprasent selection targets in YRI and AS, respactively. Polymorphisms in black represent selected sites in
Native Americans (B) and those in green fall within PhastCons elements. See also Figure S3.

modulates FAS expression in response to interferon y (IFN-vy)
(Farre et al., 2008). The helminth-selected variant defined a sub-
group of haplotypes in clade A (Figure 4B). Overall, these data
are consistent with a model of multiallelic balancing selection.

1134 Immunity 38, 1129-1141, June 27, 2013 ©2013 Elsevier Inc.

Finally, PDCD1 was found to display very high nucleotide
diversity in AS populations (Figure S2). Fsr analysis indicated
that several variants with extreme values in the CEU versus AS
comparison are located both in the 5" and 3' gene regions;
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therefore, we resequenced the whole PDCD1 coding sequence
(Figures 4C and S2). Calculation of 8y, and 7 confirmed high
nucleotide diversity in AS and high Tajima’s D in this population
(Table 1). Conversely, in CEU and YRI diversity was not excep-
tional and several SFS statistics tended to be low (Table 1).
Haplotype analysis revealed two major clades, one of which (N
clade) was almost specific to Asians and matching the Nean-
dertal sequence in all positions (seven derived, three ancestral)
where the hominin sequence is covered (Figure 4D). We esti-
mated a coalescence time of 602,298 years for the whole haplo-
type phylogeny and similar TMRCAs of 344,827 and 445,623
years for clade N and non-N haplotypes, respectively. A more
robust TMRCA estimate was calculated with GENETREE over
ashorter region of LD (Figure S4) and yielded comparable results
(Figure 4E). Calculation of = for Asian chromosomes gave esti-
mates of 3.55 x 10~ and 6.52 x 10~*for the N and non-N clade,

Figure 4. FAS and PDCD1 Analysis

(A) Exonintron structure of FAS with the location
of Fgr outliers (red dots). The region we re-
sequenced is delimited by the red hatched lines.
(B) Genealogy of haplotypes in the sequenced
region reconstructed through a median-joining
network. Each node represents a different haplo-
type, with the size of the circle proportiona to
frequency. Nucleotide differences between hap-
lotypes are indicated on the branches. Variants
with extreme Fsr and correlating with helminth
diversity are shown inred and green, respectively.
The position of rs1800682 (blue), which affects
STAT1 binding, is shown.

(C) Exon-intron structure of PDCDT; resequenced
regions are delimited by hatched lines.

(D) Blocks of LD for the two resequenced regions
(AS haplotypes only). Cyan and gray denote po-
sition matching the Neandertal sequence and not
covered in Neandertal, respectively; the ancestral
state and Denisova sequences are also shown.
(E) GENETREE for the LD subregion of PDCD1.
Variants are represented as black dots; the ab-
solute frequency of each haplotype is reported.

zoul-serTecd om
SREEEARRSREY - (F) Network analysis of extant haplotypes with the
mCEc-scTTCEd g Denisova (yellow) and Neandertal (cyan) se-
BCEE-GCTTCES 000 quences. The network was constructed for a 30.5
zric_scrECEd 010 kb region after discarding positions where either
TraL-arvarras the ancestral state could not be inferred or the
Trac-gsTIocy Denisova and Neandertal genomes were not
covered. Haplotypes occurring only once were
also discarded for network construction.
See also Figure S4.
. WA

)

R respectively. To gain further insight,
we retrieved human haplotypes for a
~30 kb region centered around PDCD1.
For each polymorphic position, we deter-
mined the ancestral state (from at least
two primate genomes) and the status in

-..'"__m.I the two Neandertal and Denisova ge-

nomes. A median-joining network indi-
cated that the Neandertal and Denisova
sequences cluster with N and non-N hap-
lotypes, respectively (Figure 4F). Finally,
we calculated the extended haplotype homozygosity (EHHA)
over a 200 kb region: a similar EHHA plot was obtained for the
two alleles of a variant tagging the N and non-N haplotypes
(Figure S4).
Natural Selecti
Variants
To study the selective pattems of disease SNPs in T cell regula-
tory molecule genes, we focused on variants that have been
identified through genome-wide association studies (GWASs).
A total of 20 GWAS variants were retrieved. Out of these, 13
SNPs were available in the HGDP-CEPH panel and 7 correlated
with the diversity of at least one pathogen species (Table 2).
Although some of these seven variants are located relatively
close to each other, LD among SNPs pairs is relatively low (*
not exceeding 0.8 in either CEU, YRI, or AS), suggesting that

Allele Fr at Disease
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Table 1. Nucleotide Diversity and Tests for Sang

a )

Oy’ 3 Tajima’s D Fu and Li's D* FuandLi's F* MLHKA

Gene L Pop® §° Value Rank' Vaue Rank' Value p? Value  p° Value  p? K" p'

FAS 54 YRI 31 1348 0.89 9.95 0.74 -0.00 0.34 1.08 0.02 0.47 0.11 3.7 00042
CEU 30 13.05 095 2173 0.98 229 0.01 129 0.04 1.94 0.01 417 0.00027
AS 31 1348 097 2121 0.98 1.98 0.03 0.11 045 0.89 019 513 0.00014

CTLA4 24 YRI 21 2119 0.8 26.20 0.99 0.79 0.049 074 0.07 0.89 0.041 264 0.026
CEU 15 1445 098 2285 0.98 1.85 0.028 1.56 0.009 1.95 0.0074 231 0.079
AS 12 11.56 095 14.90 0.94 0.89 0.23 -0.05 045 0.30 0.42 210 0.095

ICOSLG 2.4 YRI 21 2042 098 18.40 097 -033 0.62 0.68 0.12 0.41 0.16 3.34 0.0045
CEU 17 1653 0.98 31.96 >0.99 3.03 <0.001 1.60 0.0018 245 <0.001 3.68 0.0061
AS 19 1847 099 3509 >0.99 2.96 0.0017 1.29 0.05 218 00026 453 0.00083

PDCD1 43 YRI 22 1204 081 8.23 061 -1.06 0.24 —2.46 0.025 —2.35 0.035 082 0.09
CEU 20 1095 o091 7.98 076 -0.90 0.15 -2.82 0.021 —2.57 0.028 115 0.18
AS 21 1149 095 1912 0.98 221 0.02 035 035 1.15 01 151 034

See also Figure S2.

20,, estimation per site (x107).

b estimation per site (x107%.

“°Length of analyzed resequenced region (in kb).
“Population (YRI, Yoruba; CEU, European; AS, Asian).
“Number of segregating sites.

"Percentile rank relative to a distribution of 238 5 kb windows from NIEHS genes.

9p value obtained from coalescent simulations.

"Selection parameter (k > 1 indicates an excess of polymorphism compared to divergence).

'p value for the MLHKA test.

they might represent at least partially independent selective
events. We evaluated the probability to obtain a similar number
of pathogen-selected wvariants by applying a resampling
approach (Supplemental Experimental Procedures). Results
indicated that disease variants in T cell regulatory molecule
genes are preferential targets of pathogen-driven selection (p =
0.013).

Analysis of the seven variants indicated that in six cases (i.e.,
for all autoimmune diseases), the susceptibility allele was asso-
ciated with higher pathogen diversity (Table 2); inthe case of IgA
deficiency, the opposite situation was observed, with the sus-
ceptibility allele having higher frequency in regions where path-
ogen load is lower.

Pathogen-driven variations in allele frequencies can occur un-
der different selective scenarios such as directional or balancing
selection. Therefore, we calculated Fsr and performed the DIND
test for disease variants and estimated SFS-based statistics in 5
kb windows around each disease SNP.

The two variants in FASLG that correlate with pathogen diver-
sity also showed a significant DIND test in AS (Table S6), very
high DAF in this population, and extreme Fsr values (Table S6).
These two SNPs lie in the large intergenic spacer separating
FASLG from TNFSF18 and analysis of the HDGP data indicated
that this region showed significantly high XP-EHH and iHS
scores in East Asia and America. Haplotype analysis in AS
showed that many variants in a large genomic region covering
the intergenic spacer had extreme Fgy values (Figure 3D).
Several of these SNPs cluster in a region where histone marks
associated with transcriptional enhancers have been described
and some fall within ChiP-seg-identified transcription factor
binding sites (Figure 3D).
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The rs231735 variant associated with rheumatoid arthritis (RA)
(Table 2) is located upstream the transcription start site of
CTLA4. Given the high values for both 0,, and 7t in most popula-
tions and the positive SFS-based statistics in YRI and CEU
(Table S7), we Sanger-resequenced a ~2.5 kb region centered
around the variant. 6, and 7 values higher than the 95™ were
confirmed in YRI and CEU (Table 1); the MLHKA test revealed
a significant excess of polymorphism over divergence in YRI
(borderline in CEU, Table 1). In non-Asian populations, simula-
tions indicated significantly high results for most SFS-based sta-
tistics (Table 1), and the estimated TMRCA for the haplotype
phylogeny ranged from 2.84 to 1.9 My (Table S5). Overall, these
data support the action of balancing selection on this region in
African populations and possibly in CEU. The RA risk variant
that correlated with helminth and bacteria diversity (Table 2) sep-
arates the two major haplotype clades (Figure 5A). Interestingly,
another SNP (rs6715389) on the major branch fell within a
sequence that is conserved in mammals and changes an almost
invariant position, suggesting that it might represent the
balancing selection target (Figure 5A).

Finally, for ICOSLG, two risk SNPs (rs762421, which strongly
correlates with bacterial diversity, and rs2838519) for inflamma-
tory bowel disease (IBD) are located downstream the transcrip-
tion end site in close proximity to each other. Resequencing of
the interval encompassing the two disease variants confirmed
(Table S7) high diversity in all populations and significant MLHKA
results were obtained (Table 1). In CEU and AS most SFS-based
statistics were significantly higher than expected under neutrality
(Table 1). Thus, the region carrying the two IBD risk variants rep-
resents a balancing selection target. Haplotype analysis re-
vealed a genealogy (TMRCA 4.37-2.39 My, Table S5) with two
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Table 2. Correlations with Pathogen Diversity for SNPs Associated with Different Traits

Risk Virus Diversity Bacteria Diversity ~ Protozoa Diversity ~Helminth Diversity

GWAS SNP Allele Trait Gene or Region pValue® Rank® pValue® Rank® pValue® Rank® pValue®  Rank”

rs231735 T rheumatoid intergenic (CD28, >0.05 079 1.8x10* 095 >0.05 073 93x10° 1.00
arthritis CTLA4)

rs1024161 T* Graves’ disease; intergenic (CD28, >0.05 076 23x10* 087 52x107° 090 83x10°° 0.98
alopecia areata  CTLA4)

rs762421 G* Crohn's disease  intergenic (ICOSLG) >0.05 075 7.7x107 099 >0.05 073 37x107° 080

rs9282641 G°  multiple sclerosis Intronic or UTR (CD86) 4.1 x 10* 0.98  >0.05 042 19x107° 096 68x10° 0.87

rs2234978 A lgA deficiency exonic, synonymous ~ >0.05 078 1.2x107° 098 1.0x107° 097 14x10° 093

(FAS)
rs859637 A*  celiacdisease intergenic (FASLG) >0.05 068 43x10°° 097 94x10°° 089 41x10° 097
rs9286879 G* Crohn's disease intergenic (FASLG) >0.05 073 53x10"° 096 89x10" 0.89 2.0x10° 0.97

NOTE: the risk allele is denoted with an asterisk if it positively correlates with pathogen diversity (i.e., the frequency of the risk allele increases with

pathogen diversity).
2p values are Bonferroni corrected for 13 tests.

Percentile rank of tau relative to the distribution of SNP control sets matched for allele frequency.

major clades (A and B) (Figure 5B). Most haplotypes in clade B
carry both risk alleles for IBD. We next evaluated the induction
of ICOSLG mRNA after Staphylococcal enterotoxin B (SEB)
treatment in peripheral blood mononuclear cells (PBMCs) from
18 healthy volunteers with different rs762421 genotype (six indi-
viduals for each genotype). A significant difference in ICOSLG
induction was observed among the three genotype groups
(one-way ANOVA, p = 0.043) with the C allele (which confers
increased risk for CD and correlates with bacterial diversity)
determining higher expression (Figure 5C). On average, SEB in-
duction led to a 2.5-fold higher ICOSLG expression in PBMCs
from subjects homozygous for the C allele compare to T homo-
zygotes (t test, two-tailed, p = 0.033).

DISCUSSION

Evolutionary analyses can provide information on the location
and nature of adaptive changes in genomic regions, highlighting
the presence of functional variation. We aimed at providing a
comprehensive analysis of T cell regulatory molecule gene evo-
lution, although we stress that those we analyzed herein by no
means represent the whole set of molecules involved in the regu-
lation of T cell activity. We show that the majority (9 out of 15) of
T cell regulatory molecule genes have been targeted by positive
diversifying selection in mammals. Notably, some genes that
were not positively selected in mammals represented selection
targets during the recent evolutionary history of human popula-
tions and carry selected alleles associated with autoimmune dis-
eases (e.g., ICOSLG and FASLG). This may reflect not only the
variability of selective pressures and the different time spans
involved but also the availability of different methods to study
evolutionary processes at the inter- and intraspecific level. At
both levels, infectious agents may have represented a powerful
selective force acting on T cell regulatory molecules. Pathogens
either may develop strategies to modulate the transcription of
these genes (Khan et al., 2012) or they may encode molecules
that directly bind T cell regulatory molecules and alter their func-
tion. Also, T cell regulatory molecules may be commonly ex-
ploited as receptors by viruses (Dermody et al., 2009). Indeed,

the IgV domains of several proteins are used as viral receptors;
in these cases the viral components invariably engage sites in
the CC'FG B sheet of the immunolglobulin fold (Dermody et al.,
2009). Residues Val60 and Phe61 in TIM-3 and Val56 in CD80
occuron the CC’ f strand (lkemizu et al., 2000) of the |gV domain,
whereas position 51 in CD274 immediately flanks the C strand
(Lazar-Molnar et al., 2008). Thus, these sites might have evolved
to avoid recognition by some extant or extinct viral species. The
hypothesis that diversifying selection at T cell regulatory mole-
cule genes is at least partially virus driven was tested more
directly for CD86. Indeed, the KSHV MIR2 ubiquitinase directly
binds CD86 through its JM and TM regions (Kajikawa et al.,
2012). Docking analysis indicated that the two positively
selected sites in the TM region of CD86 are crucial for the inter-
action with MIR2. Therefore, the selective pressure exerted by
MIR2 might have driven the evolution of the CD86 TM region to
decrease binding by viral-encoded ubiquitinases or to displace
the ubiquitine ligase domain from its targets in the cytoplasmic
domain of CD88. Interestingly, MIR2-like proteins are encoded
by other herpesviruses and poxviruses, suggesting that they
represent a conserved viral mechanisms to control the host im-
mune response (Mansouri et al., 2003).

Several positively selected sites we identified are very close to
or overlap with positions directly involved in interactions with the
binding partner or with cellular components. In TIM-3, two of the
positively selected sites at the top of the CC’ loop rim the pocket
that accommodates PtdSer, a central signal exposed by
apoptotic cells and exploited by intracellular pathogens to
dampen the host response (Wanderley and Barcinski, 2010).
Substitution of the mouse residues at the top of the CC’ loop
of TIM-3 (WSQ) with the corresponding human amino acids
(VFE) significantly decreases PtdSer binding (DeKruyff et al.,
2010), providing direct evidence that positive selection at these
sites affected the functional properties of TIM-3. Experiments
in mice have recently shown that the MILIBS is also important
for the interaction with the alarmin HMGB1 (Chiba et al., 2012).
Thus, it will be interesting to evaluate whether the positively
selected sites affect the efficiency of TIM-3 binding to HMGB1.
We also detected several positively selected sites in the
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extracellular JM regions of PD-L2 and CD274 and one in the JM
portion of CD40. The corresponding “stalk™ regions of TNF re-
ceptors modulate the responsiveness to the soluble but not to
the membrane-bound form of TNF (Richter et al., 2012), suggest-
ing that the JM regions of the PD-1 receptors and CD40 might
play still unknown relevant functions. Indeed, CD40 belongs to
the TNFR family and signals through both a membrane-bound
and a soluble form of CD40L. The three positively selected sites
in CD28 are located in the TM domain; this region could contain
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Figure 5. CTLA4 and ICOSLG Analysis

(A) Median-joining network for haplotypes in the
region surrounding rs231735 (RA susceptibility
variant). The position of rs231735 is shown, as well
as the position and multiple alignment for
rs6715389.

(B) Genealogy of haplotypes in the region en-
compassing rs762421 and rs2838519 (down-
stream ICOSLG).

(C) Analysis of ICOSLG expression after stimula-
tion of PBMCs with SEB. ICOSLG abundance is
shown as fold-change expression from the un-
stimulated sample. Mean values + standard errors
are shown.

signals that modulate the association of
CD28 with lipid rafts, as demonstrated,
for example, for the TM domains of
CD40 and FcyRIIA (Bock and Gulbins,
2003; CGarcia-Garcia et al., 2007).

T cell regulatory molecules have been
the subject of extremely intense
research. Data herein suggest caution
when extrapolating results from specific
experiments in  model organisms,
because a considerable portion of ge-
netic diversity at these genes has accu-
mulated not as a result of neutral pro-
cesses but in response to adaptive
events. As such, several interspecific
changes are expected to entail functional
effects, as shown in the case of the hu-
man and mouse TIM-3 orthologs.

Data herein indicate that adaptive
change has also played a relevant role
in shaping T cell regulatory molecule
gene diversity in human populations. All
the selective events we identified in hu-
mans target noncoding variants. In addi-
tion to the functional FAS polymorphism,
we determined that the putative HAVCR2
selection target is located in the 3' UTR
and affects a predicted binding site for
miR-379. This microRNA is downregu-
lated after CD4" T cell exposure to
HIV-1 antigens (Bignami et al., 2012),
and expression of TIM-3 defines a popu-
lation of exhausted T cells in chronic
HIV-1 infection (Sakuishi et al., 2011). In
general, TIM-3 has a crucial role in the

development of T cell exhaustion in other chronic viral infections
such as HCV (Sakuishi et al., 2011), suggesting that it might be
targeted by several pathogens as a strategy to downmodulate

host response.

A likely regulatory role on gene expression can also be envis-
aged for the putative selection targetin CD274, as well as for the
variants defining the CD40LG and FASLG selected haplotypes.
The signatures we detected at these loci were mainly geograph-
ically restricted and in the case of CD274 and FASLG we found
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the selected variants to correlate with pathogen diversity, sug-
gesting that they might confer resistance to one or more infec-
tious agents. In fact, different pathogens, including mycobacte-
ria, Helicobacter pylori, and HIV-1, upregulate the expression of
CD274 to dampen or evade the host immune response (Khan
et al., 2012). Signatures of local adaptation were also detected
at PDCDT and haplotype analysis revealed that the detected sig-
natures are accounted for by the presence of a haplotype clade
that shares many alleles with the Neandertal sequence. Nean-
dertals and Denisovans are genetically more similar to contem-
porary European and Asian populations than to Africans (Green
et al., 2010; Reich et al., 2010), and gene flow from archaic
hominins to humans occurred at other loci, including STAT2
and HLAB (Abi-Rached et al., 2011; Mendez et al., 2012). Anal-
ysis of the PDCD1 region indicates that: (1) the TMRCA of the
N and non-N clades are similar and much deeper than the time
when introgression is expected to have occurred (37,000 to
86,000 years ago) (Sankararaman et al., 2012); also, the TMRCA
of the whole genealogy is relatively recent; (2) nucleotide diver-
sity is lower for N compared to non-N haplotypes but not dramat-
icaly so, whereas strong reduction of diversity would be
expected for a recently acquired haplotype; and (3) the LD
pattern is not unusual and the N and nen-N haplotypes have
similar haplotype homozygosity. We note that TMRCA infer-
ences should be taken with caution, and no extensive LD might
be expected in a subtelomeric region, where PDCD1 is located.
Nonetheless, these observations do not support the Neandertal-
to-human introgression hypothesis for PDCD1. However, intro-
gression may have occurred from human populations to Nean-
dertals (in line with the observation that the Neandertal and
Denisova sequences are quite divergent in the region we
analyzed). In this case, humans would contribute genomic re-
gions that are expected to have TMRCAs solely dependent on
human histery. Thus, balancing selection might have maintained
the two PDCD1 haplotype clades in Asian populations, due to
some local selective pressure, and the N haplotype might have
introgressed Neandertal populations through hybridization. It is
presently impossible to establish how gene flow occurred (e.g.,
a single episode, multiple episodes, or continuous gene flow)
(Sankararaman et al., 2012).

We also addressed the question of whether adaptive events at
T cellregulatory molecule genes have affected the spread of hu-
man disease alleles. We found variants for human diseases to be
preferential targets of pathogen-driven selection. The disease
variants we describe herein as selection targets are located in
noncoding regions, in line with regulation of gene expression be-
ing a major determinant of phenotypic variation and a common
target of adaptive evolution (Lappalainen and Dermitzakis,
2010). Specifically, our data show that, whereas all autoimmune
risk alleles correlate positively with pathogen diversity, the oppo-
site situation is observed for IgA deficiency, suggesting that (1)
risk alleles for autoimmunity confer higher protection against in-
fections, and (2) their spread in human populations results from
adaptation. We provided a demonstration of (1) by showing
that the IBD risk allele (rs762421), which correlates with bacterial
diversity, indeed increased the expression of ICOSLG mRNA in
response to a bacterial superantigen. Moreover, the observation
that the IgA deficiency allele is more common where pathogen
load is low supports the validity of our approach, because

IgA-deficient subjects are more susceptible to recurrent bacte-
rial infections and to giardiasis (Yel, 2010). As for the second
point, three out of seven variants displaying signatures of path-
ogen-driven selection are located in nonneutrally evolving re-
gions, as assessed by different tests. Therefore, these data
expand previous observations (Fumagalli et al., 2009; Zherna-
kova et al., 2010) indicating adaptation to infection as the under-
lying explanation for the maintenance of a set of autoimmune risk
alleles in human populations.

EXPERIMENTAL PROCEDURES

Evolutionary Analysis in Mammals

Most mammalian sequences were retrieved from the Ensembl website (http://
‘www.ensembl.org/index.html). The chimpanzee sequences for CD40 and
PDCD1 were reconstructed through BLAST search of Trace Archives and
'sequencing of a Pan troglodytes individual (see below), respectively. DNA
alignments were performed withthe RevTrans 2.0 utility (Wemersson and Ped-
ersen, 2003). Alignment uncertainties were removed by trimAL (automated?
mode) (Capella-Gutiérrez et al., 2009). We selected models of amino acid sub-
stitution and constructed phylogenetic trees with ProtTest3 (Abascal et al.,
2005). GARD and MEME analyses were performed through the DataMonkey
ssever (http://www.datamankey. org). Further details on evolutionary analyses
are given in Supplemental Experimental Procedures.

DNA Samples, and Genetic

Human genomic DNA from HapMap subjects (20 Yoruba [YRI], 20 European
[CEU], and 20 Asians [AS]) was obtained from the Coriell Institute for Medical
Research. The genomic DNA of a Pan traglodytes was obtained from the Gene
Bank of Primates, Germany. Details on Sanger sequencing and enthe analysis
of the Neandertal and Denisova sequences are available as Supplemental
Experimental Procedures. Data from the Pilot 1 phase of the 1000 Gencmes
Project were retrieved from the dedicated website (http:/Awww.
1000genomes.org/) (1000 Genomes Project Consortium et al., 2010). Al de-
tails on population genetic analyses are available in Supplemental Experi-
mental Procedures.

HGDP-CEPH Panel Data and Pathogen-Driven Selection

Fgy was calculated for all HGDP-CEPH variants among continental groups; Fsr
distributions were calculated for MAF (minor allele frequency)-matched SNP
classes; outiiers were defined as variants with an Fg; higher than the 95"
percentile in the distribution of SNPs in the same MAF class.

The approach used to identify variants selected by different pathogen spe-
cies has been described elsewhere (Fumagalli et al., 2009) and is briefly sum-
marized in the Supplemental Experimental Procedures. We considered a SNP
o be significantly associated with pathogen diversity if it displayed a signifi-
cant correlation and a 7 rank higher than 0.95.

SEB and ICOSLG T ip ifi cati
Peripheral blood mononuclear cells (PBMCs) from 18 volunteers (age 22-28
years) were stimulated with SEB; quantification of the ICOSLG and GAPDH
transcripts was performed by real-time PCR (Supplemental Experimental Pro-
«cedures). The study was reviewed and approved by the institutional review
board of the Scientific Institute IRCCS E. Medea.

ACCESSION NUMBERS

The GenBank accession number for the chimpanzee PDCDT gene sequence
reported in this paper is KC535541.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and eight tables and can be found with this article online at
http://dx.doi.org/10.1016/j.immuni.2013.04.008.
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Abstract

The antigenic repertoire presented by MHC molecules is generated by the antigen processing and presentation (APP)
pathway. We analyzed the evolutionary history of 45 genes involved in APP at the inter- and intra-species level. Results
showed that 11 genes evolved adaptively in mammals. Several positively selected sites involve positions of fundamental
importance to the protein function (e.g. the TAP1 peptide-binding domains, the sugar binding interface of langerin, and the
CD1D trafficking signal region). In CYBB, all selected sites cluster in two loops protruding into the endosomal lumen; analysis
of missense mutations responsible for chronic granulomatous disease (CGD) showed the action of different selective forces
on the very same gene region, as most CGD substitutions involve aminoacid positions that are conserved in all mammals. As
for ERAP2, different computational methods indicated that positive selection has driven the recurrent appearance of
protein-destabilizing variants during mammalian evolution. Application of a population-genetics phylogenetics approach
showed that purifying selection represented a major force acting on some APP components (e.g. immunoproteasome
subunits and chaperones) and allowed identification of positive selection events in the human lineage. We also
investigated the evolutionary history of APP genes in human populations by developing a new approach that uses several
different tests to identify the selection target, and that integrates low-coverage whole-genome sequencing data with
Sanger sequencing. This analysis revealed that 9 APP genes underwent local adaptation in human populations. Most
positive selection targets are located within noncoding regions with regulatory function in myeloid cells or act as expression
quantitative trait loci. Conversely, balancing selection targeted nonsynonymous variants in TAPT and CD207 (langerin).
Finally, we suggest that selected variants in PSMBI0 and CD207 contribute to human phenotypes. Thus, we used
evolutionary information to generate experimentally-testable hypotheses and to provide a list of sites to prioritize in follow-
up analyses.
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Introduction Whatever the nature of the presenting molecule, the limited
dimension of its cleft makes it impossible for macromolecules to be

Cell mediated immune responses are initiated by the recogni-  presented: only fragments deriving from the lysis of such molecules
tion of an MHC/antigen complex on the surface of an APC will be nested in the cleft. Most steps leading to the formation of
(antigen presenting cell) by a T cell receptor (TeR). MHC class I MHC class I- and II-peptide complexes have been defined [1].
and II molecules present peptides to T cells that express the CD8  Peptides that will be embedded into the cleft of class T molecules
or CD4 molecules, respectively. are initially processed by the proteasome, a complex structure
Non-conventional T eell populations alse exist that express located in the cytoplasm. Immune cclls and other cell types
TcRs with semi-invariant o-chains: MAIT (mucosal-associated exposed to interferon gamma express a variant of the proteasome
invariant T) cells recognize antigens bound to the class Ib MHC referred to as the immunoproteasome and differing in a few
molecule MR 1, and INKT (invariant natural killer T) cells respond subunit components (Figure 1) [1]. The proteasome activity can be
to lipids and glycolipid antigens bound to CD1D. complemented in the cytosol by endopeptidases (Figure 1) [1,2].
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Author Summary

Antigen-presenting cells digest intracellular and extracel-
lular proteins and display the resulting antigenic repertoire
on cell surface molecules for recognition by T cells. This
process initiates cell-mediated immune responses and is
essential to detect infections. The antigenic repertoire is
generated by the antigen processing and presentation
pathway. Because several pathogens evade immune
recognition by hampering this process, genes involved in
antigen processing and presentation may represent
common natural selection targets. Thus, we analyzed the
evolutionary history of these genes during mammalian
evolution and in the more recent history of human
populations. Evolutionary analyses in mammals indicated
that positive selection targeted a very high proportion of
genes (24%), and revealed that many selected sites affect
positions of fundamental importance to the protein
function. In humans, we found different signatures of
natural selection acting both on regions that are expected
to regulate gene expression levels or timing and on coding
variants; two human selected polymorphisms may mod-
ulate the susceptibility to Crohn’s disease and to HIV-1
infection. Therefore, we provide a comprehensive evolu-
tionary analysis of antigen processing and we show that
evolutionary studies can provide useful information
concerning the location and nature of functional variants,
ultimately helping to clarify phenotypic differences be-
tween and within species.

Channels formed by TAP molecules (TAP1 and TAP2) allow
peptides generated in the cytoplasm to be transported info the
endoplasmic reticulum (ER), where they may be wrimmed at their
N-terminal end by ERAP proteins, In the ER, MHC class T are
bound to the TAP complex through tapasin (TAPBP), and they
are further stabilized by two chaperones, calreticulin (CALR) ane
ERp57 (PDIA3) [1] (Figure 1). The whole complex is referred o as
the peptide-oading complex (PLC). The peptide/MHC class T
dimer will then bind a molecule of B2 microglobulin; this results in
the stabilization of the complex that will be exported to the cell
surface by an exocytic vescicle [1].

MHC class TT molecules wait for the proper peptide in
endosomes; these will fuse with lysosomes where the exogenous
proteins have been processed by resident proteases (Figure 1). The
removal of the CD74-derived nvariant DM peptide by cathepsin
S or L (GTSS, GTSLI) from the cleft of the MHG molecule will
render it available to the incoming peptides. The resulting MEC/
peptide complexes will then be exported to the cell surface by
endosornes [1].

Finally, in cross-presentation phagocytosed antigens are par-
tially degraded, exported to the cytoplasm for further processing,
and then loaded onto MHC class T molecules. A central role in this
process is played by the superoxide-producing phagocyte
NADPH-oxidase, a multprotein  complex  (Figure 1) which
regulates alkalinization of the phagosomal lumen [3].

Classic MHC molecules are encoded by genes that show
extreme levels of polymorphism in most vertebrates and several
studies have demonstrated that diversity at the peptide binding
region is maintained by natural selection [4]. Thus, their role in
adaptive immunity and their pattern of diversity indicate
adaptation to a wide range of pathogen species leading to
aminoacid diversification of the antigen binding cleft. Nonetheless,
the generation and loading of the antigenic repertoire presented by

MHC molecules also depend on the action of a number of

molecules, as detailed above. Therefore, it is straightforward to

PLOS Genetics | www.plosgenetics.org

Evolutionary Analysis of Antigen Presentation

imagine that a proportion of these should be targeted by natural
selection, as well. The observation whereby several pathogens
encode molecules that hijack specific components of the antigen
processing and presentation (APP) pathway further supports this
possibility [5]. Hercin, we investigated the evolutionary history of
45 genes with a central role in APP by analyzing inter-specific
divergence in mammals and intra-specific diversity in human
populations.

Results

Several APP genes evolved adaptively in mammals

To analyze the evolutionary history of the APP pathway, we
compiled a list of 45 genes that play roles of central importance in
this process. Specifically, based on Gene Ontology classification,
we included genes involved in the processing of both endogenous
and exogenous antigens and in the presentation via class I, class 1T
or class Ib MHC molecules (see methods for details of gene
selection criteria) (Figure 1, Supplementary Table S1). Because
they have already been the topic of extensive mvestigation, HLA
genes were not included. Moreover, genes involved in APP, but
also in general cellular processes (cg. components of the
constitutive proteasome, genes involved in vesicle trafficking) were
not analyzed.

First we analyzed the evolutionary history of these genes in
mammals by retrieving coding sequence information for all
available species. For CTSLI and CTSL2 only primate sequences
were included because the two genes originated from a relatively
recent duplication event (which occurred before the split of
modem primates) and, due to their high similarity, it s very
difficult to establish one-to-one orthology with more distantly
related mammals.

Analysis of sequence alignments revealed that all genes evolved
under puifying sclection, as the average non-synenymous
substitution rate (dN) was generally lower than the rate for
synonymous substitutions (dS) (Supplementary Table $2). Yet,
positive selection can aperate on specific residues or domains
within coding regions that are otherwise sclectively constrained.
To test this possibility we applicd maximum-likelihood analyses by
comparing models of gene evolution that allow (NSsite models
M2a and M8) or disallow (NSsite models M 1a, and M7) a class of
codons to evolve with dN/dS>1 [6]. After accounting for the
presence of recombination (that might yield false positive results
[7]) and using different models of codon frequency (see Materials
and Methods and Supplementary Figure S1), cleven APP genes
(BLMH, CDiD, CD207, CTSL2, CTSG, CYBB, ERAP2, INPEPS,
TAPBP, TAPBPL, and TAPI) were found to evolve adaptively in
mammals (Table 1, Figure |, Supplementary Table $3 and S4).
To identify specific sites subject to positive scleetion, we applied
two methods: the Bayes Empirical Bayes (BEB) analysis (with a
cut-off of 0.90) from M8 [8], and the Mixed Effects Model of
Evolution (MEME) (with the default cutoff of 0.1) [9]. Only sites
detected using both methods were considered and these are listed
in Table 1.

In order to explore possible variations in selective pressure
among different lineages, we used the branch site-random effects
likelihood (BS-REL) method [10], which was applied to the 45
APP gene alignments or to sub-regions (alignments were split on
the basis of recombination breakpoint location). BS-REL makes
no a priori assumption about which lincages are more likely to
represent selection targets. We focused our attention on genes
showing evidences of episodic positive selection in lineages that
include the human species (i.c. the human lincage or branches
leading to great apes) or in branches leading to murids (due to the
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relevance these species have as model organisms). Thus, three
genes were selected for farther analysis: CD207, CTSG, and CYBB
(Figure 2 and Supplementary Figure $2). For these alignments,
the primate/murid branches detected by BS-REL were cross-
validated using the branch-site models implemented in PAML
[11], which apply a likelihood ratio test to compare a model (MA)
that allows positive selection on one or more lincages (foreground
lincages) with a model (MAL} that does not allow such positive
sclection, As suggested [12], a false discovery rate (FDR)
correction was applicd to these p vahues, as multiple hypotheses
are being tested on the same phylogeny. As shown in figure 2,
PAML confirmed episodic positive selection at 1 and 2 branches in
D207 and (TSG, respectively; no CYBE branch was validated by
PAML (Supplementary Table 85, Supplementary Figure $2). The
PAML branch-site models can identify specific sites that evelved
under positive selection i the foreground branches; this is
achieved through implementation of a BEB analysis, which is
accurate but has low statistical power [11]. BEB analysis identificc
one positively selected site m CTSG (1751) on the lineage leading
to simians.

In line with its ability to detect episodic positive selection, the
MEME analysis performed on the whole phylogeny also detected

PLOS Genetics | www.plosgenetics.org

the 1751 residue in CTSG. Thus, episodic positive selection acted
on CT8G and CD267 in simians and murids, respectively.

Positively selected sites involve functional residues

We next analyzed the location of positively selected sites relative
to known protein domains or crystal structures.

The extracellular portion of CD1D comprises two domains (ol
and «2) that form the antigen-binding groove and interact with the
TR, plus an o3 domain that interacts with B2M. All positively
selected sites we identified in the extracellular portion of the
protein are i the o1/02 domains, and four of them cluster in a
spatially defned region in the €7 pocket; these positions arc not
directly involved in the binding of known antigens, and onc of
them flanks the TeR interaction surface (Figure 3A). One
additional positively sclected site was located in the short CD1D
cytoplasmic tail, which carries signals essential for GD1D cellular
trafficking. Specifically, the human 322T residue is essential for
transportation to the plasma membrane [13].

D207 encodes langerin, a C-type lectin that binds glycocon-
jugates and functions as a trimer [14,15]. The extracellular portion
of the protein contains a carbohydrate-recognition domain (CRD)
and a neck region that participates in trimer formation. The two
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Table 1. Evolutionary analysis of mammalian/primate APP genes.

Gene (length in

codons)® N species® N inati i N signi regions? itively selected sites (human codons)®

BLMH (455) 39 2 1 211V, 388A, 3901

CD207 (329) 32 0 1 213P, 289A

CD1D(353) 28 1 2 251, 108L, 136F, 139K, 1571, 161L, 302M, 322T

CTSG (255) 28 0 1 66W, 69N, 106Q, 122R, 177G, 2215

CT5L2 (334) n 0 1 2625

CYBB (570) 38 2 1 136P, 148Q, 149N, 233A, 234E, 237A, 240N, 241,
243T, 243V, 245E, 2495, 250E, 255K

ERAP2 (970) 26 2 | 416Y, 420V, 857A

LNPEP (1025) 38 1 1 872K, 8841, 918N, 1023W

TAP1 (777) 35 1 3 R137, E145, G225, Q516, 1557, 1562

TAPBP (468) 33 0 1 675, 225N

TAPBPL (438) 32 0 | 394G, 4337

2Only genes subject to positive selection (see text) are shown.

Number of species in the alignment.
“Number of recombination breakpoints from GARD.
INumber of gene regions showing evidences of positive selection (see text).
“Positively selected sites identified by both BEB and MEME.
doi:10.1371/journal pgen.1004189.t001

positively seleeted sites are located in the CRD domain; one of
them (2894) is directly involved in Ca™ mediated carbohydrate
binding [14] (Figure 3C); the other site (213P) immediately flanks
residues that contribute to the interaction among langerin subunits
forming the trimer. The W264R mutation in CD207 has been
associated with Birbeck granule defieiency [16] and 264W is
conscrved in all mammals (Figure 3C).

The GYBB gene encodes an integral membrane protein that
functions as the catalytic subunit of the phagocyte NADPH
oxidase. Because the erystallographic structure of CYBB has not
been solved, we mapped sclected sites onto the membrane
topology arrangement [17]: results indicated that all sites are
located in extracellular/phagosome lumenal loops; specifically
several sites cluster in the third loop and one of these (240N) affects
a glycosylation site [18]. CYBB mutations are responsible for X-
linked chronic granulomatous discase (CGD) [19] and for
mendelian inheritance to mycobacterial discases (MSMD) [20];
analysis of MSMD and CGD missense mutations located in the
region where the positively selected sites were detected indicated
that they all affect extremely conserved positions (Figure 3D).
TAP1 and TAPBP (tapasin) are part of the PLC. TAPI belongs
o the family of ATP binding cassette (ABC) ransporters and its
membrane topology has been determined [21]. Three of the
positively selected sites we identified are located in the transmem-
brane region or cytoplasmic loops of the TAP1 unique N-terminal
domain that is involved in the binding of tapasin (TAPBP) [22].
Interestingly, three additional sites subject to diversifying selection

are located within or very close to the pore-forming region of

TAPI - ic. the region responsible for peptide binding and
wansportation (Figure SE) [23]. As for tapasin, one of the two
positively selected sites is direcdy involved in ERp57 binding
(225N} [24] and the second onc is located at the N-terminus (675)
(Figure 3F). The cystein residue involved in disulfide-honding with
PDIA3 i conserved in all eutheria but not in metatheria
(Supplementary Figure $3).

Positively selected sites were also identified in two cathepsin
family members whose crystal structure has been solved. In CTSG
the six sites subject to pervasive positive selection are located

PLOS Genetics | www.plosgenetics.org

within the serine protease domain and three of them immediately
flank B6W and 2218) or overlap (177G} residues that define the
substrate binding pockets [25] (Figure 3B). This also applics to the
1751 resicue, targeted by positive selection in the simian lineage
(Figure 3B).

As for GTSL2, one positively selected site was found - the
protease domain, outside the substrate binding pockets (Supple-
mentary Figure $3).

LNPEP encodes leucyl/cystinyl aminopeptidase; the  four
positively selected sites were found to be located in the C-terminal
domain 4, which has been shown to possess regulatory activity
[26] (Supplementary Figure 83).

Three sites subject to diversifying selection were also detected in
BIMH, which encodes a cytoplasmic cysteine protease highly
conserved from yeast to mammals [27]. One of them (211V) is
located on an exposed o-helix (Figure 3G); the other two sites are
on an unstructured loop and immediately flank a lysine residue
(391K) which undergoes acetylation and ubiquitination [28,29].
The modified lysine and most aminoacids in the region are highly
conserved, including a phenylalanine at position —2 relative to
391K that is present in all eutheria (Figure 3G) and represents a
highly preferred residue in cytosolic acetylation sites [29].

Finally, in ERAP2 we identified three positively selected sites,
which scem not be involved in proteolytic activity. 3D-structure
protein analysis indicated that the three residues are located on o
helices shaping the internal cavity of the protein where the
catalytic Zn ion is coordnated (Figure 4A), Two of these residucs
are involved in several short-range interactions: 416Y can interact
hydrofobically with 3621, 413F, 746W, and 420V (and vice-versay;
the same kind of interactions can be made by 420V with 417F (not
shown); a side-chain side-chain H-bond can be formed by the OH
group of 416Y and the NH, group of 366R (not shown). Thus, we
performed a stability analysis: 416Y and 420V were mutated to all
other residues through the use of three different methods, The
tyrosine and valine at positions 416 and 420 are the mast common
aminoacids among the species we analyzed (Figure 4B) and
represent the ancestral state residues (sec Materials and methods).
As shown in Figure 4C, the replacement of the two aminoacids led
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is of positive selection for CD207and CTSG. BS-REL analysis for CD207 (A) and €TSG (B). Branch lengths are scaled

to the expected number of substitutions per nucleotide, and branch colors indicate the strength of selection (dN/dS or ®). Red, positive selection (&>
5); blue, purifying selection (o= 0); grey, neutral evelution (o= 1). The proportion of each color represents the fraction of the sequence undergoing
the corresponding class of selection. Thick branches indicate statistical support for evolution under episodic diversifying selection as determined by
BS-REL. Dots denote branches that were confirmed (red) or not (gray) to be under positive selection using the PAML branch-site models (after FDR
correction for multiple tests). (C) Alignment of a portion of the CTSG peptidase domain for a few representative mammals showing positively selected

residues in simians (green) and in the whole phylogeny (red).
doi:10.1371/journal.pgen.1004189.g002

to changes of different magnimde in AG. Although the three
programs yielded different AAG values for every mutated residucs,
the trend was maintained (in particular between [-Mutant and
PoPMuSiC) and indicated that replacement of 416Y and 420V
with any other aminoacid likely results in protein destabilization
fi.c. positive AAG values) (Figure 4C). These observations suggest
that positive selection might have driven the recurrent appearance
of destabilizing variants in ERAP2.

Different evolutionary scenarios for APP genes in the
human lineage

We next applied a recently developed population genetics-
phylogenetics approach te study the evolution of APP genes in the
human species. Specifically, we used the gammaMap program
[30], that jointly uses intra-specific variation and nter-specific
diversity to estimate the distribution of fimess cffects (DFE) (ic.
selection cocfficients, ¥) along coding regions. To this aim, we
exploited data from the 1000 Genomes Pilot project deriving from
the low-coverage whole genome sequencing of 179 individuals
with different ancestry: Europeans (CEU), Yoruba from Nigeria
(YRI), and East Asians (AS; Japanese plus Chinese) [31]. Ancestral
sequences were reconstructed by parsimony from the human,
chimpanzee, orangutan and macaque sequences. We noted that
1o human variant mapped to NGF in GEU and AS. Inspection of
accessibility by pair-end nest gencration sequencing approaches
(see Materials and Methods) indicated that MCFT is poorly coveree
in the 1000 Genomes Project data, possibly because of the
presence of segmental duplications. We thus discarded genes with
less than 80% of accessible sequence; this resulted in the removal
of NCFI and NPEPPS, which were excluded from further analyses.

We first analyzed the overall diswibution of selection coefficients
along the 43 APP genes. We observed a general preponderance of
codons evolving under negative selection (y<0) in all APP genes,
v exception including CDID, GD207, CTSG, and PSMF!
(Figure 5). The strongest level of negative selection was evident for
genes encoding chaperones or proteins involved in MHC class T
binding and transport, as well as for loci encoding immunoprotea-
some subunits. Likewise several endolysosomal proteases and
peptidases located in the cytosol showed considerable levels of
negative selection (Figure 5).

GammaMap also allows to identify specific codons evolving
under positive sclection. Herein we defined positively selected
codons as those having a cumulative probability >0.80 of y=1.
Some of these residues had previously been identified in the
positive selection analysis we conducted on the whole mammalian
phylogeny (Table 2). For example, the 302M residue in CDID
had been detected by both MEME and BEB. Additional sclected
sites were identified in human CD 1D. Among these, residue 200 is
at the end of an o-helix that connects domains «1/«2 with o3; this
position is occupied by a negatively charged aminoacid in all
analyzed primates and mammals (not shown), but the human
protein carrics a lysine (Figure 5). Likewise, two of the positively
selected sites in LGMN were also detected by MEME (Table 2):
they are located in the activation peptide (which needs to be
removed to generate catalytically active LGMN); i particular,
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288R involves the alpha-cleavage site (*""KRK™") [32] (Figure 5).
In ERAP1 onc of the positively sclected sites (R528K, 1s30187) has
previously been described as a target of balancing sclection in
human populations [33] (Supplementary Figurc $3). Analysis of
TAPI selected sites indicated that they are located in the tapasin
binding region, where three sites positively selected in mammals
are also observed (Figure 3). As for PSMF1, two positively selected
sites map to the N-terminal PI31 proteasome regulator and flank a
highly conserved motif important for protein structure [34]
(Figure 5). Finally, in THOPL, onc of the identified resicues is
an exposed cystein, which might be involved in multimerization
[35] (Supplementary Figure S3).

Natural selection at APP genes is widespread in human
populations

To investigate the evolutionary pattern of APP genes during the
more recent history of human populations, we again exploited
data from the 1000 Genomes Pilot project. A work-flow of the
methods we applied is available as Supplementary Figure 84.
Bricfly, we integrated different neutrality tests that rely on distinct
signatures left by natural selection. Thus, over whole gene regions
we calculated: 1) Gy [36] and 7t [37], which describe genetic
diversity; 2) Tajima’s D [38], normalized Fay and Wu's H [39], as
well as Fu and Li’s F* and D* [40], which represent site frequency
spectrum (SFS)-based statisties. Also, for all SNPs located within
APP genes we calculated Fgp [41], a measure of population
genetic differentiation in pairwise comparisons (CEU/YRIL YRI/
AS, and AS/CEU), and we performed the DIND (Derived Intra-
allelic Nucleotide Diversity) test [42], which is based on haplotype
homozygosity.

Because the low-coverage 1000 Genomes data suffer from a bias
in the SFS [31], and in order to account for the influence of
human demographic history, we applicd an outlier approach by

calculated

deriving empirical distributions of the same parame
for a randomly selected set of human genes (see Materials and
methods).

Analysis of By and 7 for APP genes indicated that 8 of them had
values higher than the 95™ percentiles in at least one population
(Supplementary Figure S5); after excluding ERAPI, ERAPZ, and
TAP2, which have previously been described as selection targets
[33,43,44], these genes were considered as balancing selection
candidates and were Sanger-resequenced, as detailed below.

For the remaining genes, we investigated whether they have
been targets of selective sweeps. To minimize the identification of
false positive signals, APP genes were considered targets of
directional selection if they represented outliers (in the 5% tails of
empirical distributions) in the same population for at least three
parameters based on distinet signatures (c.g. Fgp, DIND and SFS-
statistics) or in at least two parameters based on d
and both in the 1% tails of empirical diswibutions. Ten genes
satisfied these eriteria and for all of them analyses were extended
to a 100 kb flanking region (50 kb up- and down-stream) to
account for the large span of selective sweeps.

As detailed below, we combined multiple tests to identify the
most likely sclection target (ic. the advantageous mutation

rent features
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Figure 3. Analysis of positively selected sites. In all panels aminoacid numbering refers to the human protein. (A) Left: ribbon diagram of the
extracellular domain of human CD1D bound to x-galactosylceramide (orange). Positively selected sites are shown in red, the 1/42 and 3 domains
are depicted in dark and light grey, respectively. Yellow residues form the contact interface with the TcR. Right: alignment of the transmembrane and
cytoplasmic domains of CD1D for a few representative mammals; positively selected sites are in red and the YxxZ sequence is marked (blue line); the
green asterisk denotes a site positively selected in the human lineage. (B) Surface structure of the protease domain of human CTSG; sites that define
substrate binding pockets or form the catalytic triad are shown in yellow; positively selected sites are in red (whole phylogeny) and green (simians).
The violet residue confers to CTSG the ability to cleave Shigella virulence factors if mutated. 126R is not visible as it is located on the back surface. (C}

bon diagram of the human CD207 CRD. Color codes are as follows: yellow, sites directly involved in sugar binding; green, positively selected
site at the sugar binding interface; brown, sites involved in trimer formation; orange, nonsynonymous SNPs; magenta, positively selected site that is
polymorphic in humans; black, missense SNP at the sugar binding interface; blue, a human mutation responsible for Birbeck granule deficiency. Right:
alignment of a portion of the CRD for a few representative mammals; color codes are as in the left panel. (D) Positively selected sites for CYBB are
shown relative to the membrane topology (left); sites subject to diversifying selection are in red, mutations responsible for CGD or MSMD are in blue
(note that mutations are shown only if falling in the region where positively selected sites are located); glycosylation sites are represented in green;
the magenta arrows denote the region which is represented in the multiple species alignment (right, color codes as in the membrane topology
diagram). (E) Membrane topology arrangement and positively selected sites for TAP1; TAP2 (green profiled) is shown although no positively selected
sites were identified. The TAP1 unique N-terminal domain is shown as grey cylinders, the ABC transporter domain is in blue; the nucleotide binding
domain is in orange and the protein portions that bind peptides are profiled in red. Sites subject to diversifying selection are in red, human missense
polymorphisms in black, positively selected sites in the human lineage are in green. (F) Ribbon diagram of human tapasin; positively selected sites are
shown in red; the 87 N-terminal aminoacids that facilitate the folding of MHC I-peptide complexes are in light blue. (G) Left: ribbon diagram of human
BLMH (one subunit of the hexameric complex is shown); positively selected sites are in red, the acetylated/ubiquitinated lysine (391K) is in violet, the

catalytic triad in yellow. Right: ali of the region ding 391K and two positively selected sites for a few representative mammals; color
codes as in the left panel.

doi:10.1371/journal pgen.1004189.g003
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Figure 4. Analysis of positively selected sites in ERAP2. (A) Ribbon diagram of ERAP2: positively selected sites are shown in red and those that
coordinate the Zn ion (violet) in yellow. (B) Al t of the region ding 416Y and 420V (in red) for a few representative mammals. (C) AAG in
keal/mol for 416Y (left), 420V (right) mutations to all other 19 residues of the ERAP2 structure or sequence; results are shown for FoldX, PopMuSiC,
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underlying the sweep). Finally, we verified whether these signals
could also be detected using other tests based on extended
haplotype homozygosity [45 46].

Selective sweeps drove the frequency increase of
regulatory polymorphisms in APP genes

Among genes coding for immunoproteasome-specific subunits,
PSMB10 and PSME3 showed evidences of selection; nonetheless,
variants in PSME3 might have hitchhiked with a selected allele in a
nearby gene, highlighting the need to analyze flanking regions to
avoid incorrect inference of sclection at a given gene. In fact,
PSME3 showed low diversity and SFS statistics in all populations
(Supplementary Figure 85, Supplementary Table $6); in YRI one
variant i the gene (153785543 had a significant DIND test
(Supplementary Figure $6) and represented an outlier in the YRI/
CEU Fey distributions (Supplementary Figure S6). Yet, analysis of
5" and 3' flanking regions revealed that a SNP (rs61995868) in full
linkage disequilibrium (LD} with 153785545 (2= | in YRI) was an
Fsr outlier and had a DIND higher than rs3785545. This variant
is a nonsynonymous substitution in the nearby GVTDI gene and is
likely to represent the selection target (Supplementary Figure $7).
Conversely, PSMBI0 was subject to directional selection; indeed
the gene showed low diversity in CEU and AS (Supplementary
Figure 85) and negative Fay and Wu's H in CEU (Supplementary
Table $6). One synonymous variant (1s14178) was an outlier in the
distribution of YRI/CEU Fgyp values and in the diswibutdon of
DIND-DAF values (Supplementary Figure S$6); analysis of 100 kb
surrounding the gene revealed no SNP with higher Fsy and DIND
ranks than rs14178. In CEU the SNP falls n a region of local
reduction in Fay and Wuw’s H, and it is located in the fifth exon of
the small PSMBI0 gene (Figure 6A). In this region DNasel
hypersensitive sites and transcription factor binding sites have been
mapped h) CHIP-seq m several cell lines (Figure 6A). In CEU
rs14178 is in full LD (* with rs11574514, which is located
1850 bp apart and has been associated with Crohn’s disease (CD)
in genome-wide association studies [47].

The activity of the proteasome is complemented by cytoplasmic
peptidases [2]. One of these, NRDI, was found to represent a
sclection target in Asian populations: The:gencshowed: low
y (Supplementary Figure S3) and negative SFS-based
statistics (Supplementary Table 86); several SNPs were outliers in
the YRI/AS Fyp distribution and in AS three of these also showed
a very high DIND test (Supplementary Figure S6). The three
variants had similar DAF (0.94) in AS, and rs1538881 had the
highest DIND rank; in an extended region no other variant
showed outlier values for DIND and Fgp. A sliding-window
analysis along the region indicated that rs1538881 falls in a valley
of Fay and Wu’s H calculated on AS chromosomes (Figure 6B).
The variant is located at the beginning of the long first inron of
the gene, a region where open chromatin signals and H3K4Me 1
histone marks have been described in K562 and lymphoblastoid
cells (Figure 6B).

Among genes involved in MHC class IT presentation, IFE90 (also
known as GILT|, CTSE, and CTSL? were found to represent
selection targets. Analysis of IFI30 mdicated negative Fay and
Wu's H values in AS (Supplementary Table S6) and one outlier
SNP (rs7125) in the DIND-DAF distribution for the same
population [Supplementary Figure S6). Analysis of the extended
region revealed no SNP with higher rank in the DIND The
variant is synonymous and falls within a nuclease accessible site in
CD34- maturing myeloid cells [48] (Figure 6C).

CTSL2 encodes a cysteine protease also referred to as CTSV;
analysis of the gene showed a significant negative Fay and Wu's
H in GEU (Supplementary Table S6); Fyp analysis indicated

PLOS Genetics | www.plosgenetics.org
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37037968 as an outlier in the CEU/AS distribution (Supplemen-
tary Figure S6); analysis of an extended region revealed one single
variant with Fgy (rs4361859) similar to rs7037968. Sliding window
analysis of Fay and Wu's H in CEU indicated that 17037968 (but
not rs4361859) is in a local valley, suggesting that it represents the
selection target (Figure 6D). No functional annotation has been
deseribed for rs7037968.

As for C'TSE, encoding cathepsin E, the gene region showed
reduced diversity in AS (Supplementary Figure S5) and low
Tajima’s D and Fay and Wu’s D* and ¥ in this same population
(Supplementary Table 86). Fgp analysis was performed for all
variants in the gene and for genomic flanks, although the region
immediately telomeric to CTSE is not covered in the human
reference sequence, therefore only variants centromeric to the
gene were included. Several SNPs were found to be outliers in the
YRI/AS Fy distribution (Supplementary Figure $6) and closer
inspection revealed that in a number of cases this is due to derived
alleles that are fixed or almost fixed in AS, while remain at
intermediate frequency in African populations. Most variants
cluster in a region upstream CTSE or within the transcription unit
(Figure 6E), suggesting that a complete/almost complete selective
sweep has occurred in AS and targeted C7SE; mapping of these
variants indicated that many of them fall within potential
regulatory regions carrying H3K4Mel histone marks in different
cell types (Figure 6E).

MARCGHI has also been involved in APP, as it regulates the
surface expression of MHC class IT molecules [1]. Two variants in
the gene (152036905 and rs13125648) had an extremely high
DIND test in CEU {Supplementary Figure $6) and represented
outliers in the YRI/CEU Fy distribution (Supplementary Figure
S6). The two variants are located ~9 kb apart and have similar
DAF in CEU (0.61 and 0.6, respectively); interestingly,
52036905 falls within a sequence that is highly conserved in
mammals and affects a position invariant in most species
(Figure 6F). In AS, 9 variants with a similar DAF (0.12 to 0.16)
had very high DIND test values and represented outliers in the
YRI/AS or CEU/AS Fgy comparisons or in both (Supplementary
Figure S6). Several of these variants are located in a ~4 kb region
in intron 1, and one of them (rs12509765) is within a nuclease
accessible site in maturing myeloid cells (CD34- cells) [48]
(Figure 6F), suggesting a role in the regulation of MARCHI
transcription.,

Antigen presentation to T cell populations distinet from CD4
and CD8 occurs through specialized molecules encoded by genes
that are not located in the MHC. MRI showed two variants
(rs4048650 and rs6686208) with very high DIND test in CEU and
a similar DAF of 0.48 (Supplementary Figure S6); both SNPs are
located in the long 3"UTR. rs4048650 also represented an outlier
in the YRI/CEU Fgy distribution; analysis of an extended region
revealed no additional variants showing similarly high DIND and
Fyr values. 54048650 is located in the 3'UTR and affects no
known microRNA binding site, but it lies in a region showing
H3K4Mel histone marks in lymphoblastoid cell lines (Figure 6G).
Consistently, this SNP represents an expression QTL for MRT
[49]. As for CDID, the gene showed low SFS-based statistics in
YRI (Supplementary Table S6). Several variants n the gene and
in flanking regions displayed extreme DIND test values in YRI
and represented outliers in the YRIZCEU or YRI/AS or in both
FST distributions (Supplementary Figure 86). Specifically, one of
these variants (1s73012242) is located upstream the transcription
start site of CDID and has a DAF of 0.95 in YRI; the remaining
variants are positioned downstream the transcription end site and
have a DAF ranging from 0.27 to 0.41 (Figure 6H). Sliding
window analysis indicated that the 5° portion of CDID and the
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Figure 6. Analysis of selected variants. Location of the most likely selection targets in PSMB10 (A), NRD1 (B), IFI30 (C), CTSL2 (D), CTSE (E), MARCH1
(F), MR (G), CD1D (H), and CYBB (I) within the UCSC Genome Browser view. Relevant annotation tracks are shown. For MARCH1 a short alignment of
the highly conserved sequence encompassing rs2036905 is reported. For PSMB10, NRD1, IFI30, CFSLZ and CD1D a sliding-window analysis of Fay and
Wu's H is also shown, as mentioned in the text. The hatched horizontal line represents the 5" percentile (see methods) and significantly negative
values are in red. Variants in blue, red and green represent selection targets in CEU, AS, and YRI, respectively, SNP notation is as follows: triangle, Fs
outlier; diamond, DIND outlier; dot, both Fgr and DIND outlier; square, SNP associated with a disease.

doi:10.1371/journal. pgen.1004189.g006

upstream region encompassing 573012242 correspond to a valley
of Fay and Wu’s H (Figure GH), suggesting that this SNP
represents the selection target at the CDID locus and that the
downstream polymorphisms might result from a distinct selective
event possibly involving telomeric genes. The derived allele of
1573012249 is fixed in CEU and AS, suggesting that the sweep is
complete in these populations. No functional annotation is
reported for this variant.

Finally, C1BEB showed low diversity (Supplementary Figure S3)
and negative SFS-bascd statistics i AS (Supplementary Table $6);
in CEU By was reduced (Supplementary Figure 85). Analysis of
an extended region indicated that one variant (rs5918386) hacl
extremely high DIND test in both CEU and AS and represented
an outlicr in the YRI/CEU and YRI/AS Fgy distributions
(Supplementary Figure S6). This variant is located downstream the
transcription end site of GYBB, in a region where open chromatin
and H3K4Mel histone marks have been described in lympho-
blastoid cell lines (Figure 6I). Sliding window analysis was not
performed due to the low number of variants segregating in the
region.

Finally, we assessed whether the selection signatures we
identificd above could also be detected using other tests bascel
on extended haplotype homozygosity, namely InRsb [45] and iHS
[46], and if they overlapped with previous positive selection scans.
The InRsb test contrasts extended  haplotype  homozygosity
between two populations and has good power for selective cvents
at high frequency [45], whereas iHS compares the homozygosity
decay for haplotypes carrying the ancestral and derived alleles for
a given variant in the same population. The test has maximum
power for intermediate frequency selective cvents [46]. As above,
an empirical distribution was obtained for InRsbh (CEU/YRI,
CEU/AS, and CEU/AS) and iHS values. Six of the sclection
targets we identified in the analyses ahove showed very high InRsh
values: rs1538881 in NRDI (InRsbagypp: 1.63, rank: 0.951),
rs7037968 in CTSL2 (InRsk s 2.56, rank: 0.988; InRshp,;,
s 2.3, rank: 0.990), most SNPs in CTSE and flanking regions
(strogest SNP: rs57713692, InRsbag,yre: 3.60, rank=>0.999),
152036905 in MARCHI (InRsbepy,yvpe 168, rank: 0.950),
rs4048650 in MRI (InRsbepuve: 2,30, rank=0.987), and
155918386 downstrcam CYBB (InRsbgpy v 2.62, rank = 0.994)
(Supplementary Figure 88). In the casc of 1s14178, InRsb was high
but not exceptionally so (InRshepy v 1.22, rank =0.888). As for
the iHS test, no variant showed outlier results, the best value being
iHS = — 1.80 (rank = 0.93) for rs7125 in AS, Nonetheless, it should
be noted that most variants we identified have high DAF, thus
being difficult to detect through the iHS. Also, the sclective event
at rs73012242 (upstream GD1D) is almost impossible to detect
using cither InRsh or iHS as the sweep is at very hight frequency in
YRI and likely complete in AS and CEU.

To evaluate the overap between the signal we detected and
those identified in previous scans of positive selection, we retrieved
data from 9 genome-wide studics [4546,50-56] that applicd
different approaches, This analysis indicated that large genomic
regions covering portions of MARCHI had been previously
identified in both CEU and AS by Williamson and co-workers
[50], who applied a composite likclihood ratio (CLR) model (the
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MARCH]I regions have CLR p values <0.01}, and by Tang et al.
[45], by application of the InRsh test (Supplementary Figure S9).
These latter authors also described a genomic region encompass-
ing NRDI as a selection target in AS (Supplementary Figure S9).
No overlaps were detected for the remaining genes.

Balancing selection targeted coding variants in APP
genes

Balancing selection is more difficult to detect than positive
selection, mainly because ifs signal an excess of polymorphism) is
often confined to narrow genomic regions [57]. Because the low-
coverage 1000 Genomes Pilot Project data are skewed against
singletons and low-frequency variants, and because this bias is not
homogencous along the genome, local minor differences might
have a comparatively high weight when the selection signal is
restricted to relatively small regions. Thus, to obtain unbiased
estimates of nucleotide diversity and of the SFS, we Sanger
resequenced the putative balancing selection targets in 60
HapMap subjects (20 YRI, 20 CEU and 20 AS).

In particular, resequencing was performed for the entire coding
sequences of CD207, PSMBY and TAPI. Given the large size of the
genes, two suberegions of 46 and 3 kb, respectively were
resequenced for CTSB and NCF4 (Figure 7A); these genomic
portions were selected because they contain outlier SNPs in the
distribution of Fey values (Supplementary Figure S6).

For cach analyzed region/genc, nucleotide diversity was
assessed by calculating Oy and 7; as a control for demographic
effeets, both indexes were calculated for 5 kb windows deriving
from 238 genes resequenced by the NIEHS (National Institute of
Environmental Health Sciences) SNP Program. Because under
neutral evelution the amount of within-species diversity is
predicted to correlate with levels of between-species divergence,
we also applied a Maximum-Likelihood-ratio HKA (MLHKA, test
[58] to assess whether an exeess of polymorphism was observed
relative to divergence.

Estimates of nucleotide diversity higher than the 95" pereentile
were obtained for all genes/regions in at least one population
(Table 3, Supplementary Table S7). Nonctheless, a significant
excess of nucleotide diversity versus inter-species divergence (as
detected by the MLHKA test) was observed only for CD207 and
TAPI in YRI, and for NCF4 in AS (Table 3, Supplementary Table
87). High levels of diversity in human populations that are
parallcled by high inter-species diversity (ie. non-significant
MLHKA test) are difficult to interpret and raise the possibility
that polymorphisms are not being maintained by selection but
result from a high local mutation rate or from relaxation of
functional constraints. Thus, we considered candidates of balanc-
ing selection only genes/regions that rejected neutrality based on
the MLHKA results (in at least one population). For TAPI,
CD207, and NCF4 we verified whether the neutral model could be
rejected by SFS-based statistics through coalescent simulations.
Positive values of Tajima’s D and of Fu and Li’s D* and F*
indicate an excess of intermediate frequency variants and are a
hallmark of balancing selection, although non-significant SFS
statistics may be ohserved when balancing seleetion is multiallelic
or when balanced haplotypes/alleles are not at intermediate
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frequency. Significantly high SFS tests were observed for at least
one statistic for TAPI and CD207 in YRI, as well as for NCF4 in
AS (Table 3). The values of Tajima’s D and of Fu and Li’s D* and
F* were also compared to the distributions obtained from 5 kb
windows deriving from Sanger rescquenced NIEHS genes; also
these statistics were calculated using the 1000 Genomes Pilot
Project data (Supplementary Table S8). Overall, high concor-
dance was obscrved between coalescent simulation p values and
pereentile ranks obtained from Sanger sequencing, whereas the
1000 Genomes Project data yielded few values higher than the
95" percentile (Supplementary Table S8), suggesting that Sanger
sequencing or high-coverage data may be better suited for the
detection of balancing sclection,

To further extend these analyses, haplotype phylogenies were
reconstructed for NCF4, TAPI, and D207, The haplotype
phylogeny for the resequenced NCF4 region showed 3 main
haplotype groups (hapI-IIL, Figure 7B) with an estimated time to
the most recent common ancestor (TMRCA) ranging from
840,000 to 1,790,000 years (Supplementary Table 89, Supple-
mentary Figure $10). One of them (hap 1) has low frequency in all
populations and carries putative regulatory variants (Figure 7A-B).
Hap IT carries the derived allele of 153788524, which is an outlier
in the YRI/AS Fyr distribution (Supplementary Figure S6); in AS
and CEU this variant is i strong LD with L272P (1s2075939),
which also defines Hapll. The derived allele of a putative
regulatory variant (1s738148) defines haplll (Figure 7A-B).
Overall, these data support a scenario of multiallelic balancing
selection at the NCF4 gene, with both missense and regulatory
variants being maintained in human populations.

In the case of TAPI, the haplotype network showed a complex
scenario and revealed a few recurrent mutations, possibly
originating from recombination or gene conversion. One major
cluster of haplotypes is evident, and all these chromosomes carry
the derived alleles at aminoacid residues 393 and 697 (3931 and
697D). Two distantly related haplotypes are obscrved m YRI
(YRI-hapl and YRI-haplL, Figure 7C) and both carry at least one
distinctive  nonsynonymous variant (V518L and G77R plus
Q788K respectively). The presence of highly differentiated
haplotypes with restricted geographic distribution might be
suggestive of ancicnt population structure [59]; nonctheless,
calculation of the TMRCA for the haplotype phylogeny yielded
estimates ranging from 1,670,000 to 660,000 years (Supplemen-
tary Table 89, Supplementary Figure S10)which arc not
consistent with population structure in Africa. Although some
variants that affect putative gene transeription regulatory elements
are also located on the branches of the haplotype gencalogy,
the balancing {or diversifying) sclection targets are likely to be
accounted for by aminoacid substitutions.

Finally, the haplotype network of CD207 was reconstructed
using variants located in a sub-region of relatively tight linkage
disequilibrium (covering the whole transcription unit with the
exclusion of exon I and intron 1); nonetheless, some recurrent
mutations were cvident (Figure 7D). The two major haplagroups
carry different alleles at two polymorphisms that affeet resicues in
the CRD: N288D, which was shown to affect binding to mannose
[60], and K313l where the lysine ue forms the sulfated
glycan recognition imterface [61]. Within the more common
haplotype cluster, other missense variants are observed, including
A278V, which does not influence sugar binding or protein stability
[60]. Few CEU chromosomes are differentiated at the S213P
variant (Figure 7D); reconstruction of ancestral state at this site is
difficult as different primates carry distinet residues, in line with
the fact that this position was found to be positively selected in
mammals (Figure 3). Overall, these data suggest that in humans
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balancing selection targeted two nonsynomymons variants -K3131
and N288D- resulting in two major langerin forms (288N-313K.
and 288D-313I), that segregate in human populations and arc
likely different in their sugar binding specificity.

CD207/langerin can internalize HIV-1 to Birbeck granules
where it is degraded [62]. Thus, we explored the possibility that
the selected functional variants in the CRD domain affect the
susceptibility to sexnally-transmitted HIV-1 infection. To this aim,
we genotyped 1513383830 (N288D) in a cohort of 87 lialian
heterosexual HIV-exposed seronegative (HESN) individuals who
have a history of unprotected sex with their seropositive partners
[63] and in 436 randomly sclected Italian subjects (controls). The
variant significantly deviated from Hardy-Weinberg equilibrium
(HWE) with an excess of homozygotes in HESN alone (Table 4).
This observation may be explaincd by the underlying genetic
model (ie. protection from HIV-1) or by spurious effects;
application of a goodness-of-it test [64] indicated that a recessive
model with only genetic effects adequately explains HWE
deviation in HESN. Comparison of allele frequencies in the
HESN and contrel samples indicated no significant difference for
1513383830. Conversely, the genotype distribution of the SNP was
significantly  different in the two cohorts, with 288D/288D
homozygotes being much more common in HESN than in
controls (permutation p=0.015 and 0.023 for a genotypic and a
recessive model, respectively, Table 4). Thus, homozygosity for the
288D allcle may be a factor in determining protection from
sexually-transmitted HIV-1 infection,

Discussion

Adaptive evolution acts at the level of genetic variants that
determine advantageous phenotypic traits. Scleetion signatures
can therefore be exploited to detect genomic regions/positions
underlying phenotypic diversity and aclaptation. This has recently
been demonstrated within a_ host-pathogen arms race scenario
wherchy an evolutionary-guided approach was used to identify a
protein loop in MXI (myxovirus resistance 1) that determines
antiviral activity [65]. Similarly, it has been known for years that
natural selection has specifically acted on the peptide-binding cleft
of antigen presenting molecules [4]. Because the repertoire of
peptides that is available for presentation is generated by APP gene
products, we performed an evolutionary analysis of these loci.

Evolutionary analysis at the inter-specific level indicated that 11
genes have been targeted by diversifying positive selection; this
represents a substantial fraction (24%) of analyzed genes, despite
our application of a conservative approach. Moreover, an analysis
of positive sclection in the human species identificd  positively
selected codons at four additional genes. Although large-scale
analyses had previously identificd immune response loci as
preferential targets of positive selection in mammals [66,67],
those studies had limited powe:
number of species. Thus, in Kesiol et al. [66] the percentage of
positively selected genes among those involved in APP only
amounted to 14%.

duc to the inclusion of a small

Likewise, we identificd several genes targeted by natural
selection during the more recent history of human populations.
Integration of different tests for selection was recently shown to be
a powerful tool to identify and finely map positive selection targets
[68]; the approach we applied herein differs n a number of ways
from that proposed by Grossman and co-workers [51,68]. We did
not apply the integrated haplotype score (iHS) or its derivatives,
but rather relied on the DIND test, which was proven to be more
powerful than iHS in most ranges of sclected allele frequency [42].
We used the normalized H statistic (as it has higher power than the
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original non-normalized Fay and Wu’s H [39]) rather than the
ADAF test [51,68], and we included SFS-based statistics. Thus,
due to the different power of distinct tests, none of the variants
described herein was identified in previous scans for positive

selection. At the gene level, analysis of genome-wide scans of

positive selection indicated that regions encompassing MARCH!
and VRDI had previously been deseribed as positive selection
targets [45,50], whereas no overlap was detected for the remaining
genes. Low concordance of positive sclection signals among studies
has been previowsly noted (for a recent review [69]), However,
most previous positive selection scans have been performed using
SNP genotype data (however dense in some cases) whereas we
used resequencing data (although low-coverage), which are
expected to increase the power to detect slection [70]. Indecd,
even tests based on extended haplotype homozygosity, that are less
sensil
actual selection target is included in the analysis [46]. One extreme
example of this is accounted for by CTSE, where no SNP mapped
in HapMap releases predating 2008 and which is sill poorly
covered by HapMap data.

Several reports have indicated that genes involved in immune
response may be preferential targets of both positive [45,46,51,56]
and balancing [71] sclection in humans, with some immunc-response

¢ to the ascertainment bias, have increased power when the
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variants are shown, as well as SNPs that fall within potential regulatory elements.

pathways possibly being particularly enriched in  selection
signals. Tang et al. [45] found an over-representation of genes
coding for cytokines (IL-1 receptor agonists in particular) among
their top signals; likewise, other authors indicated an enrichment
for complement-mediated and class T MHC-related immune
response genes [46,51]. Beside genome-wide scans, studies that
focused on specific families of immune response loci often
revealed a high proportion of selected genes; these clude, for
esample, type TIT interferon genes [72], genes coding for T-cell
regulatory molecules [73], and NOD-like receptors [74]. These
observations clearly reflect the extremely important role of
response  for in the
Nonetheless, analyses herein also  indicated that for some
components of the APP pathway (eg. immunoproteasome
subunits, chaperones, several lysosomal proteases) negative
selection likely represented the major cvolutionary force.
Conversely, genes that code for APP components that, at
different levels, directly interact with the antigens to  be
presented (e.g. CDID, CD207, TAPI, ERAP?, and CYBB) have
been constantly targeted by positive or balancing selection, as
determined by both inter- and mtra-species analyses.

Besides providing a general picture of the cvolutionary forces
acting on the APP pathway, our aim was to describe in detail the

immune survival face of infections.
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Table 4. Genotype counts, HWE proportions and association analysis for rs13383830.

Genotype counts

SNP ID counts ( model)  p* (HWE) £’ (genotype) P (recessive)
rs13383830 (N288D) HESN 31272 3/84 0.04 0015 0023
CTR 2/59/375 2/434 >0.99

“HWE deviation p value.
b5 value obtained from 10,000 phenotype-label swapping permutations.
cloi:10.1371/journal.pgen.004189.1004

specific sites and variants targeted by natural selection so that this
information can be exploited to prioritize functional characteriza-
tion in follow-up analyses. We defined positively selected sites in
mammals by the combined use of two methods, BEB and MEME;
this choice was taken to limit the number of falsc positive results,
although we most likely underestimated the number of selected
sites. In fact, MEME was developed to deteet both episodic and
pervasive positive selection [9], whereas sites evolving under
episodic sclection are likely to be missed by BEB. Thus, the
combination of the two methods is expected to result i the
confident identification of sites evolving under pervasive diversi-
fying selection only.

Nonetheless, several sites evolving adaptively were identified
and they are expected to define positions and protein regions that
affect functional propertics. As an example, our data indicate that
a threonine residue (3227T) that functions as a trafficking signal in
the cytoplasmic region of CDID [13] is present in primates only
and represents a sclected site, suggesting that different motifs
cvolved in distinct mammalian species to modulate CD1D
cxpression at the plasma membrane. Indeed, differences in
intracellular  traflicking  between mouse and  human CDID
molecules have been reported [75]. Interestingly, it has been
proposcd that the 322T signal is cxploited by HSV-1 to down-
modulate the surface expression of CD1D molecules as an cvasion
strategy [13]. Thus, the cytoplasmic tail and the transmembrane
region of CDID might have evolved under virus-driven selective
pressure. Indeed, different pathogens, including HSV-1, HPV,
HIV-1, VSV, and KSHV, interfere with CDID expression and
reeyeling [75], although the specific contact interfaces between
viral products and CDID molecules are unknown. Adaptive
evolution was also evident in the extracellular domains of CDID;
sites. positively sclected in mammals are spatially clustered and
flank the TeR interaction surface and the lipid binding pocket,
suggesting that they may exert indirect cffects on  binding
specificity, especially in light of the broad array of lipid molecules
presented by CDID [75]. Similarly, a human-specific positively
selected site at the #2/03 domain interface might modulate CD1D
activity by altering the flexibility or relative positioning of the
extracellular domains.

Different viral species are known to encode products that
counteract specific components of the APP pathway other than
CDID. This represents a strategy to evade the host immune
system by hampering the presentation of immunogenic epitopes.
Specifically, several viral proteins target the PLC by binding TAP
or tapasin [5]. Viral inhibition of the PLC is suggested to be of
pivotal importance for efficient infeetion; for example different
herpesviruses encode distinet TAP inhibitors, which are unrelated
in genome location, structure, and mechanism of action,
suggesting convergent evolution [76]. This indicates that some of
the positively selected sites we identified in TAPI and tapasin
(TAPBP) might have evolved to avoid targeting by viral products.
One of these is the US3 immunomodulator encoded by HCMV;
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this protein dircetly binds the tapasin ER luminal domain, but has
no effect on the formation of the TAP-tapasin complex [5]. US3
might interfere with recruitment of ERp57 by tapasin [3],
suggesting that the tapasin 225N residue Hocated at the ERp57
binding interface - might be involved in this process.

Three of the positively selected sites in TAP1 are located in the
channel forming region and one of them (516Q)) maps to a
transmembrane domain that directly interacts with peptides.
Because TAP is known to select peptides for transportation in a
species=specific manner [77], it would be interesting to cvaluate the
effect of the identified residues on TAP binding affinity and
transportation preference, as well as on the sensitivity to viral
inhibitors. TAP contributes to the shaping of the overall repertoire
available for MHC presentation. On the one hand this property
per se represents a possible target for host-pathogen arms races, as
deercasing transport of specific peptides would translate in reduced
presentation. On the other hand, it has been noticed that in
human, mouse, and rat, the specificity of TAP transportation
correlates with the predominant peptide binding profiles of the
corresponding MHC class I molecules, suggesting co-cvolution
[77].

Co-evolution with MHC class T molecules might also be driving
aminoacid replacements at BLMH and tapasin, Indeed, the N-
terminal domain of tapasin, where one of the selected residues
(678) 1 located, was shown to facilitate MHC-peptide complex
folding depending on the identity of both the peptide and of the
HLA T heavy chain, As for BLMH, experiments in human cells
indicated that its depletion affects peptide loading and MHC class
I surface expression in a HIA class T allele-dependent manner [78].
BLMH is highly conserved from yeast to mammals, suggesting
strong constraints [27]. As a consequence, selection might have
acted at the level of aminoacid residues that modulate protein
abundance at the post-translational level, as suggested by their
location. Likewise, natural selection might have acted at the
ERAP? locus to modulate protein stability and, consequently,
abundance. Although the obscrvation that protein-destabilizing
variants have been favored during evolution might scem counter-
intuitive, it should be noted that an ERAPZ haplotype that results
in a tuncated (and degraded) protein product is maintained by
balancing selection in human populations [33,44]. Also, some
rodent species, including mice and rats, lack a functional ERAP?
gene, suggesting that loss or decreased abundanee of ERAP2
protein might confer some advantage, possibly related to sclective
antigen  trimming. We also detected  human-specific selective
events at ERAPI. One of the two variants we identified had
previously been shown to represent a balancing selection target in
human populations [33]. The variant affects enzymatic properties
[79] and associates with the susceptibility to different autoimmune
diseases, often in interaction with HIA allelic status [80].

Analysis of CYBBE and (D207 also provides remarkable
examples of the action of different sclective forces on the very
¢ region, as both highly variable and strongly constrained

same
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positions are observed in close proximity at these loci. Indecd,
maost missense substitutions that cause mendelian immunologic
defects mvolve aminoacid positions that are conserved in all
mammals, indicating that negative selection at these sites prevents
aminoacid replacements affecting host resistance to pathogens.
The pattern of positive selection at CY'BB indicates that the two
long loops protruding in the extraccllular space or in the
phagosome lumen are strongly targeted by diversifying sclection,
These protein regions are expected to be mostly exposed to a
direct interaction with pathogen components, suggesting that they
have evolved to avoid inhibition by bacterial/fungal products, a
possibility that awaits experimental validation, In addition to its
role in cross-presentation, the NADPH oxidase complex directly
participates in the killing of pathogenic microbes through the
production of superoxide and other oxidants in neutrophils. This
activity is also required to activate cathepsin G and other protcases
that, n turn, kill and digest engulfed pathogens [81]. Most
positively sclected sites we identified in CTSG are likely to
modulate substrate specificity as they rim the binding pockets.
Likewise, the site targeted by positive selection in simians is located
at the edge of the substrate binding pocket on an exposed loop that
also carrics 177G (positively selected in the whole phylogeny); this
loop has previously been shown to confer substrate specificity to
other serine proteases [25,82]. Interestingly, a site subject to
diversifying selection (1060} is adjacent to a position (L04T) that, if
replaced with the cquivalent aminoacid in elastase (T104N),
confers to CTSG the ability to cleave Shigella virulence factors [82]
(Figure 3B}, Thus, the sclective pressure acting on hoth CYBB and
CT5G might be related to their direet antimicrobial role in
additon to participation in APP. Finally, analysis of human-
specific positively selected sites in LGMN, which also encodes a
lysosomal protease, indicated that one of them maps to the o
cleavage site of the activation peptide. Although the identity of the
protease(s) responsible for cleavage is presently unknown, the
multistep activation of LGMN is thought to have a regulatory
significance and s modulated by the maturation status of dendritic
cells, possibly via acidification of the endosome/lysosome com-
partments [83].

Results herein also indicate a continuum in selective pressure
acting on different timescales and targeting the coding sequences
of TAPI and (D207, as aminoacid-replacement variants arc
likely to represent the selection targets in human populations, In
both cases balancing selection signatures were detected in African
populations only. Because we aceounted for demography cvents
both in coalescent simulations and by the empirical comparison
with genes resequenced in the same populations, the signatures
we detect are unlikely to represent demographic effects, but
mnstead indicate stronger sclective pressure in Africa. Interesting-
ly, one of the putative balancing selection targets in 7API, the
V518L variant, is located in the peptide binding domain, close to
a positively selected site (316Q), and defines a minor haplotype in
YRI; this variant might affect the affinity of TAPI for onc or
more antigenic peptides. Likewise, in the case of €D267 one
pasitively selected site (289A) immediately flanks a human
polymorphic position representing a balancing selection target
(N288D) with known effect on sugar binding [60]. The second
site subject to diversifying sclection (213P) is polymorphic in
humans (P213S), although positioning on the haplotype
network does not suggest that it s a major target of balancing
selection in humans. Indeed, the two major haplotype clades of
CD207 carry, in addition to N288D, a sccond variant, K3131,
that also affects langerin binding to glycan substrates [61]. This
indicates that balancing sclection has mantained two alternative
langerin forms that differ in binding specificity and may recognize
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distinct microbial glycan structures, ultimately affecting the
susceptibility to specific infections. We show that homozygesity
for the 288D-313T langerin haplotype may be associated with
protection against sexually transmitted HIV-1 infection. The
HIV-1 gp120 protein, which is bound by CD207, is heavily
glycosylated with both oligomamnose and complex N-glycans
[84]; the 288D allele displays reduced binding to manmose-
containing structurcs [60], but may confer increased affinity for
more complex sugars, as suggested by the broad specificity of
langerin, Overall, although the recessive effect of the rare
haplotype is eonsistent with the trimeric nature of langerin, and
its frequency differs in HESN and controls (3.45% and 0.46%,
respectively), the association results should be regarded as
preliminary and treated with caution due to the small sample
size and the low frequency of the putative protective haplotype.
Thus, replication in an independent cohort and functional
analyses on the role of the 288D allele in HIV-1 recognition
and internalization will be needed.

One nonsynonymous  polymorphism  (L272P) in NCFY,
encoding a cytosolic regulatory component of the NADPH
oxidase complex, was also identified as a possible balancing
selection target in human populations. This SNP is located in an
intron of the gene that may be retained in the wanscript as a
result of alternative splicing. Nonetheless, the selection target
might also be accounted for by variants with a regulatory
funetion on NCF# cxpression. Indeed SNPs located on the
branches of the haplotype genealogy fall within Chipeseq
mapped binding sites for transcription factors including STAT3,
which is regulated by RACI [83], a modulators of NAPH
oxidase activity [86], and NFKB, a central tanscriptional
regulator in myeloid cells. Similarly, we found all adaptive
variants subject to directional selection to represent likely
modulators of gene expression levels.

As recently suggested [68], the use of large-scale low coverage
data, while posing challenges due to the biased SFS, may allow
identification of the causal variant underlying the selective event.
This represents a valuable advantage by providing a list of targets
that may be directly tested in functional analyses. Moreover,
integration of sclection signals with extensive functional annota-
tions generated by the ENGODE project and by ¢QTL studies
further increases the possibility to underscore adaptive alleles.
Our analysis indicated that two of the selected variants (in ZFI30
and MARCHI) are located within nuclease aceessible sites in
maturing mydloid cells, suggesting they aflect transcription
regulatory elements activated during cell differentiation [48]
and the selected variant in MR represents an ¢QTL. Likewise,
selected variants in or close to NRDI and CYBB fall within open
chromatin regions in lymphoblastoid cell lines, and the synon-
ymous variant in PSMBI0 maps to DNAse I sensitive sites in
different cell types and to transeription factor binding sites.
Interestingly, this variant is in full LD in CEU with a risk SNP for
Crohn’s disease [47], again supporting the view that adaptive
cvents underlic phenotypic vasiability, In general, most of the
positive selection events we described occur at positions with a
likely role controlling gene expression. Grossman and co-workers
[68] finely mapped causal variants in 412 candidate selected
regions and determined the large majority of these may modulate
transcription levels. Likewise, Vernot et al. [87] performed a
genome-wide analysis of DNase T hypersensitive regions ane
indicated that these harbor a number of variants targeted by
positive selection in human populations. Thus, our data are in
agreement with previous findings and help substantiate the view
that regulatory variation represents a major target for adaptive
evolution in humans.
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Materials and Methods

Gene selection

The initial list of genes to be included in the study was obtainee
from Gene Ontology (GO). Specifically, we queried GO for all the
all human genes (n = 180) associated with the following GO terms
(and children): GO:0019884 (antigen processing and presentation
of exogenous antigen), GO:0019883 (antigen processing and
presentation of endogenous antigen), GO:0002474 (antgen
processing and presentation of peptide antigen via MHC class T),
GO:0002495 (antigen processing and presentation of peptide
antigen via MHC elass IT), GO:0002428 (antigen processing and
presentation of peptide antigen via MHC class Tb). From this
initial list we removed HEA class I m=7) and class II genes
(n=15), as they have been the topic of intense investigation, as
well as immunoglobulin receptors (n= 3) and integrins (n=2), as
they arc not dircetly involved in the process that leads to antigen
processing and presentation (APP). We also pruned genes that,
although participating in APP, play non-specific roles including
components of the constwtve proteasome (n=34), general
ubiquitination factors (n = 4), molecules involved in the formation
and transport of clathrin-coated vescicles (1= 19), proteins
involved in vesicle wafficking aeross different ecllular eompart-
ments (0= 14}, dynamins and dyncins (n=11), dynactins (n=6),
and kinesins n=19). Two ubiquitine-ribosomal protein gene
fusions were discarded as well, as their function is poorly
understood. Finally, HFE, encoding a nonclassical MHC class Ih
molecule, was discarded because this gene is believed to have no
antigen-presentation function [88]. Thus, we concentrated our
cfforts on a list of 43 genes, which arc considered to be central
components of the APP pathway. Notably, THOP! and NRD!
were also included in the final group of genes given their recently
established role in antigen processing [2]; this lead to a final list of
45 genes (Supplementary Table S1).

Evolutionary analysis in mammals

Mammalian sequences for APP genes were retrieved from the
Ensembl database. Mammalian orthologs of human APP genes
were included only if they represented 1-to-1 orthologs as reported
in the EnsemblCompara GeneTrees [89]. As mentioned i the
text only primate sequences were ncluded for C7SLI and CTSL2
(Supplementary Table $2).

DNA alignments were performed using the RevTrans 2.0 utility
[90], which uscs the protein sequence alignment as a scaffold for
constructing the corresponding DNA multiple alignment. This
latter was cheeked and cdited by hand to remove alignment
uncertainties, Trees were generated by maximum-likelihood using
the program DnaML (PHYLIP Package). To detect selection,
NSsite models that allow (M2a, M8,) or disallow (Mla, M7) sites to
cvolve with dN/dS>1 were fitted to the data two models of
cquilibrium codon frequencies: the F3x4 model (codon frequencies
estimated from the nucleotide frequencies in the data at each
codon site) and the F61 model (frequencies of each of the 61 non-
stop codons estimated from the data). Results for the two codon
frequency models are reported in Supplementary Tables 83 and
S4. Whenever maximum-likelihood trees showed differences
(always minor) from the accepted mammalian phylogeny, analyses
were repeated using the accepted tree, and the same results were
obtained in all cases. Sites uneler selection with the M8 model were
identified using Bayes Empirical Bayes (BEB) analysis with a
significance cutoff of 0.90 [8,91].

In order to identify specific branches with a proportion of sites
cevolving with ©>1, we used BS-REL [10]. Branches identified
using this approach were cross-validated with the branchesite
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likelihood ratio tests from PAML (the so-called modified model A
and model MALI, “test 2”) [11]. A false discovery rate correction
was applicd to account for multiple hypothesis testing fi.c. we
corrected for the number of tested lineages), as suggested [12].
BEB analysis from MA (with a cut-off of 0.90) was used to identify
sites that evolve under positive selection on specific lineages.
Ancestral site reconstruction for positions 416 and 420 in ERAP2
was obtained through the DataMonkey sever by ASR utility,
which implements three different methods. GARD [92], MEME
[9], SLAG [93], and BS-REL [10] analyses were performed
through the DataMonkey scrver [94] (http://www.datamonkey.
org).

In silico analysis of protein stability

Intra-protein interaction caleulations were performed using PIC
(Protein Interactions Calculator) [95]. Stability analysis was
carricd out using three different methods. FoldX 3.0 [96] and
PoPMuSiC (web-server version) [97], were used on the chain A of
the Xeray structure of ERAP2 (PDB code: 3SE6). I-Mutant 2.0
[98] was used on the corresponding protein sequence retrieved
from UniprotKB (Q6P179). In FoldX and [-Mutant the AAG
values are caleulated as follows: 44G = 4G, AGyiy g I
FoldX and [-Mutant AAG values >0 kcal/mol indicate mutations
that decrease protein stability, whereas in POPMuSiC AAG values
>0 keal/mol arc mark of mutation increasing protein stability.
Thercfore, PoOPMuSIiC AAG values were multiplied by —1 to
obtain homogeneous results.

In the analysis camied out with FoldX 3D, the three-
dimensional structure of the protein was repaired using the <
RepairPDB> command. Mutations were introduced using the <
BuildModel> command with <numberOfRuns> set to 5 and <
VdWdesign sct to 0. Temperature (298K), ionic strength (0.05
M) and pH (7) were set to default values and the force-field
predicted the water molecules on the protein surface. Residues
His370, His374, Glu393 and Tyr455, which coordinates the zinc
ion, were kept fixed during reparation and mutation procedures.

HapMap DNA samples and sequencing

Human genomic DNA from HapMap subjects (20 Yoruba,
YRI, 20 European, CEU, and 20 Asians, AS} was obtained from
the Coriell Institute for Medical Research. All analysed regions
were PCR amplificd and directly scquenced. PCR products were
treated with ExoSAP-IT (USB Corporation Cleveland Ohio,
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). Scquences were assembled using AutoAs-
sembler version 1.4.0 (Applicd Biosystems), and inspected man-
ually by two distinct operators. All primers sequences are available
in Supplementary Table S10.

Population genetics-phylogenetics analysis

Data from the Pilot 1 phase of the 1000 Genomes Project were
retrieved from the dedicated website [31]. SNP genotypes were
organized in a MySQL database. Coding sequence information
was obtained for the 45 APP genes. Aceessibility of gene region by
paited-end next-generation sequencing was evaluated using the
“1000 Genomes Project Phase 1 Paired-end Accessible Regions -
Pilot Criteria” UCSC track.

To analyze the DFE for APP genes we used gammalap [30].
We assumed 8 (neutral mutation rate per site), k- (transitions/
transversions ratio), and T (branch length) to vary among genes
following log-normal distributions. For cach gene we set the

neutral - frequencies of non-STOP codons  (1/61) and  the
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probability that adjacent codons share the same  selection
coefficient (p=0.02). For sclection coefficients we considered a
uniform Dirichlet distribution with the same prior weight (0.1) for
cach selection class. For cach gene we run 100,000 iterations with
thinning interval of 10 iterations.

Population genetic analyses

A set of programs was developed to rewrieve genotypes from the
100 Genomes Pilot Project MySQL database and to analyse them
according to selected regions/populations. These programs were
developed in G+ using the GeCot+ [99] and the libsequence
[100] libraries. Genotype information was obtained for the 45
APP genes. In order to obtain a control set of ~1,000 genes to use
as a reference set, we initally selected 1,200 genes by random
sampling of those included in the RefSeq list. For these genes we
retrieved orthologous regions in the chimpanzee, orangutan or
macaque genomes (outgroups) using the LiftOver tool; genes
showing less than 80% human-outgroup aligning bases were
discarded. This originated a final set of 987 genes, hercafter
referred to as control set. These data were used to caleulate By
[36], 7 [37], as well as Tajima’s D [38], Fu and Li’s D* and F*
[40], and normalized Fay and Wu's H [39,101] over each entire
gene region,

Data from the control gene set were used to calculate empirical
distributions of these parameters, as specified in the text.

Normalized Fay and Wu’s H was also calculated in 5 kb sliding
windows moving with a step of 500 bp. Sliding window analyses
have an inherent multiple testing problem that is difficult to
correct because of the non-independence of windows, In order to
partially account for this limitation, we applied the same
procedure to the conwrol gene set, and the diswibution of
normalized Fay and Wu's H was obtained for the corresponding
windows. This allowed calculation of the 5" percentile and
visualization of regions below this threshold.

Fsp [41] and the DIND test [42] were caleulated for all SNPs
mapping to the control and APP gene sets. Because Fy
not independent from allele frequencies, we binned variants based
on their MAF (50 classes) and caleulated the 95™ and 99
pereentiles for cach MAF class. As for the DIND test, it was
originally developed for application to Sanger or high coverage
sequencing data [42], so that statistical significance can be inferred
through coalescent simulations. This is not the case for the 1000
Genomes Project data; thus, we calculated statistical significance
by ebtaining an cmpirical distribution of DIND-DAF valuc pairs
for variants located within control genes. Specifically, DIND
values were calculated for all SNPs using a constant number of 40
flanking variants (20 up- and down-stream). The distributions of
DIND-DAF pairs for YRI, CEU and AS was binned in DAF
intervals (100 classes) and for each class the 95" and 99"
percentiles were calculated. As suggested previously [42], for
values of irty = 0 we set the DIND value to the maximum obtained
over the whole dataset plus 20, Duc to the nature of low-coverage
data, for low DAF values most ifty, resulted equal to 0 fi.c. the 95"
percentile could not be caleulated); thus, we did not calculated
DIND in these ranges and we consequently cannot detect sclection
acting on low frequency derived alleles.

The InRsb and iHS tests were calculated as previously describee
[45,46] using the rehh R package [102]. Specifically, InRsh and
iHS were calculated for all tested SNPs using information from
200 kb flanking regions (100 kb 5" and 3'). To obtain empirical
distributions, we randomly sclected 100 genic SNPs and calculatee
InRsh and iHS values for all SNPs in their 200 kb flanks. Data

obtained from these randomly selected variants were alos used to

alucs arc
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caleulate the median and standard deviation for InRsh’ normal-
ization [45].

As mentioned in the text, an approach based on coalescent
simulations was applied with Sanger sequencing data. In
particular, calibrated coalescent simulations were performed using
the cosi package [103] and its best-fit parameters for YRL, CEU,
and AS populations with 10,000 iterations. Demographic param-
cters for YRI, CEU and AS implemented in cosi are deseribed in
[103]. Simulations were conditioned on mutation and recombi-
nation rates. Estimates of the population recombination rate
parameter p were obtained from resequencing data with the use of
the Web application MAXDIP [104] and converted to cM/Mb.

For Sanger-resequenced regions the percentile ranks of 6y and
n were obtained from the distribution of the same parameters
caleulated for 5 Kb windows deriving from 238 human genes
resequenced by NIEHS (National Institute of Environmental
Health Sciences) SNPs Program, as previously described [105].
The maximum-likelihood-ratio HKA test was performed using the
MLHKA software [58], as previously proposed [105].

Haplotype analysis and TMRCA calculation

Haplotypes were inferred from Sanger resequencing data using
PHASE version 2.1 [106,107]. Median-joining networks to infer
haplotype genealogy were constructed using NETWORK 4.5
[108]. Estimates of the time to the most common ancestor
(TMRCA) was obtained using different methods: i) a phylogeny
based approach implemented in NETWORK 4.5 using a
mutation rate based on the number of fixed differences between
chimpanzee and humans [108]; i) GENETREE, which is based
on a maximum-likelihood coalescent method [109,110] assuming
an mfinite-site model without recombination; haplotypes and sites
that violate these assumptons were removed; iii) a previously
deseribed method [111] that calculates the average pairwise
difference between all chromosomes and the MRCA: this value
was converted into years on the basis of mutation rate retrieved as
above. The SD for this estimate was calculated as previously
described [112].

We based calculations on the assumption that the divergence
between human and chimpanzee occurred 6 MY ago [113] and
that the gencration time is 25 years.

Human subjects, genotyping and association analysis

Inclusion criteria for HESN were a history of multiple
unprotected sexual episodes for more than 4 years at the time of
the enrolment, with at least 3 episodes of at-risk intercourse within
4 months prior to study entry and an average of 30 (range, 18 to >
100) reported unprotected sexual contacts per year. These HESN
subjects are part of a well characterized cohort of serodiscordant
heterosexual couples that has been followed since 1997 (reviewed
in [63]).

No HESN was homozygous for the CCR5A32 variant, which
confers resistance to R5 HIV-1 strains [114]. As for controls, 436
Italian donors were also mcluded 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 Hospital,
Florence. Written informed consent was obtained from all
subjects,

HWE deviation was analysed as suggested by Wittke-Thompson
and co-workers [64]. The equations are parametrized in q
(susceptibility allele frequeney), o (risk in non-susceptible homo-
zygotes), B (heterozygote relative risk), v (homozygote relative risk)
and K, (trait prevalence in the general population). We obtained
ML estimates for these parameters minimizing the goodness-of-fit
test statistic (as reported in [64]) using the BEGS method, Using an
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estimate of K, the procedure was repeated with a general model
estimating g, B and 7y, and for constrained specific models,
estimating q and gamma (dominant: B=; recessive: B= 1, v 13
additve: B=(y+1)/2, y>1; multiplicative: B = squt(y), y>1). Given
the different number of parameters i the general model, the
Akaike Information Criteria (AIC) was used for the best fit model
selection. A p value was then calculated for the minimal value of
the test statistic using a 3 distribution with 1 or 2 df for the general
and constrained models respectively. Using a K, (prevalence of
HESN phenotype in the general population) of 0.20 [115,116], the
best model fitting the genotypic proportions in HESN and controls
a recessive model with q (susceptibility allele frequen-
cy)=0.079, o (risk in non-susceptible homozygotes) =0.20, B
(heterozygote relative riskj=1, and 7y (homozygote relative
risk)=3.23. For this modecl, the goodness-of-fit test was not
significant (3, =1.81, p=0.40, df=2), indicating that a recessive
model with only genetic effects adequately explains HWE
deviation. We performed the same analysis using a range of K,
(from 0.10 to 0.30} and similar results were obtained (not shown).

Association p values for the genotypic and recessive models
were caleulated using PLINK [117] by performing 10,000
phenotype-label swapping permutations.

Wi

Supporting Information

Figure S1 Work-flow and main resuls for the inter-specics
analysis. Genes that were defined as targets of positive sclecti
shown in red.

(PDE)

Figure 82 Branch-sitc analysis of positive sclection for GIBB.
Branch lengths are scaled to the expected number of substitutions
per nucleotide, and branch colors indicate the strength of selection
(dN/dS or @). Red, positive selection (@>5); blue, purifying
selection (= 0J; grey, neutral evolution (= 1). The proportion of
cach color represents the fraction of the sequence undergoing the
corresponding class of selection. Thick branches indicate statistical
support for cvolution under cpisodic diversifying scleetion as
determined by BS-REL. Grey dots denote branches that were
tested but not confirmed to be under positive sclection using the
PAML branch-site madels.

D)

Figure 3 Alignment of a TAPBP region and positively selected
sites in CTSL2, LNPEP, ERAPI, THOPI, and PSMFI1. (4)
Multiple alignment of a TAPBP region for a few representative
mammalian species. A positively selected site (679) is colored in red,
the cystein residue involved in disulfide-bonding is colored in blue.
(B) Ribbon diagram of human CTSL2; sites that define substrate
binding are shown in yellow; positively selccted sites are in red
(whole phylogeny) or green (humans). (G Schematic representation
of LNPEP domains; positively selected sites are indicated in red. (D)
Ribbon diagram of ERAPI with positively sclected sites in orange
(polymorphic) or green (fixed in humans), the active site is
ited in yellow. (E) Ribbon diagram of THOPT sites subject
¢ selection in the human lineage highlighted in green. The
active site is shown in yellow. (F) ribbon diagram of PSMFI1; the
dark grey helix indicates a motif important for protein stability.
Positively selected sites are in orange or green depending on their
being polymorphic or not, respectively, in humans,
DI

Figure $4¢ Work-flow and main results for the intra-
analysis, Genes that were defined as targets of positive or
balancing selection are shown in red.

D)
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Figure 85 Nucleotide diversity estimates for APP genes. 1 is
plotted against Oy. The dashed lines represent the 5™ and 95"
percentiles of a distribution of ~1000 randomly selected human
genes, represented by grey dots.

(PDF)

Figure 86 DIND test and Fg results. (A) The ratio between the
ancestral and derived nucleotide diversity, im,/iny, i ploted
against the derived allele frequency (DAF). The dashed line
represents the 95" percentile of a diswibution of ~ 1000 randomly
selected human genes. The grey shaded areas represent frequency
ranges where the ratio could not be calculated. (B) Fsy values are
plotted against the minor allele frequency (MAF). The dashed lines
esent the 95" and 99 percentiles of a distiibution of SNPs
deriving from ~1000 randomly selected human genes. Black
crosses mark SNPs mentioned in the text which display Fyp values
higher than the 95" percentile.

(PDF)

Figure 87 Analysis of positively selected sites i the PSMES/
CNTDI region. Location of the most likely selection targets in
PSME3/CNTDI region within the UCSC Genome Browser view.,
Relevant annotation tracks are shown. Variants in green represent
both Fyy and DIND outliers in AS population.

(PDE)

Figure 88 Extended haplotype homozygosity (EHH) decay plots
for variants showing a high InRsb test.

(PDF)

Figure 89 Overlap between the signals we detected and those
identified in previous scans of positive sclection. Previously
identified regions are represented as black bars and are tagged
by author name and population showing selection signatures, The
best candidate variants we identified in VRDI (upper panel) and
MARCHI (lower pancl) arc also shown. Figure S9. Overlap
between the signals we detected and those identified in previous
scans of positive sclection. Previously identified regions are
represented as black bars and are tagged by author name and
population showing selection signatures. The best candidate
variants we identified in NRD! (upper panel) and MARCHI (lower
panel} arc also shown.

(PDE)

Figure 8§10 GENETREE analyses. Estimated haplotype trees
for the LD sub-region of CD207 (A), and for the sequenced regions
of NCF4 (B) and TAPI (C). Mutations are represented as black dots
and namee for their physical position along the region. The
absolute frequency of each haplotype is also reported at the
bottom of each lincage.

(PDE)
Table S1
(PDF)

rey

List of analysed genes.

Table 82 Average non-synonymous/synonynomus substitution
rate ratio (dN/dS).

(eDE)

Table 83 Likclihood ratio test statistics for models of variable
selective pressure among sites (F3x4 model of codon frequency).
(PDF)

Table 84 Likclihood ratio test statistics for models of variable
selective pressure among sites (F61 model of codon frequency).
(PDF)

Table $5 Likelihood ratio test statistics for branch-site models
(CD207, CTSG, and CYBB).
(BDF)
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Table $6 SFS-bascd statistics calculated over whole gene regions
using data from the 1000 Genomes Project.

(PDE)

Table 87 Nuclcotide diversity and neutrality tests for CTSB and
PSMBY gene regions.

(PDE)

Table 88 Nucleotide diversity and neuwality tests using low
coverage 1000 Genomes Project data for the Sanger-resequenced
regions.

(PDF)
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Abstract

Activation of the contact system leads to the cleavage of kininogen by plasma kallikrein resulting in kinin release and in
the initiation of the intrinsic pathway of coagulation. Proteolysis of kininogen also generates antimicrobial peptides
(AMPs) and can be induced by diverse pathogens. Thus, the contact system is regarded as a branch of innate immunity.
We performed an evolutionary analysis of contact system genes by analyzmg both inter- and intraspecies diversity.
Results indicated that lian kini genes evolved adap! . P ly selected sites are located in all protein
domains with the exclusion of the bradykinin region and alsn |nvo|ve AMP sequences (mcludlng the highly eﬁectlve
NAT26 peptide); positively selected sites also occur at alternative cleavage sites for neutropl | d kinins. Popul

genetic analysis in humans indicated that a region of the kininogen gene (KNG1) has been a target of long-standing
multiallelic balancing selection and that the coalescence time of the haplotype phylogeny dates back to the split between
the humans and chimpanzees. No selection signature was detected in the Pan troglodytes KNG1 gene or in human genes
encoding other components of the contact system. The selection targets in human KNG1 might be accounted for by
variants with transcriptional regulatory activity. Results herein indicate a continuum in selective pressure acting on
different timescales and targeting KNG1. This is in line with evidences suggesting a central role for kininogen in mod-

ulating of immune response and with its being a target of an extremely diverse array of pathogen species.

Key words: contact system genes, KNG1, positive selection, balancing selection, innate immunity.

Introduction

In vertebrates, a complex system of plasma enzymes has
evolved to limit blood loss from damaged blood vessels
through formation of a fibrin clot. In all vertebrates, the co-
agulation cascade includes a series of proteolytic reactions
that culminate in the generation of thrombin and in the
cleavage of fibrinogen to form fibrin (fig. 1) (Jiang and
Doolittle 2003). Initiation of fibrin formation through the
“extrinsic pathway” occurs when plasma factor Vlla forms a
complex with the integral membrane protein tissue factor,
which is exposed upon endothelial injury (fig. 1).
Alternatively, coagulation may be initiated through the “in-
trinsic pathway,” also referred to as the contact system. Four
proteins represent the core components of the contact
system; three of them, factor XI (FXI), factor X1l (FXIl), and
plasma kallikrein (PK), are encoded in humans by the F11,F12,
and KLKB1 genes, respectively, and act as proteases. The
fourth component, high-molecular-weight kininogen, is a
nonenzymatic glycoprotein (fig. 1). Kininogen is encoded by
the KNG1 gene, which gives rise to two alteratively spliced

products differing in their terminal exons; the two transcripts
originate from high- and low-molecular-weight kininogen.
High-molecular-weight  kininogen circulates in  human
plasma forming complexes with FXI and PK (Muller-Esterl
1989). Interaction of these complexes with negatively charged
surfaces activates the system: FXIl and prekallikrein are pro-
teolytically cleaved to the active forms, FXlla and kallikrein,
respectively. As a result, FXI is activated, leading to the initi-
ation of a series of enzymatic reactions that lead to fibrin
formation. In the process, high-molecular-weight kininogen
is cleaved by kallikrein releasing the nonapeptide bradykinin
(BK) (Colman and Schmaier 1997) (fig. 1). BK, acts as a vaso-
active and proinflammatory peptide, increases the pro-
duction of nitric oxide and prostaglandins, and causes
increased vascular permeability, hypotension, smooth-
muscle contraction, and fever. Kininogen can also be cleaved
by proteases other than PK, including tissue kallikrein and
neutrophil-derived proteinase 3 to release kinins related to
BK, namely Lys-BK and Met-Lys-BK-Ser-Ser (Kahn et al. 2009)
(fig. 1).
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Pathogen proteases === Kinins
Tissue Kallikrein

Neuthrephil-derived protelnase 3
Elastase

= Lys-BK

== Kinins

——=== Antimicrobial peptides (AMP)

Tissue Factor

Fagctor VIl —=> Faclor Vila

Cellular injury

Extringlec Pathway

Factor [X ——>== Factor IXa

Factor X ——>> Factor Xa

Fibrinogen

HMW kininogen'——== Bradykinin (BK) Intrinsic Pathway
E (KNGT) {Contact System)
78
L £ Plasma Kalllkreln <<<—— PreKalllkreln
B2 (KLKBT)
e
-E [
8 Factor Xl —=> Factor Xlla
g E (F12)
-]

Factor XI ——== Factor Xla

g
< (F11)

Factor Villa =<— Factor Vill

Coagulation Cascade

Factor Va «<==— Factor V

Protrombin ——=> Trombin

== Fibrin

Fic. 1. Schematic representation of the contact system within the coagulation cascade. The intrinsic (contact system) and extrinsic pathways that
initiate the coagulation cascade are shown within gray boxes. The official human gene symbol is reported in brackets below each contact system
component. Additional endogenous and exogenous components that impinge on kininogen are shown extemal to the coagulation pathway.

Therefore, the contact system represents a link between
the coagulation and inflammatory responses, two systems
central to host survival in the face of tissue damage and in-
fection. Nonetheless, the intrinsic coagulation pathway seems
to play a minor role in the control of hemostasis, suggesting
that its major physiologic functions are exerted by kinin re-
lease and include induction of inflammatory responses and
regulation of blood pressure (Campbell 2001).

Several evidences have also indicated that the contact
system may be regarded as an important branch of innate
immunity. In fact, contact system components can bind to
the surface of pathogenic Gram-positive and Gram-negative
bacteria and become activated, whereby releasing BK and
antimicrobial peptides (AMPs) (fig. 1). AMPs are derived
from the proteolysis of kininogen domains D3 and D5, and
are active against a wide range of bacterial species (Nordahl
et al. 2005; Frick et al. 2006). Moreover, kinins can activate
immune responses by different strategies, including recruit-
ment of neutrophils (Paegelow et al. 2002), stimulation of

1398

alveolar macrophages (Sato et al. 1996), and induction of
dendritic cell maturation via the BK receptor 2 (Scharfstein
et al. 2007). As a consequence of these properties, activation
of the contact system potentiates the host response against
invading pathogens. Nevertheless, BK may also exert adverse
effects during infection by inducing hypotension and vascular
leaks, eventually contributing to the pathogenesis of sepsis
(reviewed in Nickel and Renne [2012]). Moreover, increased
vascular permeability potentially facilitates the systemic
spread of the infectious agent Indeed, several pathogens
encode proteins that bind contact system components
and/or proteases that mediate kininogen proteolysis. One
of the first identified microbial kininogenases is cruzipain, a
Trypanosoma cruzi virulence factor (Del Nery et al. 1997).
Cruzipain is encoded by multiple polymorphic genes, and
its cleavage of high-molecular-weight kininogen releases
Lys-BK, which, in tum, facilitates host cell invasion
(Scharfstein et al. 2000). After T. cruzi, several pathogens
were found to encode kininogenases: These include
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Plasmodium falciparum (Bagnaresi et al. 2012), the causative
agent of malaria, parasitic worms such as Schistosoma man-
soni and Fasciola hepatica (Carvalho et al. 1998; Cordova et al.
2001), fungi of the Candida genus (Rapala-Kozik et al. 2010),
and several bacteria species such as Streptococcus pyogenes
(Herwald et al. 1996), Staphylococcus aureus (Imamura et al.
2005), and Porphyromonas gingivalis (Imamura et al. 1995).

These observations, and the role of kininogen as a source of
AMPs, suggest that contact system genes, and KNG in par-
ticular, might have been engaged in host—pathogen genetic
conflict.

Results

Evolutionary Analysis of Contact System Genes in
Mammals

To investigate the evolutionary history of contact system
genes in mammals, we retrieved coding sequence information
for all available species from the Ensembl database (htep://
www.ensemblorg/indexhtml, last accessed November 3,
2012) for KNG1, KLKB1, F11, and F12. Because, due to alter-
native splicing, KNG1 originates two alterative products that
share a common proximal region, the alignment was split into
three portions covering the common region (domains D1-
D4, KNG1pi-pas) the low-molecular-weight specific domain
(D5 and KNG1ps), and the high-molecular-weight unique
portion (D54-D6 and KNG1pst.p6) (fig. 2). A comparison with
the genome-wide distributions of pairwise comparisons
(human-macaque, human-mouse, and human-dog) re-
vealed the KNG1p,_p, and KNGTpg.ps (KNGTps was not
analyzed due to its short size) tend to have very high dN/
dS values, whereas F11, F12, and KLKB1 have dN/dS ratios
comparable to most genes (supplementmary fig. S1,
Supplementary Material online).

We next screened the multiple sequence alignments (in-
cluding all available mammalian species) for evidences of re-
combination using Genetic Algorithm Recombination
Detection (GARD) (Kosakovsky Pond et al. 2006); this analysis
uncovered the presence of recombination breakpoints in
KNGTpsips KLKB1, and F11 (one breakpoint/alignment)
(fig. 2). In the case of KNG1ps.pe we excluded a region sur-
rounding the breakpoint as it showed limited homology
across species. Taking GARD results into account, we calcu-
lated the average nonsynonymous (dN) to synonymous (dS)
substitution rate ratio (dN/dS) for all alignments. In all cases,
dN/dS was lower than 1, with the exception of the very short
(29 aligned amino acids) KNG1pg region (dN/dS=1.10382,
95% confidence interval [Cl] =0.88-1.36) (supplementary
table S1, Supplementary Material online). To formally test
whether contact system genes have evolved adaptively in
mammals, we used the codeml program to compare
models of gene evolution that allow (NSsite models M2a
and M8) or disallow (NSsite models M1a and M8a) a class
of codons to evolve with dN/dS > 1 (Yang 2007). Specifically,
these models were applied after dividing the alignments show-
ing evidence of recombination into halves based on the loca-
tion of the recombination breakpoints. Results indicated that
for all alignments covering KNG1, the two null models were

rejected in favor of the positive selection models (supplemen-
tary table S2, Supplementary Material online). For the remain-
ing genes, the M1a/M2a and M8a/M8 comparisons did not
support positive selection (not shown). Thus, only KNG1 can
be reliably considered as a target of positive selection, and all
gene domains showed evidences of adaptive evolution in
mammals (supplementary table S2, Supplementary Material
online).

To identify specific sites subject to positive selection in
KNG1, we applied the Bayes empirical Bayes (BEB) method
(with a cutoff of 0.90) from M8 (Anisimova et al. 2002; Yang
et al. 2005). Because this approach may yield some false pos-
itives when a relatively large number of sequences is analyzed
(Kosakovsky Pond and Frost 2005), we used the mixed effects
model of evolution (MEME) (with the default cutoff of 0.1)
(Murrell et al. 2012) as a second criterion. Thus, only sites
detected by both methods were considered to be positively
selected, although this may result in an underestimation of
the actual number of selected sites. Using these criteria, sev-
eral positively selected sites were identified, and these are
scattered across the whole sequences of KNG1 with the ex-
clusion of the conserved BK sequence (fig. 2). Cleavage of
kininogen domain D3 has been shown to originate AMPs,
and several positively selected sites were found to be located
within these peptides. Domain D5 also gives rise to antimi-
crobial molecules deriving from the proteolysis of the histi-
dine-rich region, which could be only partially aligned in the
species we analyzed (fig. 2); one of these antibacterial peptides
(CKH17) encompasses one positively selected residue. Three
additional selected sites flank the BK region and rim an alter-
native cleavage site that originates from Met-Lys-BK-Ser-Ser,
produced by neutrophils (Kahn et al. 2009) (fig. 2). The bind-
ing sites for F11 and PK in domain D6y also display sites
targeted by selection (fig. 2). Finally, residue 577 (Ser in
humans) represents a predicted O-glycosylation site (http://
www.uniprotorg, last accessed November 3, 2012); interest-
ingly, minor changes in the glycosylation state of high-molec-
ular-weight kininogen have been shown to result in faster
cleavage by PK and higher BK production in rats susceptible
to chronic intestinal and systemic inflammation (lsordia-Salas
et al. 2003).

Population Genetic Analysis in Humans

KNG1, KLKB1, F11, and F12 have been almost fully rese-
quenced within the SeattleSNPs Variation Discovery
Resource  Program  (http://pga.gswashingtonedu/, last
accessed November 3, 2012). In particular, for each gene, a
region encompassing the whole transcription unit plus flank-
ing genomic sequences has been sequenced in 24 African
American (AA) and 23 European (EU) subjects (SeattleSNPs
DNA Panel 1), with only small sequencing gaps scattered
along the introns.

We exploited the availability of these data to calculate 6y,
an estimate of the expected per site heterozygosity
(Watterson 1975), and 7, the average number of pairwise
sequence nucleotide differences between haplotypes (Nei
and Li 1979). To compare the values we obtained for contact
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Fic. 3. Nucleotide diversity estimates for contact system genes. 1 is plotted against (. The dashed vertical and horizontal lines represent the 5thand
95th percentiles of a distribution of 201 genes (gray dots) resequenced within the SeattleSNPs Variation Discovery Resource Program. Average values

(107 for 8y, and 7: AA, 978 and 8.44; EU, 6.08 and 6.62, respectively.

system genes, we calculated 6y, and 7 for 201 genes rese-
quenced in the same individuals (Panel 1) by the SeattleSNPs
Program. These 0, and 7 estimates were used to obtain an
empirical distribution, and values higher than the 95th per-
centile were considered significant. No significant values of
8y and 7 were observed for KLKB1, F11, and F12 (fig. 3);
conversely, for KNG1 both indexes were high in AA and EU,
although the rank of f, in AA did not reach the 95th per-
centile (fig. 3).

High nucleotide diversity might suggest the action of bal-
ancing selection—that is, a process whereby genetic variabil-
ity is maintained in populations due to some selective
pressure. As a result of mutation and recombination, balanc-
ing selection signatures tend to extend over relatively short
genomic intervals (Wiuf et al. 2004; Charlesworth 2006). Thus,
to further explore the possible role of balancing selection in
shaping diversity at KNG1, we divided the gene region into
three continuous subregions of approximately 8kb (KNG1-r1,
-r2, and -r3) (fig. 4a). For each subregion, we calculated nu-
cleotide diversity and compared the values with a distribution
of Oy, and 7 calculated for 5-kb windows (hereafter referred
to as reference windows) deriving from 238 genes rese-
quenced by the National Institute of Environmental Health
Sciences (NIEHS) Program in the same populations. The per-
centile ranks corresponding to KNG1 regions in the distribu-
tion of NIEHS gene values are reported in table 1 and indicate
that KNG1-r1 displays excremely high nucleotide diversity in
AA and CEU; conversely, no significant values are observed for
KNG1-r2 and KNG1-r3.

To gain further insight into the evolutionary pattem of
KNG1 in human populations, we fully resequenced the
region encompassing exons 1—4 in two additional HapMap
populations, namely Yoruba (YRI) and East Asians (AS)
(fig. 4a). Both 6y, and 7 displayed values higher than the

98th percentile in the distribution of 5-kb reference windows
in these populations, as well (table 1).

An effect of balancing selection is a distortion of the site
frequency spectrum (SFS) toward intermediate frequency al-
leles. Common neutrality tests based on the SFS include
Tajima’s D (Dy) (Tajima 1989) and Fu and Li's D* and F*
(Fu and Li 1993). Because, population history, in addition to
selective processes, is known to affect the SFS, the significance
of neutrality tests was evaluated by performing coalescent
simulations with population genetics models that incorpo-
rate demographic scenarios (see Materials and Methods). As
above, we also applied an empirical comparison by calculating
the percentile rank of Dy, F*, and D* in the KNG1-r1 relative to
5-kb reference windows. Neutrality tests indicated departure
from neutrality with significantly positive values for most sta-
tistics in all populations (table 1).

As mentioned earlier, our data (table 1) indicate that nu-
cleotide diversity indexes are extremely high for the analyzed
KNG1 gene region in all populations. To confirm this obser-
vation, we applied a muldlocus maximum-likelihood
Hudson—Kreitman-Aguadé (MLHKA) test (Wright and
Charlesworth 2004) by comparing polymorphism and diver-
gence levels at the KNG7-r1 with 16 NIEHS genes resequenced
in the same populations (AA, YR, EU, and AS). Results, sum-
marized in table 2, indicate that a significant excess of nucle-
otide diversity versus interspecies divergence is detectable in
all populations for the KNG1 study region.

Further insight into the evolutionary history of a gene
region can be gained by inferring haplotype genealogies.
The presence of recombination may yield unreliable geneal-
ogies and affect inference of coalescent times. Thus, we
selected a subregion in KNG1-r1 based on linkage disequilib-
rium (LD); in particular, we used data from a 2-kb region
(National Center for Biotechnology Information [NCBI]/hg18
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Table 1. Nucleotide Diversity and Neutrality Tests for KNG1 Regions.

Population ~ N®  S* I (210 %) Oy (x10°%)

Tajima’s D Fu and Li's D* Fu and Li's F*

Value Rank® Value Rank*

Value (P)¢ Rank®

Value (P)* Rank® Value (Py* Rank®

KNG1-r1
AA 48 73 3749 2099 2229 099 241 (<0001) >099 083 (0.091) 093 168 (<0.001) >099
YRI 44 68 3684 099 2118 098 263 (<0.001) =099 15(0005) 099 227 (00045)  >0.99
EU 46 62 3072 099 1912 098 214 (0.010) 097 144 (0.048) 096 2.02 (0.008) 098
AS 40 62 3301 2099 1975 099 242 (0.010) 099 117 (0.066) 094 191 (0010) 0.99
KNG1-r2
AA 48 55 1341 089 1252 081 - = == = = i
EU 46 43 1285 090 988 089 — — — — — —
KNG1-r3
AA 48 50 1187 085 1224 081 - — — — — —
EU 46 36 1128 087 890 085 — — — — — —

Nore.—Significant percentile rank and P values are underlined

“Sample size (chromosomes).

PNumber of segregating sites.

“Percentile rank relative to a distribution of 238 5-kb windows from NIEHS genes.
4P value obtained by coalescent simulations.

Table 2. MLHKA Test for KNG1-+1.

Population MLHKA

K P
AA 5.70 456 10 ©
YRI 5.18 9.84 310 ¢
EU 6.57 288 x 1077
AS 7.19 119 x 1077

“Selection parameter (k> 1 indicates an excess of polymorphisms compared with
divergence; k < 1 indicates the opposite situation).

chr3:187921248-187923253) with relatively high LD in all
analyzed populations (supplementary fig. $2, Supplementary
Material online).

As it is evident from both the GENETREE analysis (Griffiths
and Tavare 1995) (fig. 4b), the haplotype genealogy is split
into two major clades (haplogroups 1 and 2) separated by
long branches; both clades are further split into relatively deep
subclades each containing common haplotypes. The time to
the most recent common ancestor for the KNG1 haplotype
phylogeny was obtained using GENETREE and amounted to
529 My (standard deviation: 1.24 My), assuming that the
human—chimpanzee divergence was 6 Ma. Such deep gene-
alogies are highly unlikely under neutrality as estimates for
neutrally evolving autosomal loci range between 0.8 and 15
My (Tishkoff and Verrelli 2003; Garrigan and Hammer 2006).

Overall, these analyses indicate that KNG1-r1 has been a
target of long-standing multiallelic balancing selection in all
populations.

To identify the possible selection targets, we searched for
putative functional variants within the analyzed region and
included them in a haplotype network built on the basis of
variants in the LD region (fig. 4c). Analysis of intermediate
frequency single-nucleotide polymorphisms (SNPs) indicated
the presence of one single amino acid-replacing polymor-
phism in exon 4 (51656922, Met178Thr). This position
does not overlap with any of the sites targeted by diversifying
selection in mammals, and the derived 178Met allele defines

major haplotypes within both haplogroups (fig. 4c); this ob-
servation and the fact that the SNP involves a CpG dinucle-
otide suggest that it is a recurrent mutation, making it
difficult to infer its evolutionary history. Data from the
ENCODE project (ENCODE Project Consortium et al. 2012)
obtained in HepG2 cells (a hepatocellular carcinoma cell line,
as liver is the major expression site of KNG1) indicated that
the balancing selection region carries three DNase | hypersen-
sitive sites, as well as binding sites for different transcriptional
regulators (fig. 4a). These include CTCF and two components
of the cohesin complex (Rad21 and SMC3); these latter have
been shown to be recruited to a subset of DNase | hypersen-
sitive sites by CTCF where they function as transcriptional
insulators (Parelho et al. 2008). Two signals for CEBPB (also
known as liver activator protein) are observed in the region, as
well. Two polymorphic variants (152689197 and rs2651640)
fall within the intronic CEBPB binding site overlapping one
DNase | hypersensitive site (fig. 4a); their inclusion in the
network indicated that they separate the two major haplo-
type clades (fig. 4c). Finally, rs1648714 is located within the
CTCF/SMC3/Rad21 binding sites (fig. 4a) and defines a major
haplotype within haplogroup 2 (fig. 4c).

Population Genetic Analysis of KNG1 in Chimpanzees
Given the deep coalescence time of the KNGT haplotype
phylogeny, we analyzed the evolutionary pattern of the
gene in chimpanzees. Specifically, we resequenced a 5-kb
region (magenta bar in fig4a) in nine unrelated Pan troglo-
dytes; the aim was to analyze nucleotide diversity and evaluate
the presence of trans-specific polymorphisms (i.e, variants
shared between humans and chimpanzees). The total
number of segregating sites was 10, and no trans-specific
variant was observed. To assess whether the KNG1 region
shows unusual levels of nucleotide variability, we compared
6 and 7 to the distribution of these same parameters cal-
culated over 16 genomic regions resequenced in the same
individuals (see Materials and Methods); results indicated
that nucleotide variability in KNG1 is not exceptional and,

1403

10T ‘6129019() U0 BIPAN T 094NUIIE 18u] 1B [B10°s|pwnolpioyxo-aquiy/:dny woy papeoumoq

74



Cagliani et al. - doi:10.1093/molbev/mst054

MBE

therefore, that this region is likely to be neutrally evolving in
chimpanzees (supplementary fig. 3, Supplementary Material
online).

Discussion

Evolutionary studies rely on the signatures left by natural
selection to describe regions or sites that evolved adaptively
and, as such, entail functional significance and represent de-
terminants of phenotypic variation. Evolutionary analysis
along the mammalian phylogeny indicated no consistent ev-
idence of adaptive evolution for F11, F12, and KLKBI.
Conversely, strong signatures of diversifying positive selection
were detected for KNG1. In this analysis, we aimed at mini-
mizing false-positive results by requiring all neutral models to
be rejected in favor of the positive selection models and by
screening for recombination. Positively selected sites were
defined by the use of two methods, BEB and MEME; on the
one hand, this choice was motivated by the desire to limit the
number of false-positive results. On the other hand, we most
likely underestimated the number of positively selected sites.
Indeed, MEME allows the distribution of dN/dS to vary from
branch to branch at an individual site, resulting in the ability
to detect both episodic and pervasive positive selection
(Murrell et al. 2012); conversely, sites evolving under episodic
selection are likely to be missed by BEB. Thus, the combina-
tion of the two methods results in the confident identifica-
tion of sites evolving under pervasive diversifying selection
only (ie, evidence of episodic selection are lost). Despite
this conservative approach, several residues were found to
have evolved adaptively in KNG1. Positively selected residues
are located in all domains, with the exception of the highly
conserved BK sequence. The scattering of selection targets
along the entire coding sequence may at least in part be a
consequence of the complex and multifaceted interaction
between kininogen and infectious agents. In fact, a number
of pathogens such as Candida albicans, S. pyogenes,
Escherichia coli, and group G streptococci bind kininogen
and activate the contact system (Ben Nasr et al. 1996, 1997;
Karkowska-Kuleta et al. 2011; Wollein Waldetoft et al. 2012)
(fig. 1); the precise binding sites on the kininogen are un-
known and may differ across pathogens, although some in-
teractions have been mapped to domains D3, D5y, and Dé.
Also, different infectious agents (including bacteria, fungi, hel-
minths, and protozoa) encode proteases that can release
kinins (from domain D4) and exploit this ability as a virulence
strategy (Del Nery et al. 1997 Carvalho et al. 1998; Cordova
et al. 2001; Rapala-Kozik et al. 2010 Bagnaresi et al. 2012)
(fig. 1). Interestingly, ScpA and SspB from Sta. aureus cleave
kininogen at each terminal side of the kinin domain releasing
Leu-Met-Lys-BK (Imamura et al. 2005). Therefore, the posi-
tively selected 377Ser (fig. 2) represents the N-terminal cleav-
age site of ScpA/SspB, suggesting that sites flanking the BK
sequence are evolving to avoid recognition and cleavage by
proteases encoded by infectious agents. Finally, contact
system activation at the surface of pathogenic bacteria results
in the generation of AMPs from domains D3 and D5 (fig. 1)
(Nordahl et al. 2005; Frick et al. 2006). In the case of domain
D3, the pattern of generated AMPs depends on the infecting

1404

bacteria (Frick et al. 2006). AMPs are considered pivotal com-
ponents of innate immunity as they represent a first-line re-
sponse against invading pathogens; in line with this view,
other genes encoding AMPs, such as defensins and cathelici-
dins, were targeted by positive selection (Zelezetsky et al.
2006; Hollox and Armour 2008). Among AMPs deriving
from kininogen D3, NAT26 showed the strongest action
against a wide range of bacteria (Frick et al. 2006); the
NAT26 region carries two positively selected sites, and addi-
tional residues targeted by selection occur within the se-
quence of other less effective AMPs from D3 and within
GKH17 from D5y (fig. 2). It will be extremely interesting to
evaluate whether adaptive changes affect the antimicrobial
activity of these peptides, as they have been proposed as
possible therapeutic molecules against bacterial and fungal
infections (Pasupuleti et al. 2009; Schmidtchen et al. 2009;
Sonesson et al. 2011). Overall, these observations suggest
that multiple kininogen domains establish diverse interac-
tions with infectious agents, and this may resultin widespread
selection. Nonetheless, no interaction has been described be-
tween domains D1/D2 (where several positively selected sites
are located) and pathogens, although domain 2 has protease
inhibitory activity (Colman and Schmaier 1997) and may in-
hibit proteases from infectious agents.

An alternative and not mutually exclusive possibility is that
the selective pressure exerted by infectious agents is indirect
and derives from the modulation of the inflammatory re-
sponse. As an example, kinins can be released from high-
molecular-weight kininogen by cellular proteases distinct
from PK. Neurtrophil-derived elastase and proteinase 3
(fg. 1) produce kinins with terminal extensions: Ser-Leu-
Met-Lys-BK-Ser-Ser-Arg-lle (where the N-terminal Ser and
the C-terminal Arg and lle residues are the positively selected
sites, fig. 2), BK-Ser-Ser, and Ser-Leu-Met-Lys-BK (Imamura
et al. 2002; Kahn et al. 2009). These kinins may be subse-
quently processed at both termini, have physiological effects
similar to those of BK, and are thought to act as important
mediators at sites of inflammation (Imamura et al. 2002; Kahn
et al. 2009). Whether the positively selected sites alter the
physiologic function of these kinins or the efficiency of their
production by neutrophil enzymes remains to be evaluated.

The contact system has been a target of intense investiga-
tion for years, as it represents a central link among the
coagulation cascade, inflammation, and innate immunity.
High-molecular-weight kininogen possibly represents the
very molecule at the crossroad of these pathways, as it par-
ticipates in contact system activation and its cleavage origi-
nates both kinins and AMPs; in line with this observation,
results herein indicate a continuum in selective pressure
acting on different timescales and targeting the KNG1 gene
but not other contact system components. Indeed, analysis of
nudeotide diversity in human populations revealed no usual
feature for F11, F12, and KLKBT; conversely, we found strong
evidences that genetic diversity at KNGT has been maintained
by balancing selection during the evolutionary history of
human populations. In line with this finding, the analysis of
KNG1 haplotypes revealed the presence of two clades sepa-
rated by long branches approximately dating back to the time
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when the human and chimpanzee lineages diverged (Clazko
and Nei 2003). Altogether these features represent strong
molecular signatures of long-term balancing selection, and
the split of the major branches in subclades with relatively
deep times of the most recent common ancestor (TMRCA)
suggest that the selection is multiallelic (i.e, that more than
one selection target are located in the region). Despite the
deep coalescence time of the KNG1 haplotype phylogeny,
no selection signature was detected in chimpanzees.
Nonetheless, this conclusion should be interpreted with cau-
tion as the number of resequenced P. troglodytes individuals is
relatively small and analysis of additional samples might
unveil the presence of low-frequency haplotypes, which
might still result from selection (eg. frequency-dependent
selection).

Analysis of variants located along the major branches of
the haplotype genealogy indicated that long-standing balanc-
ing selection may be acting to maintain regulatory variant in
KNG1, as previously shown for other genes involved in innate
immunity (Cagliani et al. 2008, 2010; Ferrer-Admetlla et al.
2008; Hollox and Armour 2008). Interestingly, two polymor-
phisms (fig. 4a) fall within a CEBPB binding site. CEBPB is a
major regulator of the expression of acute phase proteins and
is induced upon stimulation with lipopolysaccharide and in-
terleukin-6 (Akira et al. 1990), suggesting that it may link
KNG1 expression to inflammatory and infectious states.
Increase in the plasma concentration of acute phase proteins
is a hallmark of sepsis, and the contact system was shown to
play a central role in this potentially fatal condition (Nickel
and Renne 2012). It remains to be evaluated whether variants
in the balancing selection region modulate KNG1 expression
during infection, and, possibly, during the systemic inflamma-
tory response syndrome (SIRS) and sepsis, this latter still con-
sidered a major cause of death in infants (Watson and Carcillo
2005) and a driver of molecular evolution in humans (Wang
et al. 2006; Xue et al. 2006).

In summary, data herein indicate that, unique among con-
tact system genes, KNGT has been a target of long-lasting and
strong selective pressures. These data reinforce the idea that
kininogen plays a central role in the modulation of immune
response and is a target of an extremely diverse array of path-
ogen species.

Materials and Methods

Evolutionary Analysis in Mammals

All mammalian sequences for KNG1, F11, F12, and KLKB1
were retrieved from the Ensembl website (htep://www.
ensembl.org/indexhtml, last accessed November 3, 2012).
For KNG, the following species were aligned: Homo sapiens
(human), P. troglodytes (chimpanzee), Gorilla gorilla (gorilla),
Nomascus leucogenys (gibbon), Macaca mulatta (macaque),
Callithrix jacchus (mammoset), Microcebus murinus (mouse
lemur), Mus musculus (mouse), Rattus norvegicus (rat),
Cavia porcellus (guinea pig), Oryctolagus cuniculus (rabbit),
Bos taurus (cow), Tursiops truncatus (dolphin), Canis lupus
familiaris (dog), Ailuropoda melanoleuca (panda), Sus scrofa
(pig), Equus caballus (horse), Myotis Lucifugus (microbat),

Pteropus vampyrus (megabat), Erinaceus europaeus (hedge-
hog), Loxodonta africana (elephant), and Sorex araneus
(shrew), Dasypus novemcinctus (armadillo). For KLKB1, F11,
and F12, species list is reported in supplementary table S3,
Supplementary Material online. Sequences for all species (ex-
cluding human) derive from genome sequencing program
predictions. The available KNG1 transcript sequences for
mouse  (NM_0231253 and NM_001102411.1), rat
(NM_0126962), and cow (NM_001113277.1 and
NM_175774.3) were checked against the predicted sequences
of the respective species and showed 100% identity. The pre-
dicted sequences for mouse lemur, guinea pig and pig
showed sequencing gaps in the KNG1psy e region (fig. 2);
missing data do not affect inference of positive selection, and
omission of these species from PAML analysis yielded com-
parable results to those obtained with their inclusion (not
shown). DNA alignments were performed using the RevTrans
2.0 utility (Wernersson and Pedersen 2003), which uses the
protein sequence alighment as a scaffold for constructing the
corresponding DNA multiple alignment. This latter was
checked and edited by hand to remove alignment uncertain-
ties. Average dN/dS and its Cls were calculated using SLAC
(Kosakovsky Pond and Frost 2005) taking GARD results into
account (e, using GARD inferred trees). SLAC was run
through the DataMonkey server (Delport et al. 2010)
(hetp://www.datamonkey.org, last accessed November 3,
2012). For PAML analyses (Yang 2007), we used trees gener-
ated by maximum likelihood using the program PhyML
(Guindon et al. 2009).

To detect selection, NSsite models that allow (M8 and
M?2a) or disallow (M1a and M8a) sites to evolve with dN/
dS > 1were fitted to the data using the F3x4 codon frequency
model. Whenever maximum-likelihood trees showed differ-
ences (always minor) from the accepted mammalian phylog-
eny, analyses were repeated using the accepted tree, and the
same results were obtained in all cases. Sites under selection
with the M8 model were identified using BEB analysis using a
significance cutoff of 0.90 (Anisimova et al. 2002; Yang et al.
2005). GARD and MEME analyses were performed through
the DataMonkey server (Delport et al. 2010) (http://www.
datamonkey.org, last accessed November 3, 2012).

Pairwise dN/dS values for human-macaque, human-—
mouse, and human-dog orthologs were derived from the
Ensembl BioMart database (http://www.ensembl.org/bio
mart/, last accessed November 3, 2012); only 1-to-1 orthologs
were included, and genes with dS> 1 were discarded. The
number of ortholog pairs were 15435 (human-macaque),
13,411 (human-mouse), and 12,987 (human—dog).

HapMap Samples and Sequencing

Human genomic DNA from YRI and AS individuals was ob-
tained from the Coriell Institute for Medical Research. The
analyzed region (NCBI36/hg18: chr3:187920669-187925896)
was polymerase chain reaction (PCR) amplified and directly
sequenced (primer sequences are available upon request).
PCR products were treated with ExoSAP-IT (USB
Corporation Cleveland, OH), directly sequenced on both
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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), inspected manually by two distinct operators.
Genotype data for AA and EU were retrieved from the
SeattleSNPs  website (http://pgambtwashington.edu, last
accessed November 3, 2012). Information on SNP positions
and haplotypes for all subjects is available in supplementary
table S4, Supplementary Material online. The genomic DNA
of nine P. troglodytes was obtained from the Gene Bank of
Primates, Primate Genetics, Germany (http://dpz.eu/index.
php, last accessed November 3, 2012). These samples have
been shown to belong to the P. troglodytes verus subspecies
(Cagliani et al. 2012).

Population Genetic Analyses

Tajima’s D (Tajima 1989), Fu and Li's D* and F* (Fu and Li
1993) statistics, and diversity parameters 6y, (Watterson
1975) and m (Nei and Li 1979) were calculated using
“libsequence” (Thomton 2003). Calibrated coalescent simula-
tions were performed using the “cosi” package (Schaffner
et al. 2005) and its best-fit demographic parameters for AA,
YRI, EU, and AS populations with 10,000 iterations.
Coalescent simulations were conditioned on mutation rate,
and recombination rate was derived from the University of
Califomia-Santa Cruz tbles (htep://genome.ucscedu/,
snpRecombRateHamap table, last accessed November 3,
2012).

The maximum-likelihood-ratio Hudson—Kreitman-Aguadé
(HKA) test was performed using the MLHKA software
(Wright and Charlesworth 2004), as previously proposed
(Fumagalli et al. 2009). For human populations, 16 refer-
ence loci were randomly selected among NIEHS loci
shorter than 20kb that have been resequenced in AA,
YRI, EU, and AS; the only criterion was that Tajima’s D
did not suggest the action of natural selection (ie,
Tajima’s D is higher than the 5th and lower than the
95th percentiles in the distribution of NIEHS genes).

Genotype data from 201 genes resequenced in AA and EU
(SeattleSNPs Panel 1) were derived from the SeattleSNPs
Variation Discovery Resource Program (http://pgags.
washington.edu/, last accessed November 3, 2012).

Genotype data for 5-kb regions from 238 resequenced
human genes were derived from the NIEHS SNPs Program
web site  (http://egpgswashingtonedu, last accessed
November 3, 2012). In particular, we selected genes that
had been resequenced in populations of defined ethnicity
including AA, YRI, EU, and AS (NIEHS Panel 2).

For the chimpanzee, the empirical comparison of 6,y and 7
parameters was performed using 16 resequenced regions in
the same individuals as reference lod (Cagliani et al. 2012).

Haplotype Analysis and TMRCA Calculation

Haplotypes were inferred using PHASE (version 2.1) (Stephens
et al. 2001; Stephens and Scheet 2005). The median-joining
network to infer haplotype genealogy was constructed using
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NETWORK 4.5 (Bandelt et al. 1999). Estimate of the TMRCA
derived from application of a maximum-likelihood coalescent
method implemented in GENETREE (Criffiths and Tavare
1994, 1995). The method assumes an infinite-site model with-
out recombination; therefore, GENETREE identifies sites that
violate these assumptions: In the case of KNG, nine variants
(rs5029985, rs5029986, rs12635879, rs5029989, rs5029991,
155029992, rs1656910, rs1829886, and rs1648714) were iden-
tified and we eliminated them from the data. Again, the
mutation rate 4 was obtained on the basis of the divergence
between human and chimpanzee and under the assumption
both that the species separation occurred 6 Ma (Glazko and
Nei 2003) and of a generation time of 25 years. A constant
population size model was used for simulations, and the mi-
gration matrix was derived from previous estimated migra-
tion rates (Schaffner et al. 2005). Using this 1 and € maximum
likelihood (9), we estimated the effective population size
parameter (N,), which resulted equal to 30,545. With these
assumptions, the coalescence time, scaled in 2N, units, was
converted into years. For the coalescence process, 10° simu-
lations were performed.

LD analyzes were performed using Haploview (Barrett et al.
2005), and haplotypes blocks were identified through an im-
plemented method (Gabriel et al. 2002).

Data for LD analysis were derived from resequencing data.

Supplementary Material

Supplementary figures 51-53 and tables $1-54 are available at
Molecular Biology and Evolution online (http://wwwmbe.
oxfordjournals.org/).
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Abstract

AIM2-like receptors (ALRs) are a family of nucleic acid sensors essential for innate immune responses against viruses and bacteria. We
performed an evolutionary analysis of ALR genes (MNDA, PYHINT, IF16, and AIM2) by analyzing inter- and intraspecies diversity.
Maximum-likelihood analyses indicated that IF/16 and AiM2 evolved adaptively in primates, with branch-specific selection at the
catarrhini lineage for IF116. Application of a population genetics—phylogenetics approach also allowed identification of positive
selection events in the human lineage. Positive selection in primates targeted sites located at the DNA-binding interface in both
IFl16and AIM2. InIF116, several sites positively selected in primates andin the human lineage were located in the PYD domain, whichis
involved in protein—protein interaction and is bound by a human cytomegalovirus immune evasion protein. Finally, positive selection
was found to target nudlear localization signals in IFI16 and the spacer region separating the two HIN domains. Population genetic
analysis in humans revealed that an /F/76 genic region has been a target of long-standing balancing selection, possibly acting on two
nonsynonymous polymorphisms located in the spacer region. Data herein indicate that ALRs have been repeatedly targeted by
natural selection. The balancing selection region in /FI76 carries a variant with opposite risk effect for distinct autoimmune diseases,
suggesting antagonistic pleiotropy. We propose that the underlying scenario is the result of an ancestral and still ongoing host-
pathogen arms race and that the maintenance of susceptibility alleles for autoimmune diseases at /Fl76 represents an evolutionary
trade-off.

Key words: AlM2-like receptors, positive selection, long-standing balancing selection, IFI16.

Introduction specificity, and downstream signaling pathway. Among
Mammalian nudleic acid-sensing receptors play essential roles them, toll-like receptors (TLRs) are the best characterized
in the recognition of infectious agents and in triggering innate class, and at least four members (TLR3, TLR7, TLR8, and
and adaptive immune responses. Different classes of nucleic TLRY), located at the endosomal membrane, are specialized
acid-sensing molecules have been identified; these molecules in viral sensing (Desmet and Ishii 2012). TLRs signal through
are dassified on the basis of cellular localization, target MyD88 or TRIF to induce the release either of inflammatory

© The Author(s) 2014, Published by Oxford University Press on behalf of the Society for Molecular Biclogy and Evolution.
This is an Open Access artide distibuted under the terms of the Creative Commons Attribution License (hiip://creativecommons.orgficenses/by3.00, which permits unrestricted reuse,
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cytokines or of type | interferons (IFNs). The cytoplasmic
detection of viral RNA is also mediated by cytosolic RIG-Hike
receptors (RIG-, IFIH1, and DHX58), which elidt type | IFN
responses through the mitochondrial antiviral signaling
(MAVS) adaptor (Desmet and Ishii 2012). NOD2, a member
of the NOD-like receptor (NLR) family, also impinges on MAYS
upon sensing single-stranded RNA (ssRNA), whereas NLRP3 is
activated by ssRNA or dsRNA resulting in the formation of
the inflammasome complex, which is mediated by PYCARD
(also known as ASC) (Desmet and Ishii 2012). Finally, the IFN-
inducible HIN-200 gene family, also called PYHIN gene family,
comprises a class of homologous viral sensor proteins charac-
terized by the presence of an N-terminal pyrin-domain and a
200-amino acid signature motif (HIN-200 domain) (Veeranki
and Choubey 2012).

In humans, four members of this family have been identi-
fied and are encoded by a cluster of genes (MNDA, PYHINT,
IFi16, and AIM2) located on chromosome 1. These proteins
share a pyrin motif involved in protein—protein interactions,
as well as one (AIM2, MNDA, and PYHIN1) or two (IFI16)
HIN-200 domains that mediate binding to double-stranded
DNA (dsDNA) (fig. 1) (Schattgen and Fitzgerald 2011). The
best studied PYHIN family members are AIM2 and IFI16. The
former is a sensor of cytosolic DNA, which triggers the inflam-
mosome pathway through PYCARD resulting in caspase-
1-mediated cleavage of IL-1B (Schattgen and Fitzgerald
2011). Conversely, IFI16 has a mainly nudear activity (in anal-
ogy to MNDA and PYHIN1), although it can also sense dsDNA
in the cytoplasm, as its nuclear-cytoplasmic shuttling is regu-
lated by a multipartite nuclear localization signal (U et al.
2012). IFI6 signals through STING-dependent pathways.
PYHIN proteins, according to their function as innate
DNA sensors, are also termed AIM2-like receptors (ALRs)
(Unterholzner et al. 2010).

A recent analysis of ALR genes in mammals indicated
that the duster is extremely dynamic: Distinct species carry
diverse sets of functional genes, suggesting that strong selec-
tive pressures have been acting on these lod (Brunette et al.
2012). Indeed, evolutionary analysis of other genes involved
in nudleic acid sensing or in the downstream signaling path-
ways identified signatures of natural selection. Thus, MAVS
evolved adaptively in primates, the underlying pressure be-
ing accounted for by hepadviruses (Patel et al. 2012).
Likewise, analysis of RIG-I-like receptors in human populations
revealed signatures of local adaptation at the /FH! and
DHX58 genes (Fumagalli et al. 2010; Vasseur et al. 2011;
Quintana-Murd and Clark 2013). These observations are
in line with viruses, and pathogens, in general, being a ma-
jor determinant of molecular evolution in mammals and
human populations (Kosiol et al. 2008; Fumagall et al.
2011). Herein, we performed an evolutionary study of
the ALR duster by analyzing both inter- and intraspecies
diversity.

Materials and Methods

Evolutionary Analysis in Mammals

Primate sequences for MINDA, PYHIN1, IFI16, and AIM2 were
retrieved from the Ensembl website (http /Avww.ensembl.org/
index.html, last accessed January 30, 2014) and National
Center for Biotechnology Information (NCBI) database
(http:/Avwwncbinim.nin.gov/, last accessed January 30,
2014). IFi16 coding sequencing information for Macaca fasci-
cularis and Chlorocebus aethiops were obtained by real time
polymerase chain reaction (PCR) amplification of RNA derived
from CYNOM-K1 and COS1 cells. Primer sequences are avail-
able in supplementary table S1, Supplementary Material on-
line. The species list for all genes is reported in supplementary
table 52, Supplementary Material online.

DNA alignments were performed using the RevTrans
2.0 utility (Wernersson and Pedersen 2003), which uses the
protein sequence alignment as a scaffold for constructing the
corresponding DNA multiple alignment. This latter was
checked and edited by hand to remove alignment uncertain-
ties. For PAML analyses (Yang 2007), we used trees generated
by maximum likelihood (ML) using the program PhyML
(Guindon et al. 2009).

To detect selection, NSsite models that allow (M8, M2a) or
disallow (M1a and M7) sites to evolve with d\/dS > 1 were
fitted to the data using the F3x4 and F61 codon frequency
model. Whenever ML trees showed differences (always minor)
from the accepted primate phylogeny, analyses were repeated
using the accepted tree, and the same results were obtained
in all cases. Sites under selection with the M8 model were
identified using Bayes empirical Bayes (BEB) analysis using a
significance cutoff of 0.90 (Anisimova et al. 2002; Yang et al.
2005).

To explore possible variations in selective pressure among
different lineages, we applied the free-ratio models imple-
mented in the PAML package: The MO model assumes all
branches to have the same o, whereas M1 allows each
branch to have its own @ (Yang and Nielsen 1998). The
models are compared through likelihood-ratio tests (degree
of freedom = total number of branches — 1). To identify spe-
cific branches with a proportion of sites evolving with w = 1,
we used branch-site-random effects likelihood (BS-REL;
Kosakovsky Pond et al. 2011). Branches identified using this
approach were cross-validated with the branch-site likelihood
ratio tests (LRTs) from PAML (the so-called modified model A
and model MA1, “test 2") (Zhang et al. 2005). The advantage
of this method is that it also implements a BEB analysis anal-
ogous to that described earlier to calculate the posterior prob-
abilities that each site belongs to the site class of positive
selection on the foreground lineages. Thus, BEB allows iden-
tification of specific sites that evolve under positive selection
on specific lineages, although it has limited statistical power
(Zhang et al. 2005).
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Genetic Algorithm Recombination Detection (GARD;
Kosakovsky Pond et al. 2006), mixed effects model of evolu-
tion (MEME; Murrell et al. 2012), single likelihood ancestor
counting (SLAC; Kosakovsky Pond and Frost 2005), and BS-
REL analyses were performed through the DataMonkey server
(Delport et al. 2010) (http/www.datamonkey.org, last
accessed January 30, 2014).

Population Genetics-Phylogenetics Analysis

Data from the Pilot 1 phase of the 1000 Genomes Project
were retrieved from the dedicated website (1000
Genomes Project Consortium et al. 2010). Low-coverage
single-nuclectide polymorphism genotypes were organized
in a MySQL database. A set of programs was developed to
retrieve genotypes from the database and to analyze them
according to selected regions/populations. These programs
were developed in C++ using the GeCo++ (Cereda et al.
2011), the libsequence (Thornton 2003), and the mysqlpp
libraries. Coding sequence information was obtained for the
four ALR genes. To analyze the distribution of fitness effects
(DFEs) for ALR genes, we used gammaMap (Wilson et al.
2011). We assumed 0 (neutral mutation rate per site), k (tran-
sitions/transversions ratio), and T (branch length) to vary
among genes following log-normal distributions. For each
gene, we set the neutral frequencies of non-STOP codons
(1/61) and the probability that adjacent codons share the
same selection coefficient (P=0.02). For selection coeffi-
dents, we considered a uniform Dirichlet distribution with
the same prior weight for each selection class. For each
gene, we run 10,000 iterations with a thinning interval of
10 iterations.

HapMap Samples and Sequencing

Human genomic DNA from 60 HapMap subjects (20 individ-
uals for Yoruba [YRI], 20 Europeans [CEU], and 20 East Asian
[AS] subjects) was obtained from the Coriell Institute for
Medical Research (http://www coriellorg/, last accessed
January 30, 2014). The analyzed region (NCBI/hgl18
chr1:157267539-157272405) was PCR amplified and di-
rectly sequenced. PCR products were treated with ExoSAP-
IT (USB Corporation, Cleveland, OH), directly sequenced on
both strands with a Big Dye Terminator sequencing Kit (v3.1,
Life Technologies), and run on an Applied Biosystems ABI
3130 XL Genetic Analyzer (Life Technologies). Sequences
were assembled using AutoAssembler version 1.4.0 (Life
Technologies) and inspected manually by two distinct oper-
ators. Primer sequences are available in supplementary table
S1, Supplementary Material online.

Primate Samples

The CYNOM-K1 and COS1 cells, as well as genomic DNA
from Gorilla gorilla and Pongo pygmaeus, were obtained by
the European Collection of Cell Cultures. The genomic DNA of

eight Pan troglodytes was kindly provided by the Gene Bank of
Primates, Primate Genetics, Germany (http:/dpz.eu/index.
php, last accessed January 30, 2014). These samples belong
to the Pan troglodytes verus subspedies (Cagliani et al. 2012).
The IFI16 coding sequences for M. fascicularis and C. aethiops
have been submitted to GenBank (provisional IDs: KF154419
and KF154420).

Segmental Duplication Genotyping

The segmental duplication of exon 7 in If/16 was analyzed
using a PCR-based method. In particular, PCR amplifications
were performed with JumpStart AccuTaq LA DNA Polymerase
(Sigma-Aldrich) and two sets of primers: one that amplifies
only the duplicated form (F: GTCCTGTGCACCTTGTGTCA; R: C
TGATGTATGGTGAGAGAGC) and one that flanks the segmen-
tal duplication (F: GTCCATTTCTGTAGCCATAGG; R: TCTGAGT
TGTAGGAGAGCACT). The PCR products were electrophoret-
ically separated on agarose gels.

Fst Analysis

Human Genome Diversity Project (HGDP CEPH) panel data
derive from a previous work (Li et al. 2008). Atypical or dupli-
cated samples and pairs of close relatives were removed
(Rosenberg 2006). Following previous indications (Furnagalli
et al. 2009a, 2009b), Bantu individuals (South Africa) were
considered as one population. Fsr was calculated for all
HGDP-CEPH variants among continental groups using the R
package HIERFSTAT (Goudet 2005); Fsy distributions were cal-
culated after binning single-nucleotide polymorphisms (SNPs)
into minor allele frequency (MAF) dlasses (50 quantile classes
based on MAF calculated over the whole panel); outliers are
defined as variants with an Fer higher than the 95th percentile
in the distribution of SNPs in the same MAF class.

As for the 1000 Genomes Project data, genotype informa-
tion was obtained for the analyzed genomic region (NCBY/
hg18, chr1:157063927-157317926) and for 2,000 randomly
selected RefSeq genes. Fsr sliding window analysis was per-
formed on overlapping 20 SNP windows moving with a step
of three SNPs. The numbers of windows used to obtain a
reference distribution (.e., deriving from the 2,000 randomly
selected genes) were 120,978 (YRI/CEU), 111,227 (YRY/AS),
and 81,557 (CEU/AS).

Population Genetic Analyses

Tajima’s D (Tajima 1989), Fu and Li's D* and F* (Fu and Li
1993) statistics, and diversity parameters 0., (Watterson 1975)
and m (Nei and Li 1979) were calculated using libsequence
(Thornton 2003). Calibrated coalescent simulations were per-
formed using the cosi package (Schaffner et al. 2005) and its
best-fit parameters for YRI, CEU, and AS populations with
10,000 iterations. Coalescent simulations were conditioned
on mutation rate, and recombination rate was derived
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from UCSC tables (http:/genome.ucscedu/, last accessed
January 30, 2014, snpRecombRateHamap table).

The ML-ratio Hudson, Kreitman, and Aguadé (HKA) test
was performed using the MLHKA software (Schaffner et al.
2005), as previously proposed (Fumagalli et al. 2009a). For
human populations, 99 reference loci were randomly selected
among National Institute of Environmental Health Sciences
(NIEHS) loci that have been resequenced in YRI, CEU, and
AS. Genotype data for 5-kb regions from 238 resequenced
human genes were derived from the NIEHS SNPs Program
web site (http://egp.gs washington.edu, last accessed January
30, 2014). In particular, we only selected genes that had been
resequenced in populations of defined ethnicity including YRI,
CEU, and AS (NIEHS panel 2). After exduding windows with no
SNPs and sequenced regions shorter than 5-kb, 211 windows
were available (reference windows). The presence of rese-
quencing gaps was accounted for in all calculations.

Haplotype Analysis and TMRCA Calculation

Haplotypes were inferred using PHASE (version 2.1) (Stephens
et al. 2001; Stephens and Scheet 2005). Linkage disequilib-
rium (LD) analyses were performed using Haploview (v. 4.1)
(Barrett et al. 2005), and blocks were identified through the
confidence interval algorithm implemented in the software
(Gabriel et al. 2002). Data for LD analysis were derived from
resequencing data. Median-joining network to infer haplotype
genealogy was constructed using NETWORK 4.6.1 (Bandelt
et al. 1999). Estimate of the time to the most recent common
ancestor (TMRCA) was obtained using an ML coalescent
method implemented in GENETREE (Griffiths and Tavare
1994, 1995). The method assumes an infinite-site model with-
out recombination; therefore, haplotypes and sites that violate
these assumptions need to be removed: In the case of IFI16,
we eliminated 1 variant. The mutation rate p was obtained on
the basis of the divergence between human and chimpanzee
and under the assumption both that the species separation
occurred 6 Ma (Glazko and Nei 2003) and of a generation
time of 25 years. Using this p and 0 ML (0, we estimated
the effective population size parameter (Ne), which resulted
equal to 18,000. With these assumptions, the coalescence
time, scaled in 2N. units, was converted into years. For the
coalescence process, 10° simulations were performed.
A second TMRCA estimate was obtained by application of a
method (Evans et al. 2005) that calculates the average pair-
wise difference between all chromosomes and the MRCA:
This value was converted into years on the basis of mutation
rate retrieved as above. The standard deviation (SD) for this
estimate was calculated as described previously (Thomson
et al. 2000). Using this method, the TMRCA was calculated
for the IF/16-5 kb region and for 5-kb windows from NIEHS
genes (one window/gene). In particular, windows were ran-
domly selected with the only requirement that they did not
contain any resequencing gap. After discarding X-linked lod,

and windows containing no SNPs, 200 windows were used
for TMRCA calculation.

Results

IFI16 and AIM2 Evolved Adaptively in Primates

To analyze the evolutionary history of ALR genes (/FI16, AIM2,
MNDA, and PYHINT) in primates, we obtained coding se-
quence information for 16 species from public databases or
by sequending (see Materials and Methods). In humans, the
IFI16 gene carries a polymorphic segmental duplication of
exon 7, with the sequence of the two exons being identical
(see later). We applied a PCR-based approach to determine
the status of the exon 7 segmental duplication in different
nonhuman primates, namely eight chimpanzees, one gorilla,
and one orangutan. Results indicated the presence of the du-
plicated exon in gorilla and orangutan, whereas all chimpan-
zee samples carried a single copy of exon 7. Sequencing of the
IFI16 mRNA in M. fascicularis and C. aethiops also showed the
presence of a single copy of exon 7. Thus, the nonduplicated
gene sequence was used for multiple species alignment.

We calculated the average nonsynonymous substitution/
synonymous substitution rate (dv/dS, also referred to as )
for the four ALR genes using the single-likelihood ancestor
counting (SLAC) method (Kosakovsky Pond and Frost 2005).
This analysis indicated that /116 might evolve under positive
selection, as the average d\/dS was higher than 1, whereas
AlM2, MNDA, and PHYIN1 showed dN/dS values < 1 (supple-
mentary table 53, Supplementary Material online), suggesting
a role for purifying selection.

Nonetheless, positive selection might act on a few sites
within a gene, which is elsewhere selectively constrained. To
test this possibility, and to gain further insight into the evolu-
tionary history of IFi16, we applied ML analyses implemented
in the PAML package (Yang 1997, 2007). Because recombi-
nation might yield false-positive results when testing for selec-
tion (Anisimova et al. 2003), we first screened the alignments
for evidence of recombination using GARD (Kosakowsky Pond
et al. 2006); this analysis underscored no recombination
breakpoint in any alignment. Thus, we used the codeml pro-
gram to compare models of gene evolution that allow (NSsite
models M2a and M8) or disallow (NSsite models M1a and M7)
a dass of codons to evolve with dwdS=> 1. For /16 and
AIM2, the two neutral models were rejected in favor of the
positive selection models; this result was confirmed using
different codon frequency models (F61 and F3x4) (table 1).

To identify specific sites subject to positive selection, we
applied two methods, the BEB analysis (with a cutoff of
0.90) from M8 and the MEME (with the default cutoff of
0.1): Only sites detected using both methods were considered,
and these are shown in figure 1.

We next mapped positively selected sites in IF/16 and A2
onto protein domain or three-dimensional structures.
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Table 1
LRT Statistics for Models of Variable Selective Pressure among Sites
(F3X4 and F61 Models of Codon Frequency)

Gene (Number df —2AlnL P Percentage of
of Codons) Sites (Average
dny/ds)
AIM2 (347)
F3X4
M1a vs. M2a 2 13.13 0.001 18.94 (2.4)
M7 vs. M8 2 15.54 0.0004 17.2 (2.5
F61
Miavs. M2a 2 7.80 0.02 222 (2.0
M7 vs. M8 2 9.16 0.01 220 (2.0
IF116 (731)
F3X4
Mia vs. M2a 2 39.32971 2.88 x 10°% 148 (3.9
M7 vs. M8 2 3904452 3.32x10°% 17.8 (3.6)
F61
Mlavs. M2a 2 3275 7.74%10°° 22.74 (2.9)
M7 vs. M8 2 3259 837x 1078 29.46 (2.6)
MNDA (414)
F3X4
Mlavs. M2a 2 6.30 0.04 82 (3.0
M7 vs. M8 2 6.31 0.04 10.3 (2.7)
F61
Mla vs. M2a 2 333 0.19 —
M7 vs. M8 2 264 0.27 —_
PYHINT (492)
F3X4
Mlavs. M2a 2 51 0.08 —_
M7 vs. M8 2 5.12 0.08 —
F61
M1a vs. M2a 2 288 0.24 —
M7 vs. M8 2 2.98 0.22 —

Nore—M1a is a nearly neutral model that assumes one o dass between 0
and 1and one class with = 1; M2a (positive selection model) is the same as M1a
plus an extra class of w=> 1. M7 (null model) assumes that 0 <o <1 is beta dis-
tributed among sites in 10 dasses; M8 (selection model) has an extra class with
@2 1; 2AInL: twice the difference of the natural logs of the maximum likelihood
of the models being compared; P: P value of rejecting the neutral models (M1a or
M7) in favor of the positive selection model (M2a or M8); percentage of sites
(average dN/dS): estimated percentage of sites evolving under positive selection by
M8 (dvrds for these codons).

Three positively selected sites in AIM2 map to the HIN
domain (fig. 1), and one is located in the PYD (helix «4). The
crystal structure of the HIN domain has been solved, and it
displays two oligonuclectide/oligosaccharide-binding (OB)
falds forming the DNA-binding surface (Jin et al. 2012). Two
of the positively selected residues in AIM2 are located in the
region responsible for DNA binding, one in the OB1 region
and one in the OB2 region (Jin et al. 2012) (fig. 1). In particular,
166T is immediately adjacent to a residue (165F) that, if mu-
tated, strongly reduces DNA binding (Burckstummer et al.
2009). The third positively selected residue is located at the
N terminus of the HIN domain, which is not directly involved in
DNA binding.

In IFI16, we identified 14 positively selected sites. Three of
them are located in the PYD domain; by comparison with the
arystal structure of the homologous AIM2 domain (Jin et al.
2013), these residues are predicted to be located in the a1
(2G) and 2.6 (92P) helices and in the short loop connecting the
o2 to the o3 helix (37U) (fig. 1) (Jin et al. 2013). The majority of
positively selected sites in IFI16 are clustered in the interdo-
main regions (separating the two HIN or the PYD from the first
HIN) (fig. 1). One of these sites (141G) is located within an
accessory nuclear localization signal (referred to as motif-4) (Li
et al. 2012). The positively selected 615 position in the second
HIN domain could be mapped onto the crystal structure and
was found to be located at the DNA-binding interface formed
by the four IFI16 monomers (fig. 1) (Jin et al. 2012).

To explore possible variations in selective pressure among
different lineages for IF116 and AIM2, we next tested whether
amodel that allows dNV/dS to vary along branches (model M1)
had significant better fit to the data than a model that assume
one same dN/dS across the entire phylogeny (model MO)
(Yang and Nielsen 1998). This was indeed the case for IF16
(table 2), indicating that different primates experienced vari-
able levels of selective pressure at this gene. We thus used the
BS-REL method (Kosakovsky Pond et al. 2011) to identify lin-
eages on which a subset of sites has evolved under positive
selection. BS-REL makes no a priori assumption about which
lineages are more likely to represent selection targets; the
method identified the internal branch leading to catarrhini in
IFI16 (fig. 2). This branch was cross-validated using the branch-
site models implemented in PAML (Zhang et al. 2005), which
apply a LRT to compare a model (MA) that allows positive
selection on one or more lineages (foreground lineages)
with a madel (MAT1) that does not allow such positive selection
(table 2). Through BEB analysis, the PAML branch-site model
allows identification of specific sites evolving under positive
selection in the foreground branches; this procedure is accu-
rate but has low statistical power (Zhang et al. 2005). Because
MEME was specffically developed to detect episodic positive
selection (in addition to pervasive selection), at least some lin-
eage-specific BEB sites should have been identified by the
MEME analysis we performed on the whole phylogeny.
Indeed, BEB identified five sites for the catarrhini branch
(fig. 1) and two were detected by MEME. All branch-specific
sites are located in interdomain regions (fig. 1). Interestingly,
the 131K residue is located within one of the two major
nudlear localization signals (motif-2) (Li et al. 2012).

Evolution of ALR Genes in the Human Lineage

We next applied a recently developed population genetics—
phylogenetics approach to study the evolution of ALR genes in
the human lineage. Specifically, we applied the GammaMap
program (Wilson et al. 2011) that jointly uses intraspecific
variation and interspecific diversity to estimate the DFEs
(i.e., selection coefficients, y) along coding regions. To this
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Table 2
LRT Statistics for Models of Positive Selection on Specific Branches
Gene LRT? Model Foreground Branch® Codon Frequency Model Degree of Freedom —2AInLP P
AlM2 MO vs. M1¢ F3x4 23 31.89 0.10
IFI16 MO vs. M19 F3x4 22 40,22 0.01
MAT vs. MA® Catarrhini F3x4 1 15.23 9.52 x 107°

“Likelhood ratio test (LRT).
P2AlnL: Twice the difference of the natural logs of the maximum likelihood of the models being compared.
P value of rejecting the neutral model in favor of the positive selection model.

9M0 and M1 are free-ratio models, which assume all branches to have the same o (M0) or allow each branch to have its own o (M1).
“MA and MAT are branch-site models that asume four dasses of sites the MA model allows a proportion of codons to have w = 1 on the foreground branches (those

1o be tested for selection), whereas the MA1 model does not.

Squimel monkey

B 100

AlM2 IFI16 MNDA PYHINT

Olive baboon

Harmadryas baboon
Rhasus macaque
Crab-eating macaque
Vervet monkey

Fic. 2.—Lineage-specific selection and DFE analysis. (4) Branch-site analysis of positive selection in IFI16. Branch lengths are scaled to the expected
number of substitutions per nudeotide, and branch colors indicate the strength of selection (). Red, positive selection (w > 5); blue, purifying selection
(@ = OJ; gray, neutral evolution (e = 1). The proportion of each color represents the fraction of the sequence undergoing the corresponding class of selection.
Thick branches indicate statistical support for evolution under episodic diversifying selection as determined by BS-REL. (B) Violin plot of selection coefficients
() for ALR genes (median, white dot; interquartile range, black bar). Selection coefficients are dlassified as strongly beneficial (100, 50), moderately beneficial
(10, 5), weakly beneficial (1), neutral (0), weakly deleterious (— 1), moderately deleterious (5, —10), strongly deleterious (~50, —100), and inviable (—500).
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aim, we exploited data from the 1000 Genomes Pilot project
deriving from the low-coverage whole-genome sequencing of
179 individuals with different ancestry: CEU, YRI from Nigeria,
and AS (Japanese plus Chinese) (1000 Genomes Project
Consortium et al. 2010). The ancestral sequence was recon-
structed by parsimony from the human, chimpanzee, orang-
utan and macaque sequences. We first applied GammaMap
to obtain the overall distribution of selection coefficients along
the four ALR genes. A general preponderance of codons
evolving under negative selection (y < 0) was observed for
all genes exduding AIM2, which showed most codons to
evolve with selection coefficients around neutrality (ranging
from —1, weakly deleterious to 1, weakly beneficial). IFIT6
showed the highest proportion of codons with y > 5 (fig. 2)

GammaMap allows to identify specific codons evolving
under positive selection. Herein, we defined positively selected
codons as those having a cumulative probability >0.80 of
v = 1. Five such codons were identified in IF/76 and none in
the remaining ALR genes. Two of the IFI16 sites had previously
been identified in the positive selection analysis we conducted
on the whole mammalian phylogeny (supplementary table S4,
Supplementary Material online). Three of the positively se-
lected sites identified by GammaMap are located in the PYD
domain (fig.1, supplementary table S4, Supplementary
Material online). Two of them (67K and 70E) are within the
a5 helix (Jin et al. 2013) (fig.1); the corresponding residues in
the AIM2 PYD are predicted to be highly exposed (Jin et al.
2013).

Population Genetic Differentiation in Human Populations

We next addressed the role of natural selection in the shaping
of genetic diversity at ALR genes in human populations. To this
aim, we initially performed an analysis of population genetic
differentiation, herein measured as Fsr (Wright 1950). High-
Fsr values suggest that natural selection drives allele frequen-
dies in distinct populations to differ more than expected on the
basis of drift or demography alone. To analyze human popu-
lation genetic differentiation along the ALR cluster, we ex-
ploited two partially independent sets of data. The first set is
accounted for by genotype data generated by the 1000
Genomes Pilot project. Using these data, we calculated Fer
for the three pairwise comparisons (YRVCEU, AS/CEU, and
YRIVAS) (Wright 1950) in sliding windows moving along the
genomic region where the four ALR genes are located. Sliding
window analyses pose a multiple testing problem that is dif-
ficult to correct because of the nonindependence of windows.
Moreover, the 1000 Genomes Pilot Project data suffer from a
bias in the site frequency spectrum (SFS), with reduced power
to detect low-frequency variants (1000 Genomes Project
Consortium et al. 2010). To partially account for these limita-
tions, we applied an outlier approach by obtaining Fer distri-
butions for the three pairwise comparisons in sliding windows
from 2,000 randomly selected human genes. This allowed

calculation of the 95th percentile and identification of regions
in the ALR gene duster above this threshold. A complemen-
tary set of data, namely the SNP genotypes from the Human
Genome Diversity Panel (Li et al. 2008), was also used to
analyze population genetic differentiation at the ALR gene
cluster. For all HGDP SNPs within the duster, we obtained
Fst values among continental groups; these values were com-
pared with the distribution of f¢; calculated for HGDP variants
in the same minor dllele frequency (MAF) class. The HGDP
panel includes 52 populations distributed worldwide and
therefore represents a set of data largely independent from
the 1000 Genomes Pilot Project. We thus focused on region of
high Fsr identified using both data sets.

As shown in figure 3, three variants (rs856090:A>G,
151614254:T>C, rs947275:T>C) were found to be outliers
among HGDP continental groups in Fer distribution
values (ranks=0.965, 0.951, and 0.981, respectively). Two
of them are within the IAI16 gene, and they are located in a
peak of significantly high Fsr in all pairwise comparisons (YR
CEU, YRIVAS, and CEU/AS), as assessed from the 1000
Genomes Pilot project data. Interestingly, susceptibility al-
leles for rheumatoid arthritis and for celiac disease
(rs1772408:T>C) were identified in this region through a
genome-wide assodiation study (GWAS) (Zhernakova et al.
2011). Also, the Fsr outliers flank the exon 7 duplication
allele (fig. 3).

Balancing Selection Maintains Genetic Diversity at the
IF16 Gene in Human Populations

Given the results above, we decided to focus our attention on
the IFI16 gene region carrying the Fsr outlier SNPs. Because of
the aforementioned SFS bias in the low-coverage 1000
Genomes data (1000 Genomes Project Consortium et al.
2010), we decided to resort to Sanger resequencing, so that
further analyses could be performed within the framework of
coalescent theory. Thus, we resequenced a 5-kb IFI16 region
(F116-5 kb, fig. 3) encompassing the Fsr peaks and HGDP
outliers in three HapMap populations, namely YRI, CEU, and
AS. A PCR-based approach was also applied to these samples
to determine allelic status for the exon 7 segmental duplica-
tion. The duplicated allele was detected in CEU only with a
frequency of 7.5%.

Using Sanger-sequencing data, we first calculated Fer for
the entire JFI76-5 kb region in CEU/AS, CEU/YRI, and AS/YRI
comparisans; these values were compared with the distribu-
tion of Fsr calculated for 5-kb windows (hereafter referred to
as reference windows) deriving from 238 genes resequenced
by the NIEHS Program in the same populations. For the
YRI/CEU comparison, an Fsr of 0.38 was obtained, corre-
sponding to a percentile rank of 0.972 in the distribution of
reference windows, confirming high population differentia-
tion at the IFI16-5 kb region.
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Fic. 3.—Fr analysis of the ALR gene cluster. Data from the 1000 Genomes Pilot Project were used to calculate Fsr in sliding windows of 20 SNPsmoving
along the ALR gene cluster (NCBVhg 18, chr1:157063927-157317926) with a step of three SNPs (upper panel). Color codes refer to population comparisons:
red, YRVCEU; blue, YRIWAS; and green, CEU/AS. Horizontal dashed lines represent the 95th percentile in the distribution of Fer calculated for sliding windows
deriving from 2,000 randomly selected human genes. SNPs genotyped in the HGDP-CEPH panel are represented as gray circles (no unusual fsr value among
continental groups) or black circles (Fs; outliers); a SNP associated to rheumatoid arthritis and celiac disease is reported in red. The resequenced [F/16 region is
shaded in gray. The blue and cyan boxes represent the segmental duplication of exon 7. In the bottom panel, LD analysis for the IF116 resequenced region
(5 kb) is shown. LD analysis was performed with the Haploview software using resequencing data, and blocks were identified through the implemented
confidence interval algorithm (see Materials and Methods). Variants within the first LD block were used for Network and GENETREE analyses.
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Table 3

Nudleotide Diversity and Neutrality Tests for the Analyzed /76 Region

Population I st M (21079 Oy (x10°%) Tajima’s D Fu and Li's D* Fu and Li’s F*
Value Rank®  Value Rank® Value (P Rank® Value (P)¢ Rank® Value (P)¢ Rank®

YRI 40 a7 28.22 099 22.70 0.99 0.86 (0.028) 0.95 1.06 (0.014) 0.97 1.18 (0.01) 0.97

CEU 40 33 15.31 094 1594 0.98 —0.14 (0.44) 0.50 0.90 (0.11) 0.84 0.65 (0.23) 0.74

AS 40 26 21.84 0.99 14.01 0.97 1.92 (0.031) 0.98 1.78 (<0.01) 0.99 2.16 (<0.01) 0.99
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Nore—Significant values are in bold.
“Sample size (chromosomes).
PNumber of segregating sites.

“Percentile rank relative to a distribution of 238 5-kb windows from NIEHS genes.

P value obtained by coalescent simulations.

Table 4
MLHKA Test for the /116 Gene Region
Population MLHKA

e P
YRI 3.64 542 x 107*
CEU 3.63 1.644 x 102
AS 2.21 5.05 x 10~*

“Selection parameter (k=1 indicates an excess of polymorphism compared
with divergence; k <1 indicates the oppasite situation).

We next calculated 0, (an estimate of the expected per site
heterozygosity [Watterson 1975]) and = (the average number
of pairwise sequence nucleotide differences between haplo-
types [Nei and Li 1979]) and, again, compared the values with
the distribution obtained from reference windows. The per-
centile ranks corresponding to IFI16-5 kb region in the distri-
bution of NIEHS gene values indicate that the analyzed region
displays high nudeotide diversity in all populations, although
the rank of = in CEU did not reach the 95th percentile
(table 3).

To confirm this observation, we applied a multilocus
MLHKA test (Wright and Charlesworth 2004) by comparing
polymorphism and divergence levels at the IF/76-5 kb with 99
randomly selected NIEHS genes resequenced in the same pop-
ulations (YRI, CEU, and AS). Results, summarized in table 4,
indicate that a significant excess of nucleotide diversity versus
interspecies divergence is detectable in all populations for the
IFI16 study region.

Thus, these data indicate that high nucleotide diversity at
the IFI16-5 kb region may be selectively maintained in human
populations. This observation suggests the action of balancing
selection, although this latter usually results in low rather than
high Fsr (Charlesworth 2006) (see Discussion).

An effect of balancing selection is a distortion of the SFS
toward intermediate frequency alleles. Common neutrality
tests based on the SFS include Tajima’s D (Dy) (Tajima 1989)
and Fu and Li's D* and F* (Fu and Li 1993). Because popula-
tion history beside affecting selective processes also influences
the SFS, the significance of neutrality tests was evaluated by

performing coalescent simulations with population genetics
models that incorporate demographic scenarios (see
Materials and Methods). We also applied an empirical com-
parison by calculating the percentile rank of Dy, F*, and D* in
the IFI16-5 kb relative to 5-kb reference windows (obtained
from 238 NIEHS genes). Neutrality tests indicated departure
from neutrality with significantly positive values for all statistics
in YRl and AS populations; conversely, no significant values
were observed in CEU (table 3). Very similar results were
obtained when different demographic models were used for
coalescent simulations (Marth et al. 2004; Voight et al.
2005; Gutenkunst et al. 2009) (supplementary table S5,
Supplementary Material online).

Further insight into the evolutionary history of a gene
region can be gained by inferring haplotype genealogies.
In particular, balancing selection is expected to result in two
or more major cades with a deep coalescence time.
Haplotype genealogies and inference of coalescent times
may yield unreliable results in the presence of recombination.
Thus, we selected a subregion based on LD; in particular, we
used data from a 1.7-kb region (NCBI/hg 18 chr1:157267850—
157269530) with relatively high LD in all analyzed populations
(fig. 3). Asit is evident from both the median-joining network
(Bandelt et al. 1999) and GENETREE analyses (Griffiths and
Tavare 1995) (fig. 4), the haplotype genealogy is split
into two major haplogroups (clades 1 and 2) separated by
long branches. In line with the Fsr results, the major clade 2
haplotype is observed in CEU and AS but not in YRIL
The time to the most recent common ancestor for the
IFI16 haplotype phylogeny was obtained using GENETREE
(Griffiths and Tavare 1995) and amounted to 3.77 Myr (SD:
890 ky).

To obtain a second TMRCA estimate for the entire [F/16-5
kb region, we applied a previously described methed (Evans
et al. 2005) that calculates the average pairwise difference
between all chromosomes and the MRCA,; this value is then
converted into years on the basis of the mutation rate (herein
calculated on the basis of the number of fixed differences
between chimpanzee and humans). Using this approach, we
obtained a TMRCA of 4.6 Myr (SD:1.2 Myr) for the IFI16-5 kb
region. As a comparison, TMRCA estimates were ako
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Fic. 4—Haplotype analysis of IFI16. (A) Genealogy of haplotypes in the /16 LD region (1.7-kb region (NCBIhg 18, chr1:157267850-157269530, see
text) 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. Color codes are as follows: YRI, green; CEU, blue; and AS, red. The
most recent common ancestor (MRCA) is also shown. SNPs mentioned in the text are reported. (B) GENETREE for the LD subregion of IA76. Variants are
represented as black dots; the absolute frequency of each haplotype is reported.
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Fic. 5.—TMRCA estimates for the #116-5 kb region and for reference
windows. Probability density plot of TMRCAs from 5-kb windows deriving
from autosomal NIEHS genes (solid line); the upper (TMRCA+SD) esti-
mates are also shown as hatched lines. The TMRCA estimate for the
IF116-5 kb region isindicated with upper- and lower bounds (gray shading).

obtained for 5-kb reference windows using haplotypes from
YRI, CEU, and AS subjects, as derived from autosomal NIEHS
genes. The mean TMRCA for these windows amounted to
0.76 Myr, in line with previous estimates for human autoso-
mal loci (Garrigan and Hammer 2006). As shown in figure 5,
the TMRCA estimate or the IF76-5 kb region is a clear outlier
in the TMRCA distribution obtained from reference windows.

Overall, these analyses indicate that the /FI76 region has
been a target of long-standing balancing selection.

To analyze the relationship among the major haplotype
clades and the exon duplication allele, as well as the risk
variant for autoimmune diseases, two variants located outside
the LD region were included in the network: rs1772408:T>C
(the GWAS SNP [Zhernakova et al. 2011) and
rs72709516:C=T, which is in full LD with the exon 7 duplica-
tion allele (P=1 in CEU). Analysis of the haplotype network
indicated that, with the exception of few Asian and African
haplotypes, rs1772408:T=C separates the two major clades;
interestingly, two nonsynonymous variants located in exon 6,
rs1057027:A>C (R409S) and rs1057028:A>T (Y413N), are
also located on the major branches of the haplotype phylog-
eny; in line with this observation, the two SNPs are in full LD
with the autoimmune risk variant in CEU (=1 in both in-
stances). Finally, a minority of CEU haplotypes in clade 1 are
defined by the derived allele at rs72709516:C>T, which is in
phase with the nonduplicated exon 7 allele. Analysis of 20
additional HapMap subjects of European descent confirmed
full LD between the exon 7 segmental duplication polymor-
phism and rs72709516, and indicated a MAF of 0.05. Thisis in
line with the reported MAF of 0.041 for rs72709516, as de-
termined by the 1000 Genomes Project in CEU. Thus, either
the exon 7 segmental duplication is neutrally evolving or it is
subject to very recentiweak selection; its low frequency

places it beyond the detection power of most tests based
on haplotype homozygosity.

Discussion

The sensing of foreign genetic material is essential to trigger
defensive responses that are important for organism survival
to infections. An ever-increasing number of nucleic acid
sensors are being identified in mammalian cells, revealing a
complex machinery devoted to the detection of the invading
pathogen (or of cell damage) and to the transduction of alert
signals (Desmet and Ishii 2012). These cellular systems are
expected to be engaged in a constant arms race with viruses
and other microbial agents (Quintana-Murci and Clark 2013).
Genetic conflicts leave signatures on the host genome, and
protein regions directly contacting pathogen components are
expected to evolve under the strongest diversifying selection.
Therefore, evolutionary analyses can be applied both to study
the history of host-pathogen interaction and, as recently dem-
onstrated, to identify regions and residues directly involved
in viral recognition or, more generally, in antiviral activity
(Mitchell et al. 2012). On their side, viruses also evolve prod-
ucts that interfere with pathogen sensing, suggesting that
positive selection on host proteins may also result from evolu-
tion away from viral recognition.

Results herein indicate that AINM2 and /Fi16, the best char-
acterized members of the ALR family, evolved under positive
selection in primates. Afthough only four selected residues
were identified in AIM2, it should be noted that we defined
positively selected sites by the combined use of two methods,
BEB and MEME. Although this choice was taken to limit the
number of false positive results, we most likely underesti-
mated the number of selected sites, as these methods have
different power to detect episodic and pervasive selection
(Murrell et al. 2012). Three positively selected sites in Alvi2
(166T and 333T) and in IFI16 (615V) are located at HIN
domain/DNA-binding interface (fig. 1); one of them (166T)
is adjacent to an AIM2 residue that has central importance
in DNA binding (Burckstummer et al. 2009). Although AIM2
and IFI16 have been reported to bind dsDNA of both viral and
bacterial origin, irrespective of GC content or sequence com-
position (Fernandes-Alnemri et al. 2009; Hornung et al. 2009;
Unterholzner et al. 2010), these results suggest that positively
selected residues in the HIN domains evolved to modulate
recognition of spedific substrates. Interestingly, recent evi-
dence has indicated that, in addition to dsDNA, IFI16 can
detect stem-rich secondary structures in ssDNA, which are pro-
duced during the replication cycle of lentiviruses (Jakobsen
et al. 2013). These observations and the extreme plasticity
of the ALR cluster in mammals (Brunette et al. 2012) indicate
that diversification at ALR genes is evolutionary advantageous
and possibly confers wider specificity in foreign nucleic acid
recognition.
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Overall, among ALR genes, IFi16 was found to be the target
of the strongest diversifying selection, also showing lineage-
specific selection in catarrhini and humans.

Several positively selected sites in IFI16 are located in the
PYD domain, which is found in all ALR proteins and in
other molecules including PYCARD (ASC). Analysis of PYD-
containing proteins indicated that the o3 helix is directly
involved in PYD-PYD interactions, whereas the o6 helix is
the most variable in length and sequence (Jin et al. 2013);
the o5 helix comprises many basic residues, some of which
are highly exposed at the protein surface. Of the three posi-
tively selected sites, we identified in the analysis on the whole
phylogeny, one immediately flanks the 3 and another is
located within the o6 helices; two of the human-specific se-
lected sites are located in the o5 helix. Overall, these results
suggest that diversity at these sites might modulate assoda-
tion with cellular or viral components. Although IFI16 mainly
signals through STING, during Kaposi sarcoma-assodiated her-
pesvirus infection, it binds PYCARD through the PYD domain
(Kerur et al. 2011); this same domain was shown to directly
bind BRCA1, which also shows evidence of positive selection
in primates (Paviicek et al. 2004). Also, viral proteins might
have evolved to bind IFI16 through either the PYD or other
protein domains. Interestingly, the pUL83 tegument protein
encoded by human cytomegalovirus (HCMV), a human-
specific pathogen and a herpesvirus family member, interacts
with the IFI16 PYD domain and blocks its cligomerization
upon DNA sensing (Li et al. 2012). pUL83 is a central HCMV
mediator of immune evasion and is predicted to establish ex-
tensive contacts with the IFI16 PYD domain. Likewise, the ICPO
protein of herpes simplex virus (HSV-1) has been reported to
directly bind IFI16 and to target it for degradation (Orzalli et al.
2012). Unfortunately, the molecular details of the ICPO-IFI16
interaction are presently unknown. In general, IFI16 is thought
to play a central role in the immune response to herpesviruses;
this is likely achieved through the nuclear localization of this
sensor, as the viral genome is protected in the cytoplasm by
the capsid, but becomes exposed in the nucleus. In line with
this view, HSV-1 eludes the surveillance of IFI16 mutants with
cytoplasmic localization (Li et al. 2012). IFI16 displays a multi-
partite nuclear localization signal and its nuclear translocation
is regulated by acetylation and phosphorylation (Li et al.
2012), suggesting that IFI16 localization is finely tuned, possi-
bly in a cell-type and stimulus-dependent manner (Veeranki
and Choubey 2012). We found one site positively selected in
the catarrhini lineage to be located in one of the two motifs
that play a nonredundant and essential role in determining
IFI16 nuclear localization. One additional site subject to
diversifying selection in the whole phylogeny maps to one
accessory nudear localization signal. It will be interesting to
determine whether the selective pressure exerted on these
motifs is related to specific viral interactors, to coevolution
with cellular cofactors, or is secondary to the appearance
and spread of viral species with particular cell-type tropism.

Finally, several sites subject to diversifying selection are
located in the spacer separating the two IFI16 HIN domains;
this region also shows length variation due to the segmental
duplication of exon 7 and, at least in humans, to alternative
splicing (Johnstone et al. 1998). An interesting possibility is
that, by altering the structure of the spacer, selected sites
determine subtle differences in HIN domain relative orienta-
tion, eventually affecting substrate recognition (Johnstone
et al. 1998).

The spacer region also carries polymorphisms that might
represent balancing selection targets in human populations.
Application of different population genetic tests indicated that
the region around exon 6 displays elevated nudeactide diver-
sity, an excess of palymorphism relative to divergence, and a
shift in the SFS toward intermediate-frequency alleles. In line
with these findings, haplotype analysis indicated the presence
of two dades separated by long branches with a deep
TMRCA. Overall, these features represent strong molecular
signatures of long-term balancing selection. Notably, when
relatively constant in time and space, balancing selection
may also result in low population genetic differentiation
(Charlesworth 2006). Conversely, our data indicate that the
IFI16 region displays unusually high Fsr values. The possible
explanations for these observations are manifold and depend
on the underlying reason for the maintenance of the balanced
polymorphism/haplotype. Balancing selection may result from
different effects, induding variable environmental conditions
and frequency-dependent selection (Charlesworth 2006).
Because of the dynamic nature of these processes, distinct
populations may experience variable pressures and, conse-
quently, different relative frequencies of the selected allele(s),
resulting in high differentiation. Also, it should be noted that
the sliding-window Fsr analysis revealed other peaks of high
genetic differentiation. We focused on the IFi16 region, as it
was detected by both the 1000 Genomes and by the HGDP
genotype data, and because the region carries an autoim-
mune disease susceptibility variant. Nonetheless, we do not
imply that all other ALR gene regions are neutrally evolving in
human populations.

Analysis of the IFI16 haplotype phylogeny suggested that
the exon 7 segmental duplication polymorphism does not
represent a balancing selection target; in line with the esti-
mated TMRCA, the presence of the duplicated allele in other
nonhuman primates (orangutan and gorilla) most likely results
from inherent instability (whereby the duplication undergoes
nonallelic homolagous recombination) rather than from active
maintenance due to selection. Conversely, two nonsynon-
ymous variants (R409S and Y413N) in exon 6 separate the
major branches of the haplotype network, as would be
expected if they represented the selection targets in human
populations. R409S and Y413N polymorphisms affect posi-
tions conserved among primates, and in CEU, these vari-
ants are in ful LD with the autoimmune risk variant
(rs1772408:T=>C), suggesting that they might represent the
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causal polymorphisms for RA and celiac disease. Interestingly,
the r51772408:T=C variant displays an opposite risk profile:
The ancestral allele predisposes to celiac disease but is protec-
tive for RA (Zhernakova et al. 2011). This observation suggests
that the balancing selection regime results from antagonistic
pleiotropy. This is a situation where one locus is associated
with more than one trait, with both beneficial and detrimental
effects for fitness. Although variants with opposite risk
effects on autoimmune diseases are relatively common
(Sirota et al. 2009; Wang et al. 2010), few of these have
been demonstrated to be maintained as balanced polymor-
phisms (Cagliani et al. 2011). This is possibly the result of the
weak selective effect of autoimmune diseases, which often
become clinically relevant at postreproduction ages (Sironi
and Clerici 2010). In this case, although celiac disease presents
early in life, the widespread use of gluten-containing foods
has likely appeared too recently in human populations to ac-
count for the long-standing balancing selection signature we
describe herein. Therefore, one possible explanation is that
functionally different IF/76 variants were originally maintained
by antagonistic pleiotropy related to immune response against
pathogens, with differential susceptibility to autoimmune dis-
eases being a consequence. This hypothesis is in line with
recent analyses of genes subject to long-standing balancing
selection in humans (Cagliani et al. 2010, 2012; Segurel et al.
2012; Lefiler et al. 2013) and with theoretical modelling of
host-pathogen arms races (Tellier and Brown 2007).

In summary, our data indicate that, in analogy to other
nudeic acid sensors (Fumagalli et al. 2010; Vasseur et al.
2011; Patel et al. 2012; Quintana-Murci and Clark 2013),
AIM2 and IFI16 have evolved adaptively in primates; in partic-
ular a continuum of selective pressure acting on /16 is ob-
served as the gene also represents a selection target in human
populations. We suggest that the underlying scenario is the
result of an ancestral and still ongoing host-pathogen arms
race and that the maintenance of susceptibility alleles for au-
toimmune diseases at /F16 represents an evolutionary trade-
off. Ultimately, our results provide evolutionary and functional
information about candidate ALR gene variants that might
affect immunologic phenotypes.

Supplementary Material

Supplementary tables $1-S5 are available at Genome Biology
and Evolution online (http:/Avaw.gbe.oxfordjournals.org).
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Abstract

RIG-I-like receptors (RLRs) are nucleic acid sensors that activate antiviral innate immune response. These
molecules recognize diverse non-self RNA substrates and are antagonized by several viral inhibitors. We
performed an evolutionary analysis of RLR genes (RIG-/, MDA5, and LGP2) in mammals. Results indicated
that purifying selection had a dominant role in driving the evolution of RLRs. However, application of
maximume-likelihood analyses identified several positions that evolved adaptively. Positively selected sites are
located in all domains of MDAS and RIG-/, whereas in LGP2they are confined to the helicase domain. In both
MDAS and RIG-I, the linkers separating the caspase activation and recruitment domain and the helicase
domain represented preferential targets of positive selection. Independent selective events in RIG-| and LGP2
targeted the corresponding site (Asp421 and Asp179, respectively) within a protruding a-helix that grips the
V-shaped structure formed by the pincer. Most of the positively selected sites in MDAS5 are in regions unique to
this RLR, including a characteristic insertion within the helicase domain. Additional selected sites are located
at the contact interface between MDA5 monomers, in spatial proximity to a positively selected human
polymorphism (Arg843His) and immediately external to the parainfluenza virus 5 V protein binding region.
Structural analyses suggested that the positively selected His834 residue is involved in parainfluenza virus 5
V protein binding. Data herein suggest that RLRs have been engaged in host-virus genetic conflict leading to
diversifying selection and indicate parallel evolution at the same site in RIG-I and LGP2, a position likely to be
of central importance in antiviral responses.

© 2013 Elsevier Ltd. All rights reserved.

non-immune cells leading to the triggering of the

Introduction T : !
inflammasome, the production of type 1 interferons,

The innate immune response represents the
first-line defense against invading pathogens. The
mechanisms responsible for the activation of innate
immunity have been at least partially clarified in
recent years. Thus, pathogen-associated molecular
patterns, non-self structure shared by groups of
pathogens, are recognized by pattern recognition
receptors (PRRs). The interaction between patho-
gen-associated molecular patterns and PRRs acti-
vates signal transduction in immune and

0022-2836/$ - see front matter © 2013 Elsevier Ltd. Al rights reserved.

and the up-regulation of a vast family of antimicrobial
factors known as interferon-stimulated genes. At
least three different families of PRRs have been
recognized: Toll-like receptors, NOD-like receptors,
and RIG-I-like receptors (RLRs) [1]. PRRs are
present on an extended variety of immune and
non-immune cell types and are able to preferentially
recognize specific families of pathogens; RLRs, in
particular, seem to be better fit at sensing viral
genetic material. The RLR family comprises three

J. Mol. Biol. (2014) 426, 1351-1365
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Fig. 1. Conservation score and schematic domain representation of the three RLRs. A normalized multi-gene and
multi-species conservation score is shown for the RLR alignment. The domain structure of MDAS5, RIG-I, and LGP2 is
color-coded as follows: CARD, pink; HEL1, green; HEL2i, cyan; HEL2, blue; pincer, yellow; CTD, gray. Horizontal hatched
lines denote gap regions in the alignment (i.e., inserted region in one RLR). Positively selected sites are mapped onto the
conservation score and the domain structures; positions are referred to human sequences. A list of known viral inhibitors is
reported for each RLR: NS1 from IAV (influenza A virus) [70]; US11 from HSV (herpes simplex virus) [57]; NS2 from RSV
(respiratory syncytial virus) [55]; Z proteins from Arenaviruses [13]; NSs from TOSV (Toscana virus) [71]; V proteins from

Paramyxovirus [12].

main sensors: retinoic acid-inducible gene | (RIG- or
DDX58), melanoma differentiation-associated gene
5 (MDAS5 or IFiH1), and laboratory of genetics and
physiology 2 (LGP2 or DHX58). These receptors are
characterized by a cytoplasmic localization, recog-
nize viral RNA, and induce signal transduction, upon
binding to exogenous RNA, via the interaction with
the adaptor molecule MAVS (or IPS-1), ultimately
resulting in NF-kB- and IRF-3-dependent production
of type | interferons and proinflammatory cytokines
[2].

The three RLRs display a conserved core struc-
ture consisting of two DExD/H box helicase domains
(HEL1 and HEL2) that are similar in structure to the
helicases superfamily 1 and 2 (SF1 and SF2) but
differ by the presence of an insertion domain in HEL2
(HEL2i), which plays an important role in the specific
recognition of RNA [3]. The HEL2 domain of all three
RLRs is connected to the C-terminal regulatory
domain (CTD) by a so-called “pincer” or “bridge” [3,4]
(Fig. 1). Both MDAS5 and RIG-| display two N-temi-
nal caspase activation and recruitment domains
(CARDs) responsible for downstream signal trans-
duction (Fig. 1). This makes the structure of RLRs
unique in its domain composition, and contrasting
hypotheses concerning the origin of such domain
arrangements have been proposed [5,6].

Despite their structural similarity, MDA5 and
RIG-| can activate immune responses against
distinct viruses, possibly because of different spec-
ificities in substrate recognition. In fact, MDAS has a
preference for long double-stranded RNA (dsRNA),
although higher-order structure or branched RNA

seems necessary for optimal activation of this
RLR [7]. Conversely, RNA molecules with 5’ tripho-
sphorylated (5'ppp) ends and short dsRNAs activate
RIG-I [2]. The function and specificity of LGP2 is less
clear, but a recent work suggested that it binds
blunt-ended dsRNA of different lengths [8]. Thus,
some flaviviridae such as dengue and West Nile
viruses are sensed by both MDA5 and RIG-[;
however, RIG-| has the ability to detect a broader
range of viral species including paramyxoviruses
(e.g., measles, respiratory syncytial virus, Sendai
virus), rhabdoviruses (e.g., rabies), influenza viruses,
and flaviviruses (e.g., HCV) [2]. Conversely, the
specific viral substrates of MDA5 are essentially
restricted to picomaviruses (e.g., encephalomyocar-
ditis virus) and vaccinia anuvirus [2]. Therefore, RLR
receptors play a non-redundant role in virus sensing,
suggesting that they evolved diverse specificities to
broaden antiviral responses. As expected, viruses
also managed to develop molecules that, by counter-
acting the action of RLRs, favor immune evasion.
Most paramyxoviruses encode V proteins that bind
the helicase domain of both mammalian and avian
MDA5 molecules with an inhibitory effect [9,10]; V
proteins also interact with LGP2 but are unable to bind
and inactivate RIG-1[11,12]. The opposite is true for Z
proteins encoded by New World arenaviruses, which
block the function of RIG-| but are unable to bind
MDAS5 [13]. Interestingly, Z proteins from phylogenet-
ically related Old World arenaviruses are ineffective
against RIG-1[13]. As detailed in Fig. 1, additional viral
products target MDA5S and/or RIG-I, suggesting that
these molecules have been engaged in a constant
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Table 1. Average dN/dS for the three RLR genes and number of positively selected sites

Gene Number of Recombination Average dN/dS Number of positively selected sites
species breakpoints (position) (confidence intervals) BEB MEME BEB and MEME

MDA5 46 B 0.293 (0.284,0.302) 19 74 8

RIG-1 42 — 0.403 (0.390,0.416) 30 78 b

LGP2 46 1(470) 0.221 (0.213,0.230) 6% 197 2

# These numbers refer to the second region (alignment positions 471-678) of LGP2 (see also Table 2).

genetic conflict with viruses and that they may
evolve under virus-driven selection. In line with this
view, analyses of genetic diversity in human
populations indicated that amino-acid-replacing
polymorphisms in MDAS and LGPZ have represent-
ed targets of natural selection [14,15], whereas
purifying selection was the major force acting on
RIG-1[15]. Studies on inter-species genetic diversity
provide insight into the long-standing evolutionary
history of genes and may be exploited to identify
protein sites or domains that directly interact with
viral components or account for antiviral specificity
[16]. Herein we analyzed the evolutionary history of
RLRs inmammals and defined amino acid residues
and specific lineages evolving under diversifying
selection.

Results

Adaptive evolution of RLRs in mammals

To analyze the evolutionary history of RLR
genes (MDAb, RIG-I, and LGP2) in mammals, we
obtained coding sequence information for all avail-
able species from public databases (Supplementary
Table S1). At least 42 species were available for
each gene, including metatheria and eutheria and
representing about 175 million years of mammalian
history (Table 1) [17].

Previous studies have indicated that recombina-
tion can largely inflate type | error rates when models
of positive selection are applied [18]. This is because

Table 2. Likelihood ratio test statistics for models of variable selective pressure among sites (F3x4 and F61 models of

codon frequency)

Gene Model Degrees of -2ALnL p Value Percentage of sites
freedom (corrected p value) (average dN/dS)

MDAS F3x4

M1a versus M2a 2 80.83 281 x10°'® 2.6(23)

M7 versus M8 2 130.33 5.00 x 1072¢ 9.5(1.4)

1

Mi1a versus M2a 2 62.73 239 x 10 ™ 26(2.1)

M7 versus M8 2 111.64 572 x 1072 10.2(1.4)
LGP2, region 1 F3x4

M1a versus M2a 2 0 1(1) —

M7 versus M8 2 63.80 1.40 x 10 (2.80 x 10° ") e
LGP2, region 2 F3x4

Mia versus M2a 2 31.97 114 x 1077 (2.28 x 10°7) 0.8(3.2)

M7 versus M8 2 36.73 1.05 x 1078 (2.10 x 10°8) 28(15)

Fé1

M1a versus M2a 2 39.58 254 x 107° (5.08 x 10°9) 3.4 (2.1)

M7 versus M8 2 58.33 2.15 x 10712 (4.30 x 10™ %) 7.6(15)
RIG-1 F3x4

M1a versus M2a 2 131.83 236 x 107 4.4 (26)

M7 versus M8 2 150.90 1.72,%: 102 6.0(1.9)

F61

Mia versus M2a 2 88.79 527 x 1072 4.0(23)

M7 versus M8 2 113.85 1.90 x 10725 78(1.7)
Note: M1a is a nearly neutral model that assumes one w class between 0 and 1 and one class withw = 1; M2a (positive selection model) is

the same as M1a plus an extra class of w > 1. M7 is a null model assuming that 0 < w < 1 is beta distributed among sites; M8 (positive
selection model) is the same as M7 but also includes an extra category of sites withw > 1. 2ALnL is twice the difference of the natural logs
of the maximum likelihood of the models being compared; p value is the p value of rejecting the neutral models in favor of the positive
selection model; for LGP2, the p value has been Bonferroni corrected (for two tested regions); percentage of sites (average dN/dS) is the
estimated percentage of sites evolving under positive selection by M2a and M8 (dN/dS for these codons).
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Fig. 2. Analysis of positive selection scores. Positive selection score distribution for 6426 genes (see the text). The

position of LGP2, MDAS, and RIG-1is shown.

most methods used to infer positive selection
assume that the phylogenetic tree and branch
lengths are constant across all sites in the alignment,
a tenet that is invalid in the presence of recombina-
tion. Indeed, recombination may introduce apparent
substitution rate heterogeneity among sites [19] and
may cause the estimated phylogeny to have
excessively long terminal branches [20]. Thus, we
first screened the three alignments for the presence
of recombination breakpoints using genetic algo-
rithm recombination detection (GARD) [21]. This
program uses phylogenetic incongruence among
segments of a sequence alignment to detect the
best-fit number and location of recombination break-
points. No evidence of recombination was detected
for MDAS and RIG-I, whereas GARD detected one
breakpoint in LGP2 (at alignment position 470)
(Table 1). Taking this information into account, we
calculated the average non-synonymous substitu-
tion/synonymous substitution rate (dN/dS, also
referred to as w) for the three genes using the
single-likelihood ancestor counting (SLAC) method
[22]. SLAC estimates branch lengths and substitu-
tion rates using maximum likelihood and, in the
presence of recombination, allows fitting of branch
lengths separately for each segment. The algorithm
then uses these estimates to fit a codon model and

to obtain a global dN/dS ratio with confidence
intervals; thus, the calculated w accounts for
recombination. For the three genes, the dN/dS rate
was much lower than 1 (Table 1), indicating a major
role for purifying selection in shaping genetic
diversity at RLRs. However, whereas constraints
on protein function and structure might result in
overall purifying selection being the primary evolu-
tionary force acting on gene regions, diversifying
selection might involve specific sites or domains. To
test this possibility, we applied maximum-likelihood
analyses implemented in the phylogenetic analysis
by maximum likelihood (PAML) package [23.24].
Specifically, we used the codem/ program to
compare models of gene evolution that allow (NSsite
models M2a and M8, positive selection models) or
disallow (NSsite models M1a and M7, null models) a
class of codons to evolve with dN/dS > 1 using the
F3x4 model of codon frequency. This analysis was
performed for the MDAS and RIG-/ alignments, as
well as independently for the two regions of LGP2,
according to the recombination breakpoint. As
reported in Table 2, for both MDA5 and RIG-/, both
null models were rejected in favor of the positive
selection models; the same occurred for the second
region of LGP2 (after Bonferroni correction for
two tests, to account for alignment splitting). These
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Table 3. Likelihood ratio test statistics for models of variable selective pressure along branches and branch-site tests

(F3x4 model)

Gene Model —2ALnL Degrees of freedom p Value
MDA5 MO versus M1 261.84 90 1.09x 107"®
LGP2, region 2 MO versus M1 114.42 89 0.036
RIG- MO versus M1 224.63 81 1.95x 107°
Single branch analysis
Gene Foreground branch -24LnL Degrees of freedom p Value
(MA versus MA1) (FDR corrected p value)
MDA5 Tasmanian devil 10.08 1 7.15 x 1078 (4.29 x 1075)
Tree shrew 9.44 1 0.0021 (0.0042)
Guinea pig 9.43 1 0.0021 (0.011)
Alpaca 7.21 1 0.0072 (0.011)
Insectivora 0.19 1 0.535 (0.642)
RIG-I Xenarthra 36.53 1 1.5% 107°(9.00x 10°%;
Squirrel 11.92 1 55x 107 (1.65 x 107%)
Golden hamster 417 1 0.041 (0.082)
Dog 0 1 1(1)
Fereuungulata 2.25 1 0.13 (0.20)
Horse: 0 1 1(1)

Note: M0 and M1 are free-ratio models that assume all branches to have the same w (M0) or allow each branch to have its own w (M1); MA
and MA1 are branch-site models that assume four classes of sites: the MA model allows a proportion of codons to have w = 1 on the
foreground branches, whereas the MA1 model does not. 2ALnL is twice the difference of the natural logs of the maximum likelihood of the
models being compared. Similar results were obtained using the FE1 codon model (data not shown).

results were confirmed using the F61 model of codon
frequency (Table 2).

Overall, these analyses indicate that the three
RLR genes evolved adaptively. The power to detect
positive selection is influenced by the number and
phylogenetic distance of the species being analyzed
[25]. Few large scale with as many species as those
analyzed herein are available. Thus, to evaluate the
strength of selection acting on RLRs compared to
other genes, we exploited data from a genome-wide
analysis of 29 mammalian genomes [26]. In partic-
ular, we obtained positive selection scores (see
Materials and Methods) for the three RLRs and for all
genes (n = 6426) with a similar number of available
species as RLRs [26]. Relative to the distribution of
these 6426 genes, positive selection scores for
LGP2, MDAS, and RIG-Icorresponded to the 44.1th,
85.9th, and 91.3th percentiles, respectively (Fig. 2).
The probability of randomly sampling three genes
with at least one percentile value equal to or higher
than each of those observed for the RLRs amounts
to 0.0251, confirming that RLRs represented prefer-
ential selection targets during mammalian evolution.

Identification of positively selected sites and
branch-specific selection

In order to identify specific sites subject to positive
selection, we applied the Bayes empirical Bayes
(BEB) analysis (with a cutoff of 0.90) from M8 [27,28]
and the mixed effects model of evolution (MEME)
(with a default cutoff of 0.1) [29]. Only sites detected
using both methods were considered targets of

positive selection: we identified 8, 11, and 2
positively selected sites in MDAS5, RIG-l, and
LGP2, respectively (Table 1 and Fig. 1).

We next analyzed the location of positively
selected sites in the three genes relative to domain
organization and inter-gene homology. Thus, we
performed a multi-species, multi-gene alignment and
calculated the degree of conservation at each
position using Scorecons [30]. As expected, se-
quence siretches showing the strongest conserva-
tion were observed in the HEL1 and HEL2 domains
(although MDA5 displays a unique 29-amino-acid
insertion in HEL2i; Fig. 1). The positively selected
sites are located in all domains of MDA5 and RIG-I,
whereas they are confined to the LGP2 helicase
domain (Fig. 1). Notably, four out of eight positively
selected sites in MDAS5 (Cys202, lle209, Gly223, and
Leu662) fall in regions that are unique to this RLR,
including the 29-amino-acid insertion in HEL2i.
Conversely, several targets of diversifying selection
in RIG-I are located within sequence stretches of
high homology among RLRs. Finally, positive
selection was detected at the Asp421 and Asp179
residues in RIG-l and LGP2, respectively; these
sites correspond to the same position in the two
RLRs (Fig. 1), indicating independent selective
events at the same residue.

In order to explore possible variations in selective
pressure among different mammals and to identify
sites subject to episodic selection (i.e., selection
along one or few lineages), we first tested whether
models that allow dN/dS to vary along branches
(model M1) had significant better fit to the data than
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models that assume one same dN/dS across the
entire phylogeny (model M0) [31]. This condition was
verified for the three RLRs (Table 3). We thus used
the branch site-random effects likelihood (BS-REL)
method [32] to identify lineages on which a subset of
sites have evolved under positive selection. One
advantage of BS-REL is that it makes no a priori
assumption about which lineages are more likely to
represent selection targets. Whereas no significant
branch was detected for LGP2 (region 2), BS-REL

identified five and six branches with evidence of
positive selection in MDAS and RIG-i, respectively
(Figs. 3 and 4). These results were cross-validated
using the branch-site models implemented in PAML
[33], which apply a likelihood ratio test to compare a
model (MA) that allows positive selection on one or
more lineages (foreground lineages) with a model
(MA1) that does not allow such positive selection
(Table 3). As suggested [34], a false discovery rate
(FDR) correction was applied to these p values, as
multiple hypotheses are being tested on the same
dataset. PAML analysis confirmed two of the RIG-/
branches identified by BS-REL, with the hamster
lineage being borderine after FDR (Table 3 and
Fig. 4). As for MDAS5, all branches were detected by
both methods with the exception of the insectivora
(Table 3 and Fig. 3).

The PAML branch-site models offer the possibility of
identifying specific sites that evolve under positive
selection in the foreground branches; this is achieved
through implementation of a BEB analysis, which is
accurate but has low statistical power [33]. We
reasoned that, because MEME was specifically
developed to detect episodic positive selection (in
addition to pervasive selection), most lineage-specific
BEB sites should have been identified by the MEME
analysis we performed on the whole phylogeny. As
shown in Fig. 4, BEB identified sites subject to
episodic positive selection in RIG-/ for the Xenarthra
and squirrel branches, and all these sites were also
detected by MEME. Likewise, for MDAS5, two of the
four sites identified by BEB (in the Tasmanian devil
and guinea pig lineages) were among those found by
MEME in the initial analysis (Fig. 3). The position of
branch-specific sites relative to RLR domains is
reported in Supplementary Fig. S1.

Fig. 3. Branch-site analysis of positive selection for
MDAS5. Branch lengths are scaled to the expected number
of substitutions per nucleotide, and branch colors indicate
the strength of selection (dN/dS or w). Red, positive
selection (w > 5); blue, purifying selection (w = 0); gray,
neutral evolution (w = 1). The proportion of each color
represents the fraction of the sequence undergoing the
corresponding class of selection. Thick branches indicate
statistical support for evolution under episodic diversifying
selection as determined by BS-REL. Dots denote
branches that were also detected to be under positive
selection using the PAML branch-site models (after FDR
correction for multiple tests). Positively selected sites are
also shown (positions refer to the human sequence). X
symbols denote missing information. Red, sites subject to
positive selection in the whole phylogeny; magenta
shading, lineage-specific positively selected sites as
detected by BEB; orange shading, lineage-specific posi-
tively selected sites as detected by both BEB and MEME.
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Fig. 4. Branch-site analysis of positive selection for RIG-I. The same as in Fig. 3. Gray dots denote branches that were
detected to be under positive selection using the PAML branch-site models but did not withstand FDR correction for
multiple tests. The site marked with an asterisk represents a single amino acid insertion in a minority of species, which is

positively selected in Xenarthra.
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Fig. 5. Analysis of positively selected sites in RIG-I. Positively selected sites are always shown in red. (a) Multiple
alignment of the first CARD domain of RIG-I for a few representative mammalian species. Color codes are as follows: blue,
mutations that affect RIG-| function; orange shading, positively selected site in the Xenarthra lineage; magenta, human
polymorphic site (Arg7Cys). The asterisks denoted the site that undergoes phosphorylation when a serine residue
is present. The horizontal line denotes amino acids that are removed as a result of alternative splicing (exon 2 skipping).
(b) Ribbon diagram of RIG-I (ACARD) bound to dsRNA; domains are color-coded as in Fig. 1. (c) Surface of RIG-1 (slightly
rotated compared to A to show all positively selected sites within these domains).

Analysis of positively selected sites and of
human polymorphisms

As shown in Fig. 1, in both MDAS and RIG-I,
three positively selected sites are located in the
spacers separating the second CARD domain from
the helicase domain. These spacers are relatively
short (31 and 55 residues for MAD5 and RIG-I,
respectively), and by random uniform sampling, we
determined that they represent preferential targets
of positive selection in both genes (i.e., assuming a
random distribution of selected sites, the likelihood
of identifying three in the spacers amounts to 0.027
and 0.023 for MDA5 and RIG-I, respectively). In line
with this analysis, a fourth site positively selected in

Xenarthra was identified in the RIG-| spacer region
(Fig. 4 and Supplementary Fig. S1).

As for CARDs, all sites we identified (with the
exception of one residue specifically selected in the
Tasmanian devil lineage; Supplementary Fig. S1)
were located in the first domain. In the case of RIG-I,
this domain is essential for binding to TRIM25 [35],
an ubiquitin ligase that delivers K63-linked polyubi-
quitin moieties to lysine residues in the two CARDs
[36]. Ubiquitination up-regulates RIG-| activity [36].
Several mutations in the first CARD domain that
abolish CARD ubiquitination have been generated
(Fig. 5a) [35,37], and an altemative splicing event that
removes amino acids 36-80 in the protein product
(thus encompassing the positively selected Asp78
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(a)

(b) Valggg

Fig. 6. Analysis of positively selected sites in MDAS5. Positively selected sites are always shown in red. (a) Multiple
alignment of the unique MDAS5 HEL2i insertion for a few representative mammalian species. (b) Ribbon diagram of MDAS;
domains are color-coded as in Fig. 1. Sites in pink are positively selected in specific lineages. Positions in orange form the
head surface of the monomer interaction surface; the dark-green B-sheet directly interacts with paramyxovirus V proteins;
positions in violet represent human amino-acid-replacement polymorphisms. (¢) Superimposition of the structure of the
HEL2 domain of MDAS5 (orange) in complex with PIV5 (blue) (PDB code: 411S) and the whole MDAS (yellow) (PDB code:
4GL2). In the enlargement, the position of His834 is shown in green.

site) is unable to bind TRIM25 [35]. Likewise,
phosphorylation of the Ser8 residue decreases
TRIM25 binding and RIG-l activity [38], and the
Arg7Cys human polymomhism affects RIG-I ubiquiti-
nation levels [39]. Interestingly, the serine residue at
position 8 is almost exclusively present in primates
(Fig. 5); we detected two positively selected sites at
positions 10 and 12 (this latter specific for the
Xenarthra) (Figs. 4 and 5a), suggesting that variants
in this N-terminal region might modulate RIG-I
regulation in a species-specific fashion.

For both RIG-l and MDAS5, crystal structures have
been solved without CARD domains (ACARD).

Thus, to gain further insight into the role of positively
selected sites, we mapped these onto available RLR
three-dimensional (3D) structures. In RIG-I, Asp421
is located in an helix (a17) protruding from HEL 1 and
forming a shaft that grips the V-shaped structure
formed by the pincer region [3] (Fig. 5b). Notably,
another positively selected site in RIG-| (Arg767) is
located in the pincer and faces the Asp421 residue
(Fig. 5b). As for the two selected sites in HELZ2i,
these are located in an a-helix extemal to the cavity
that binds RNA. In general, all positively selected
residues that could be mapped onto the 3D structure
of RIG-I involve highly exposed positions (Fig. 5c).
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The crystal structure of MDA5 (ACARD) lacks
information for a portion of the unique insertion in
HELZ2i, including the positively selected Leu662 residue
and the most C-terminal tail [40]. The HEL2i domain
(which is absent in the other RLRs and in SF1/SF2
helicases) has a characteristic sequence composition
with acidic N-terminal and basic C-terminal residues
(Fig. 6a). Analysis of different mammalian species
indicated that the positively selected 662 site can be
occupied by neutral, as well as positively and
negatively charged, amino acids (Fig. 6a).

One of the positively selected sites identified in
MDAS5 (Val989) is located within the B9 sheet of the
CTD, which is known to directly interact with dsRNA
[41]. Likewise, site 940, positively selected in the
guinea pig lineage, is immediately adjacent toa residue
that is in direct contact with the nucleic acid [41].
Interestingly, a functional human polymorphism asso-
ciated with type 1 diabetes susceptibility [42,43],
lle923Val (rs35667974), is also located in the CTD
and involves a site directly contacting dsRNA [41]
(Fig. 6b). The CTD harbors a second human variant
associated with different autoimmune diseases: the
derived allele of the common Ala946Thr (rs1990760)
polymorphism alters the expression of several immune
response genes and predisposes to type 1 diabetes,
systemic lupus erythematosus, rheumatoid arthritis,
and multiple sclerosis [44,45]. This variant could not be
visualized because it is located in a region that was not
solved in the 3D structure. Overall, these data suggest
that variation at CTD residues has the potential to
influence MDAS5 activity and to translate into pheno-
typic diversity.

Two additional human polymorphisms segregate
in human populations and have been described to
have been targets of selection during the recent
evolution of the human species [14,15]. The
His460Arg variant (Fig. 6b) was shown to affect
MDAS5 function by increasing apoptosis, and it
predisposes to systemic lupus erythematosus [45].
No positively selected site is located in its proximity.
The other variant, Arg843His, with unknown func-
tional significance, is in the pincer, within a region
where residues forming the head surface of the
contact interface between MDA5 monomers are
located (Fig. 6b). Likewise, the 708 residue, which is
positively selected in the Tasmanian devil lineage, is
also in proximity of the interaction surface (Fig. 6b).
In the same region, we detected a site positively
selected in the whole mammalian phylogeny, as
well. In fact, 834His is at the C-terminal extremity of
HEL2, close to a buried B-sheet, and serves as the
interaction partner for paramyxovirus V proteins
(Fig. 6b). Motz et al have solved the crystal structure
of the MDA5 HEL2 domain in complex with the
C-terminal portion of the parainfluenza virus 5 V
protein (PIV5) [46]. We superimposed the structure
of the MDAS HEL2 domain with PIV5 and the whole
MDAS5: as expected from the work of Motz et al., the

C-terminal domain of PIV5 occupied the position of
two MDAS B-sheets [46]. Indeed, PIV5 can disrupt
the fold of HEL2, hence the impossibility to perform
modeling studies using protein—protein docking.
Nonetheless, from the superimposition of the two
structures, it is clear that His834 is in a crucial
position for the interaction of the two proteins since it
is located in the region subject to unfolding upon
interaction (Fig. 6c).

Discussion

We exploited the availability of an ever-increasing
number of resequenced mammalian genomes,
which allows high power in natural selection tests,
to analyze the evolutionary history of RLRs in
mammals and to identify selected sites. To minimize
false positives, we applied a conservative approach,
by screening for recombination and by requiring all
neutral models to be rejected in favor of the positive
selection models. Likewise, individual sites subject
to positive selection were defined by the use of two
methods, BEB and MEME. Again, this choice was
motivated by the desire to limit the number of false
positive results, although we possibly underesti-
mated the number of selected sites. Indeed, MEME
allows the distribution of dN/dS to vary from branch
to branch at an individual site, resulting in the ability
to detect both episodic and pervasive positive
selection [29]; conversely, sites evolving under
episodic selection are likely to be missed by BEB.
Consistently, BEB analyses from the branch-site
models detected seven sites that evolved under
positive selection along specific lineages and five of
these were identified by MEME without a priori
branch specification, providing methodological vali-
dation. It is worth mentioning that, although we used
two methods (BS-REL and the PAML branch-site
models) to identify lineages subject to positive
selection and we checked alignment quality, minor
errors in the reference genome sequences of
specific lineages might yield false positive results,
especially for terminal branches. Clearly, the pres-
ence of lineage-specific selective events suggests
that species-specific viral pathogens acted as
selective pressures. Nonetheless, current informa-
tion concerning the diversity and host range of
animal viruses may be too limited [47] to allow
speculation on which viral species have acted as
major selective forces; also, some of the species
detected herein such as the Xenarthra, which
represent the more convincing evidence of episodic
selection, are poorly studied. Finally, it should be
noted that the fact that some branches display
statistical evidence of episodic positive selection
does not imply that the remaining lineages are
neutrally evolving. Indeed, maximum-likelihood anal-
yses (both M1 versus M2 and M7 versus M8) after
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removal of significant branches still supported the
action of positive selection for both MDAS5 and RIG-1
(data not shown). Overall, our data indicate that
RLRs have represented preferential selection tar-
gets during mammalian evolution, as also assessed
from large-scale estimates of positive selection
scores [26]. Indeed, even previous works that
analyzed gene families involved in immune re-
sponse such as T cell regulatory molecules [48]
and interleukins [49], that used an approach similar
to that applied herein, and that included several
mammalian species identified a proportion of posi-
tively selected genes not higher than 60%.

Even accounting for its lack of CARD domains, we
detected fewer positively selected sites in LGP2
compared to RIG-l and MDAS5. The role of this
sensor is still poorly understood; initial evidences
suggesting that it mainly functions as a negative
regulator of the activity of other RLRs [50,51] have
been challenged by the observation that LGP2 can
positively participate to the antiviral responses
triggered by RIG-I and MDAS5 [52,53]. Most likely,
however, LGP2 acts more as a modulator than as an
active participant in antiviral response [54], possibly
explaining weaker selective pressure on this RLR.
Nonetheless, cross-gene comparison indicated that
the same position in RIG-| (Asp421) and LGP2
(Asp179) has been independently targeted by
selection, suggesting that this site plays a central
role in processes involving both RLRs. In RIG-|, the
Asp421 residue is highly exposed and located within
a helix that functions as a shaft for the pincer, which,
in tum, is thought to modulate the relative orientation
of the helicase domain and the CTD [3]. Thus,
variants in the shaft of the pincer (i.e., Arg767 in
RIG-I) might affect substrate recognition by inducing
minor changes in domain positioning. An alternative
possibility is that the Asp421 and Asp179 residues in
RIG-l and LGP2 are part of a surface recognized by
one or more viral proteins. Indeed, RIG-| is targeted
by many viral products (Fig. 1) [13,55-57], although
the specific molecular details of these interactions
are unknown. Beside position 421, most of the
positively selected sites detected in RIG-| involve
solvent-exposed residues that may function as
anchors for viral protein binding. Exposed residues
in host proteins are obvious targets for the binding of
viral products [58], and the interaction between V
proteins and MDAS likely represents an exception to
this rule. Indeed, Motz et al showed that PIV5
recoghizes a B-sheet in MDAS thatis normally buried
within the helicase fold, suggesting that PIV5 has the
ability to unfold the RLR [46]. Even if, due to the
unfolding event, we were unable to perform protein—
protein docking analyses, the position of His834
strongly suggests that it modulates the interaction
between MDAS and V proteins, confirming the view
whereby at least some positively selected sites lie at
host-pathogen interaction surfaces.

Some sites positively selected in mammals, as
well as a human polymorphism previously described
as a selection target [15], mapped to a region that
forms part of the interaction surface between MDAS
monomers. Indeed, MDAS5 forms filaments of mono-
mers arranged in head to tail around dsRNA that are
necessary to nucleate the formation of the active
fibrillar form of MAVS [40,58]. By disrupting the
MDAS fold, PIV5 inhibits its polymeric arrangement
[46] and other viral products might target the
monomer interaction surface. Recent evidences
indicated that RIG-l also arranges in filaments
along dsRNA, and for both RLRs, this process
allows the formation of CARD domain oligomeric
patches along the fibril. In turn, this is made possible
by the presence of a linker region (assumed to have
a random-coil structure) that separates CARDs from
HEL domains. Interestingly, data herein show that,
for both MDAS and RIG-|, these linker regions have
been preferential targets of positive selection. One
possible interpretation of this observation is that,
being exposed on the fibril surface, linkers might
represent extremely good candidates for virus-in-
duced cleavage or misfolding. CARD domains
represent the signaling units of MDA5 and RIG-I,
by establishing homotypic interactions with the
CARD of MAVS, which also carries sites positively
selected in primates [60]; in addition, CARD domains
regulate RLR activity. Indeed, the human Arg7Cys
polymorphism affects RIG-| ubiquitination [36] and
modulates the humoral response to rubella vaccina-
tion [61]. Overall, these data suggest that the
positively selected sites we detected in CARDs
might result from co-evolution with the homologous
MAVS domain or with other interactors such as
TRIM25, a possibility that could be addressed once
crystal structures have been solved. Indeed, the
presence of a phosphorylation site (Ser8) [38] only
in primates suggests that distinct species adopt
diverse regulatory mechanisms.

Finally, many of the positively selected sitesin MDAS
are in regions that are unique to this RLR, such as the
longer spacer separating the CARD and helicase
domains and the characteristic insertion in HEL2i. This
latter could not be solved in the 3D structure, but a
similar insertion in the bacterial Hef helicase mediates
branched DNA processing [62]. It is thus tempting fo
speculate that this insert in MDA5 modulates the
recognition of specific substrates, possibly branched
or higher-order RNA structures [7], and that charge
variations at the positively selected Leu662 position
might contribute to further diversification of the range of
detected substrates. More generally, distinct RLRs
might have evolved innovations relative to the other
family members, as demonstrated by their non-redun-
dant roles, and diversifying selection within these
regions might contribute additional functional diversi-
fication in terms of either viral recognition or inhibitor
antagonism.
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Materials and Methods
Detection of positive selection

Mammalian sequences for RIG-l, LGP2, and MDAS
were retrieved from the Ensembl’ and National Center for
Biotechnology Information® databases. The list of species
for each gene is reported in Supplementary Table S1. DNA
alignments were performed using the RevTrans 2.0 utility
[63], which uses the protein sequence alignment as a
scaffold for constructing the corresponding DNA multiple
alignment. This latter was checked and edited by hand to
remove alignment uncertainties. For PAML analyses [24],
we used trees generated by maximum-likelihood using the
program PhyML [64].

The site models implemented in PAML have been
developed to detect positive selection affecting only a few
amino acid residues in a protein. These models treat the
dN/dS (w) ratio for any codon in the gene as a random
variable from a statistical distribution, thus allowing w to
vary from site to site, assuming a constant rate at
synonymous sites. To detect selection, we fitted site
models that allow (M2a, M8) or disallow (M1a, M7) a class
of sites to evolve with w > 1 to the data using the F3x4 and
the F61 codon frequency model. Positively selected sites
were identified using the BEB analysis (with a cutoff of
0.90), which calculates the posterior probability that each
codon is from the site class of positive selection (under
model M8) [27]. A second method, MEME (with the default
cutoff of 0.1) [29], was applied to identify positively
selected sites. MEME allows the distribution of w to vary
from site to site and from branch to branch at a site,
therefore allowing the detection of both pervasive and
episodic positive selection; the method has been shown to
have more power than methods that assume constant w
across lineages [29].

We used GARD [21] to screen the alignments for
recombination; GARD uses phylogenetic incongruence
among fragments of a sequence alignment to detect
recombination events; the application of a genetic algorithm
allows searching for multiple breakpoints; the probability that
each breakpoeint is due to recombination (rather than, e.g.,
heterotachy) is assessed through Kishino-Hasegawa tests
[65]. Thus, the method reaches high power and good
accuracy in most evolutionary scenarios [21,66].

GARD, MEME [29], and SLAC [22] analyses were
performed through the Datamonkey server' [67].

To explore possible variations in selective pressure
among different lineages, we applied the free-ratio models
implemented in the PAML package: the MO model
assumes all branches to have the same w, whereas M1
allows each branch to have its own w [31]. The models are
compared through likelihood ratio tests (degrees of
freedom = total number of branches, —1). In order to
identify specific branches with a proportion of sites
evolving with w > 1, we used BS-REL [32]. This method
implements branch-site models that simultaneously allow
w variation across branches and sites. BS-REL requires
no prior knowledge about which lineages are of interest
(i.e., are more likely have experienced episodic diversify-
ing selection) and uses sequential likelihood ratio tests to
identify significant branches (with final Holm's multiple
testing correction). Branches identified using this approach
were cross-validated using the branch-site likelihood ratio

tests from PAML (the so-called modified model A and
model MA1, “test 2”) [33]. In this test, branches are divided
a priori into foreground (those to be analyzed for positive
selection) and background lineages, and a likelihood ratio
test is applied to compare a model that allows positive
selection on the foreground lineages with a model that
does not allow such positive selection. An FDR correction
was applied to account for multiple hypothesis testing (i.e.,
we corrected for the number of tested lineages), as
previously suggested [34]. The advantage of this method
is that it also implements a BEB analysis analogous to that
described above to calculate the posterior probabilities
that each site belongs to the site class of positive selection
on the foreground lineages. Thus, BEB allows identifica-
tion of specific sites that evolve under positive selection on
specific lineages, although it has limited statistical power
[33].

Positive selection scores for 11,827 genes were
retrieved from a previous work [26]. Scores were calculat-
ed by combining (Fisher's method) nominal p values for all
sites with dN/dS > 0 in each gene [26]. Data for LGP2,
MDAS5, and RIG-| derived from the analysis of 27, 30, and
26 species, respectively. Thus, we only considered genes
with 26-31 available species (n = 6426).

Sequence and 3D structure analysis

Multi-species, multi gene alignments were performed
using MAFFT version 7 [68] and used as an input for
Scorecons [30]. The conservation score was calculated
using the "valdar01" method, which accounts for amino
acid frequency and stereochemical diversity and normal-
izes against redundancy in the alignment [69]. Because
CARD domains are not present in LGP2, CARD conser-
vation scores were calculated using a multiple alignment
that comprises MDA5 and RIG-l sequences only.

Protein 3D structures for MDA5 (PDB ID: 4GL2) and
RIG-| (PDB ID: 2YKG) were derived from the Protein
Data Bank (PDB). Sites were mapped into structures using
PyMOL (The PyMOL Molecular Graphics System, Version
1.5.0.2 Schrodinger, LLC). PyMOL files are available
as supplementary material (3DModel RIG-I and
3DModel_MDAS).
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4 CONCLUSIONS

The study and identification of natural selection patterns in humans and, in
general, in different species have different purposes. First of all,they
improve our understanding of the evolutionary processes that shaped
diversity in human populations; but they can also help to highlight specific
variants that have functional roles or influence phenotypes.

The identification of non neutrally-evolving genomic regions and genes can
also help understand the evolutionary history of modern complex diseases.
In fact, variation in susceptibility genes for human common traits may be
due to changes in selective pressure during the evolutionary history of our
species.

Interspecific evolutionary studies can highlight how infectious agents have
represented a selective force acting on hosts genes. In fact pathogens may
either develop strategies to modulate the transcript level of hosts genes,
with the aim of evading the host immune system, or they may encode
molecules that directly bind host proteins and alter their function. That was
the case of CD86: the Kaposi sarcoma—associated herpesvirus MIR2
protein directly binds CD86. Docking analysis indicated that the two
positively selected sites identified by the interspecific study (positions 260
and 268) and located in the transmembrane region of CD86 are crucial for
the interaction with MIR2; changing the aminoacid at these sites alters the
binding pose of the two proteins and most likely affects the binding
efficiency. Therefore, the selective pressure exerted by MIR2/MIR2-related
proteins might have driven the evolution of the CD86 transmembrane
region to decrease binding by viral-encoded ubiquitinases or to displace the

ubiquitine ligase.

Pathogens have been shown to be also a major selective force in human
populations: in particular | addressed the question whether adaptive events
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have affected the spread of human disease alleles. | found that the disease
variants described herein as selection target are preferentially located in
regulatory regions; thus, selection at disease alleles is likely to have
operated by modulating expression levels, which need to be finely tuned
between efficient response to infection and maintenance of self-tolerance.
In this respect, one of the most convincing examples | show here concerns
an inflammatory bowel disease risk variant (rs762421): the risk allele at
rs762421 strongly correlates with bacterial diversity, suggesting that it
increased in frequency due to its conferring increased resistance to
bacterial diseases. Indeed, the same allele increases the expression of
ICOSLG in response to a bacterial superantigen. These results support the
idea that the presence in the past of a number of different pathogens has
influenced the spread of some autoimmune risk alleles in human
populations, that conferred resistance to those pathogens.

Evolutionary analyses both at the intra- and inter- specific level can also be
useful to identify a continuum in selective pressure acting on different
timescales on a particular gene. For example | found that in CD207, a
positively selected site in mammalian species immediately flanks a human
polymorphic position representing a balancing selection target with known
effect on sugar binding [69]. This indicates that natural selection has
maintained variability in langerin forms that differ in binding specificity and
may recognize distinct microbial glycan structures,ultimately affecting the
susceptibility to specific infections. Given this premise, | provided a
preliminary evidence for this hypothesis by showing that the CD207
haplotype defined by the selected variants is associated with protection to

sexually transmitted HIV-1 infection.

The same situation is verified for the contact system, with the KNG1 gene
being a target of an extremely diverse array of pathogen species on

different timescales. The results showed here reinforce the hypothesis that
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KNGL1 has a specific role in the modulation of immune response

Another fundamental aspect of evolutionary studies is that their results
suggest caution when extrapolating information from specific experiments
in model organisms, as a portion of genetic diversity at a specific gene
could have accumulated not as a result of neutral processes but in
response to adaptive events. An example of this is from the human and
mouse HAVCR2 orthologs. In HAVCR2, two positively selected sites
identified in the mammalian phylogeny are located at the top of pocket that
accommodates PtdSer. This molecule is a central signal exposed by
apoptotic cells and it is exploited by intracellular pathogens such as
Leishmania and Toxoplasma to dampen the host response [70, 71]. In vitro
experiments have indicated that substitution of the mouse residues at this
pocket with the corresponding human aminoacids significantly decreases
PtdSer binding [72], providing a direct evidence that positive selection at

these sites affected the functional properties of HAVCR2.

Finally evolutionary studies can provide information about sites and
domains that determine antiviral specificity as well as sensitivity to viral
inhibitors. For example the evolutionary analyses of nucleic acids receptors
(i.e. AIM-2 like and RIG-I like molecules) showed an ancestral and still
ongoing host-virus arms race, providing information on the location and
nature of adaptive changes, and highlighting the presence of functional

variation.
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