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The Journal of Immunology

Balancing Selection Is the Main Force Shaping the Evolution
of Innate Immunity Genes’

Anna Ferrer-Admetlla,* Elena Bosch,** Martin Sikora,* Tomas Marqués-Bonet,>*
Anna Ramirez-Soriano,* Aura Muntasell,” Arcadi Navarro,**$" Ross Lazarus,)
Francesc Calafell,** Jaume Bertranpetit,** and Ferran Casals™*

The evolutionarily recent geographic expansion of humans, and the even more recent development of large, relatively dense human
settlements, has exposed our species to new pathogenic environments. Potentially lethal pathogens are likely to have exerted
important selective pressures on our genome, so immunity genes can be expected to show molecular signatures of the adaptation
of human populations to these recent conditions. While genes related to the acquired immunity system have indeed been reported
to show traces of local adaptation, little is known about the response of the innate immunity system. In this study, we analyze the
variability patterns in different human populations of fifteen genes related to innate immunity. We have used both single nucleotide
polymorphism and sequence data, and through the analysis of interpopulation differentiation, the linkage disequilibrium pattern,
and intrapopulation diversity, we have discovered some signatures of positive and especially balancing selection in these
genes, thus confirming the importance of the immune system genetic plasticity in the evolutionary adaptive process. Inter-
estingly, the strongest evidence is found in three TLR genes and CD14. These innate immunity genes play a pivotal role, being
involved in the primary recognition of pathogens. In general, more evidences of selection appear in the European popula-
tions, in some case possibly related to severe population specific pressures. However, we also describe evidence from African

populations, which may reflect parallel or long-term selective forces acting in different geographic areas. The Journal of

Immunology, 2008, 181: 1315-1322.

uman populations have adapted to diverse pathogenic

environments. Evidence of positive natural selection is

relatively common in immunity genes compared with
other functional gene classes, suggesting that infectious pathogens
may have constituted one of the major selective forces during hu-
man history. In a recent review, Sabeti et al. (1) compiled the
existing information on 91 genes showing signatures of either pos-
itive or balancing selection, or both, of which several are indeed
related to immune function and to pathogen susceptibility.
Genomic approaches have confirmed that immunity is one of the
functional classes most enriched with positively selected genes (2,
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3). Furthermore, balancing selection has been invoked to explain
the variability patterns in some gene systems related to the immune
response, such as the MHC in vertebrates (4, 5) or the Resistance
genes in plants (6). In both cases, the persistence of ancient poly-
morphisms is explained by balancing selection-preventing fixation
(7) and maintaining high genetic diversity levels within the
species.

In addition to the evolutionary interest, the description of
genomic regions under positive or balancing selection is a useful
tool to identify regions that have been functionally relevant, and
have thus played a substantial role in adaptation. In particular, in
the case of genes related to the immune function, evolutionary
approaches should help both to identify genes involved in the re-
sistance to diseases still affecting human populations and to bring
valuable sight into the molecular mechanisms of pathogenesis (8).
While a number of studies have considered adaptive immunity
genes, only a small number of studies have focused on the effects
of natural selection on genes involved in innate immunity. Innate
immunity constitutes the first line of defense against invading
pathogens, and provides non-specific protection against a wide va-
riety of organisms by recognizing generic molecular structures
called pathogen-associated molecular patterns (PAMPs)* that are
essential for the survival of many pathogens (9, 10). Pattern rec-
ognizing receptors play a key role in PAMP recognition, since
their stimulation by PAMPs triggers the activation of other immu-
nity genes and the inflammatory response. Pattern recognizing re-
ceptors can be secreted proteins or be expressed on the cell surface
or in the cytosol, where they serve to recognize invariant molecular

+ Abbreviations used in this paper: PAMP, pathogen-associated molecular pattern;
SNP, single nucleotide polymorphism; DC, dendritic cell; MBL, mannose-binding
lectin; LD, linkage disequilibrium.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
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constituents of pathogens. Genes belonging to the 7LR family play
a key role in the induction of the immune response, recognizing
viral nucleic acids and bacterial products that are often compo-
nents of the cell wall (10). The TLR genes were first described
in fruit flies and can even be found in phylogenetically diverse
organisms including sponges (11). In humans, the TLR family
includes eleven genes coding for integral membrane glycopro-
teins, and their ligand specifities are being exhaustively ana-
lyzed (12, 13).

The aim of this work is to study the role of innate immunity
genes in the adaptation of human populations to the specific patho-
genic environments. We analyzed single nucleotide polymorphism
(SNP) and resequencing data on 15 genes related to this system,
spanning nine genomic regions. In this study, we choose repre-
sentative genes involved in different stages of the innate immune
response. We included genes codifying for TLRI, TLR6, TLRY,
TLRI10, CD14, and CD209 as a first-line molecules with the ability
to directly recognize and signal to trigger an inflammatory re-
sponse upon interaction with pathogens. They are expressed by
professional APCs, such as dendritic cells (DCs) and macrophages
in tissues, with an extremely high capacity to activate the innate
immune response (14). The second category of genes includes /L6
and /L10, representing inflammatory mediators produced by DCs
and macrophages as a consequence of the signaling post ligation of
the microbial sensors. These molecules are involved in the orches-
tration and regulation of the immune response and functionally
they can be divided into proinflammatory (/L6) and anti-
inflammatory (/L/0) molecules. In a third category, we included
the CDIA_E cluster of genes, codifying for lipid-presenting mol-
ecules that contribute to the innate immune response triggered
against the pathogen by a second-line mechanism. They require the
pathogen-derived lipids to be processed in the interior of the in-
fected cell to be associated to CD1 and presented to the effector
cells of the immune system (15). Finally, we also analyzed the
evolution pattern of MBL2, a gene codifying for the human col-
lectin, mannose-binding lectin (MBL). With multiple carbohy-
drate-recognition domains, MBL is able to bind to sugar groups
displayed on the surfaces of a wide range of microorganisms and
activates the complement system. Thereby MBL provide first-line
defense by participating in the pathogen clearance with no role in
directly triggering the inflammatory immune response (16). Al-
though far from exhaustive, these genes give a broad view on
essential components and interactions in the human innate immune
system.

The goal is to elucidate the selective pressures acting on these
genes during modern human history, studying the genetic di-
versity pattern in different populations. To do this, we searched
for signatures of natural selection through the analysis of the
following: 1) interpopulation differentiation, since environmen-
tal pressures acting on a given population may lead to local
adaptation, and thus, to a change in allele frequencies and an
increase in between-population differences (17); 2) the compar-
ison of linkage disequilibrium (LD) across populations, given
that the action of positive selection in a given population may
increase LD; and 3) the analysis of the variability at the intr-
apopulation level, which has precise expected values under the
neutral evolution model; significant decreases in genetic diver-
sity point to positive selection (selection favoring a particular
allele), while significant increases are interpreted as the foot-
print of balancing selection, in which increased diversity per se
has adaptive value.

Through these analysis it is possible to show whether innate
immunity genes have been targets of positive or balancing selec-
tion as a consequence of the diverse pathogenic pressures existing

INNATE IMMUNITY EVOLUTION

in the different geographic areas around the world or if, in contrast,
due to the crucial role that these genes play in the immune re-
sponse, purifying selection, to maintain mostly a unique variant,
has been the main force shaping their diversity pattern, thus pre-
venting them from accumulating mutations and differentiating
across populations.

Materials and Methods

Samples

We used the 1,049 samples included in the HGDP-CEPH Human Genome
Diversity Panel (18). DNA samples were grouped according to geographic
and ethnic criteria into 39 different populations with a worldwide distri-
bution. For some analysis, the 39 populations were grouped into seven
continental regions (19). Two samples were excluded from the analysis
because of their uncertain population origin (HGDP00770 and
HGDP00980). One control sample (CEPH0001) was duplicated in each
plate to check for reproducibility and genotyping quality, and 13 DNA
samples were duplicated and were used as genotyping controls. At the
end, the sample had a composition close to the 971 set proposed by
Rosenberg (20).

Single nucleotide polymorphisms

SNPs were selected from the HapMap Phase I (http://www.hapmap.org)
and dbSNP (http://www.nvbi.nlm.nih.gov/SNP) databases. We have used
two browsers in the selection process: PupaSNP (http://pupasnp.bioinfo.
ochoa.fib.es) and SNPbrowser (Applied Biosystems). We preferentially se-
lected SNPs from HapMap with minor allele frequency >10%, followed
by those SNPs reported by dbSNP build 125 with minor allele frequency
>10%. SNPs in the gene region were selected at ~1 SNP/5 Kb density,
with one non-synonymous SNP in CD/4, one in CDIC, and one in TLR].
At the 5" and 3’ regions, we selected one SNP up to 5 Kb, one up to 10 Kb,
one up to 20 Kb, and one up to 30 Kb, adding one SNP up to 100200 bp
at 5" end and, another up to 1 Kb at 3" end when possible. For some of the
analysis, contiguous genes were grouped in a single region: CDIA, CDIB,
CDIC, CDID and CDIE were clustered into the CDIA_E region; and
TLRI, TLR6, and TLRIO0 into the TLRI_6_10 region.

Genotyping

Genotyping was performed using the ABI SNPlex technology (Applied
Biosystems), which is based on an oligonucleotide ligation assay. Detec-
tion of the alleles is done using two competitive primers (one for each
allele) joined to their ZIPcode (labeled nucleotidic fragment of particular
length) and to a universal PCR primer. The combination of different
lengths and fluorescent dyes for each ZIPcode allows allele discrimination
in multiplex reactions (up to 48 SNPs in a single nucleotide reaction).
Samples were typed in three assays of 384-well plates. Oligonucleotide
ligation assay reactions require 1 ng of DNA for each SNP. Allele detection
is achieved by capillary electrophoresis on ABI3730 (Applied Biosystems).
Genotypes were assigned with GeneMapper software v3.5 (Applied Bio-
systems). One hundred out of 118 designed SNPs produced reliable geno-
types. The rest (18 SNPs) were removed from the study (missing data
below a reasonable threshold). Thus, the SNPIlex conversion rate for our set
of SNPs is 84.75%.

SNP data analysis

Basic analysis of the genotyping data, including allele and genotype fre-
quency calculations and Hardy-Weinberg equilibrium calculations were
performed with SNPator (http://bioinformatica.cegen.upf.es/public/principal/
index.php). Two SNPs (hCV7481405 and rs2228049) were removed
from the study because they were not in Hardy-Weinberg equilibrium in
most of the populations. The allele assignment of these SNPs was manually
revised and it was determined that the absence of Hardy-Weinberg equi-
librium was due to genotyping errors. Fg values and a locus by locus
analysis of molecular variance test were performed with the Arlequin soft-
ware (21), using the 39 defined populations and the seven continental
groups. Permutation tests were performed by subsampling each of the three
datasets 10,000 times.

Haplotype estimation and analysis

Haplotype frequencies were estimated using the Bayesian algorithm im-
plemented in the PHASE 2 software (22) considering the criteria suggested
by Graffelman et al. (23). Network 4.1.0.0 software was used to generate
median-joining networks describing possible genealogical relationships
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Table I. Population differentiation in the nine gene regions analyzed

Region SNPs* Fsr” Fer® Fgc! Fsc Fsc Fsc Fsc Fsc Fsc Fsc
AME CSASIA EASIA EUR MENA OCE SSAFR

CDI14 8 0.07 0.05 0.03 0.18 0.02 0.00 0.01 0.01 0.09 0.01
CDIA_E 16 0.12 0.09 0.05 0.13 0.02 0.02 0.03 0.02 0.04 0.06
CD209 7 0.14 0.13 0.03 0.14 0.01 0.02 0.01 0.01 0.05 0.05
IL6 9 0.18 0.18 0.03 0.04 0.02 0.01 0.01 0.02 0.13 0.06
IL10 9 0.11 0.09 0.04 0.06 0.02 0.02 0.05 0.00 0.04 0.06
MBL?2 9 0.14 0.14 0.03 0.11 0.01 0.01 0.02 0.04 0.03 0.03
TLRI_6_10 21 0.12 0.10 0.04 0.10 0.01 0.01 0.10 0.00 0.01 0.05
TLR4 11 0.13 0.12 0.03 0.06 0.02 0.04 0.00 0.01 0.15 0.03
TLR9Y 10 0.05 0.02 0.04 0.10 0.02 0.02 0.00 0.05 0.06 0.07
Average - 0.12 0.10 0.03 0.10 0.02 0.02 0.03 0.02 0.07 0.05

@ Successfully genotyped SNPs: © between the 39 populations; ¢ between continental groups; ¢ within continents Fgy, Fop, and Fge values are the
average of all the SNPs in each gene. SSAFR = Sub-Saharan Africa; MENA = Middle East-North Africa; EUR = Europe; CSASIA = Central-South

Asia; EASIA = East Asia; OCE = Oceania; AME = America.

among haplotypes in terms of mutational differences (24). Linkage dis-
equilibrium patterns and measures (D’ and r°) were calculated using the
Haploview 3.32 program (25).

Sequence data and analysis

Resequencing data for nine of the fifteen genes analyzed in this work is
available in public databases. Sequences for CD14, CD209, IL10, TLRI,
TLR4, TLR6, TLR9, and TLRI0 were retrieved from the Innate Immunity
Program in Genomics Applications (IIPGA, http://innateimmunity.net)
(26), and sequences for /L6 were retrieved from the SeattleSNPs database
(http://pga.mbt.washington.edu/). The data are from the same 23 European-
American and 24 African-American samples included in the Coriell
CEPH/AA panel. All coding sequences were completely sequenced in both
directions, but for genes greater than 20 Kb, some intronic sequences were
not available. Multiple sequence alignments were performed with ClustalW
(27). Diversity statistics and neutrality tests to detect signals of natural
selection in resequencing data (Tajima’s D, Fu and Li’s F* and D*, Fu and
Li’s F and D, Fay and Wu’s H, Fu’s Fs) were calculated using DnaSP 4.0
(28). The significance of these tests was calculated by means of coalescent
simulations using the COSI software (29), using the model that takes into
consideration the demographic history of humans. The demographic model is
particularly useful in humans, since it includes information about the demo-
graphic processes that have differentially affected West African, European, and
East Asian populations (29). Simple neutral models that do not include this
information may be also useful as primary approaches to data, but due to the
unrealistic demographic assumptions, may lead to wrong conclusions. In brief,
10,000 replicates were performed by using the local recombination rate esti-
mate of each region obtained from HapMap.

Results

Genotyping data for 100 SNPs from fifteen genes related to innate
immunity were obtained for 1,049 individuals belonging to 39
populations representative of most of extant human population di-
versity (18). The populations from America and Oceania show a
wider range of frequencies and a higher number of fixed alleles,
leading to a lower level of heterozygosity. This is in agreement
with the smaller size of these populations with a more important
effect of genetic drift due to founder effects (30) and the small
sample size in some populations.

Differentiation among populations

Fgr was used to measure the allele frequency differentiation
among populations (31). We calculated this parameter among
the 39 populations (Fgr), among the seven continental groups
(Fer), and among the populations included in the same conti-
nental group (Fgc). Average values for each gene or gene region
are shown in Table I. As expected, variability is mainly due to
differences between continents, and there is relatively little dif-
ference between populations in the same continental groups
(Table I). At the intracontinental level, America presents the
highest differentiation among its populations, except for some

cases found in Oceanic populations. Again, this fact is consis-
tent with the smaller size and the demographic history of these
populations (30).

We interrogated our data in two ways to ascertain whether
innate immunity genes showed a distinct pattern of differenti-
ation among populations. First, Fy distribution for the selected
genes was compared with that obtained in three different, in-
dependent, and comparable sets: SNPs in the Alfred database
(http://alfred.med.yale.edu/alfred/) (32), SNPs from a gene free
region on chromosome 22 (33), and an insertion/deletion set
(34). These three sets have been obtained in either the same or
similar sample sets to that used in this work. Although the in-
nate immunity group of genes shows the lowest Fqp value
(mean Fgp = 0.1096, against 0.1267, 0.1149, and 0.1182 for the
Alfred database, the neutral region on chromosome 22, and the
insertion/deletion set, respectively) these differences are not
statistically significant either when data was compared through
parametrical (ANOVA) and non-parametrical tests (Mann-
Whitney and Kolmogorov-Smirnov). Only marginal signifi-
cance (p = 0.014) was obtained in a permutation test compar-
ing our Fg values with those from the Alfred database.

Second, we checked whether some SNPs of a particular gene
show unusually high Fg values, which could indicate the ex-
istence of different selective pressures on it (17). The highest
average values were found in /L6 (0.18) and CD209 (0.14), and
some relatively high Fg. values at single SNPs (above 0.20)
were found in TLRI_6_10, TLR4 and the IL6 region. However,
only three SNPs (rs4804797 in CD209 with Fqp = 0.29;
rs1800796 in /L6 with Fgp = 0.33; rs4833103 in TLRI with
Fgr = 0.34) showed values higher than the 95th percentile
value for SNPs analyzed from the Alfred database (32). Aside
from not being extremely high, the fact that these high Fqr
values were observed only in a few sparse SNPs makes the
hypothesis that this observation is consequence of positive se-
lection unreliable, and suggests that allele frequency differences
among populations are more probably caused by random ge-
netic drift (35). On the other hand, TLR9 shows an unusually
low average Fgr (0.05). In the TLR9 region, eight of the ten
genotyped SNPs show Fq <0.06, and the fraction of variation
explained by differences among continental groups is only
1.8%, lower than the average value of ~10% (36, 37).

LD pattern analysis

We compared the LD patterns for each gene region in the seven
continental groups, through analysis of LD structure and LD
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FIGURE 1. LD pattern in the TLRI_6_10 region in Africa (A), East Asia (B), Central and South Asia (C), and Europe (D) continental groups. The
approximate position of TLRI0, TLRI, and TLR 6 is indicated. Arrows indicate the orientation of the genes. Vertical lines at the top correspond with the
genotyped SNPs. Each square represents the magnitude of LD for a single pair of markers, with different intensities of red (bright red, LD = 1).

amount (38). The structure of LD is similar among the seven con-
tinental groups. To analyze this, we calculated the ° values be-
tween all SNPs from the same gene region and computed the cor-
relation between pairs of continental groups assessing the
significance with Mantel’s test. In general, the LD patterns in all
continentals groups are highly and significantly correlated, as ex-
pected by the underlying common genomic structure (data not
shown).

To obtain a measure of the amount of LD, we used 7 between
adjacent SNPs. First, we tested whether these values are similar in
the seven continental groups by means of the Friedman test. Sec-
ond, we conducted a pairwise comparison between continental
groups using the Wilcoxon’s test. Three regions show significant
differences in the amount of LD found in each continental group:
CDIA_E, TLRI_6_10 and TLR9Y (data not shown). In the case of
CDIA_E, a higher amount of LD was observed in Oceania,

whereas in the case of TLRI_6_10, the European populations
showed a significantly higher LD level (Fig. 1). The TLR9 region
shows a more complex and diverse pattern, with most of the com-
parisons being statistically significant.

Full sequence variation

We analyzed public resequencing data available for nine of the
genes included in this work (Table II). These nine regions have
been resequenced in the same 24 African-American and 23 Euro-
pean-American Coriel samples (see Materials and Methods). Di-
versity indexes were calculated for each region in the two popu-
lations (Table II). The observed diversity values fall within the
expected range, and are in agreement with the “out-of-Africa”
model, which predicts that higher diversity values are expected in
the African populations (39).

Table II. Diversity statistics of nine genes in African- and European-American populations®

Africa Europe
m S ™ 0 Hd S ™ 0 Hd
CD14 7,967 34 0.0010 0.0010 0.924 17 0.0008 0.0005 0.790
CD209 9,723 84 0.0018 0.0020 0.984 42 0.0009 0.0010 0.884
1L6 7,986 38 0.0008 0.0011 0.957 24 0.0008 0.0007 0.860
IL10 7,027 20 0.0008 0.0006 0.785 18 0.0009 0.0006 0.834
TLRI 10,310 71 0.0009 0.0016 0.958 34 0.0006 0.0008 0.742
TLR4 9,026 33 0.0006 0.0008 0.952 16 0.0003 0.0004 0.669
TLR6 6,751 44 0.0014 0.0015 0.926 24 0.0012 0.0008 0.756
TLR9 8,360 11 0.0003 0.0003 0.754 12 0.0003 0.0003 0.762
TLRIO 7,096 70 0.0023 0.0022 0.895 54 0.0010 0.0017 0.483

“m = Sequence length; S = segregating sites; 7 = average number of nucleotide differences per site between two sequences;

6 = Watterson estimator; Hd = haplotype diversity.
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Table III. Neutrality tests for nine genes in African- and European-American populations®

African-American

Fu and Fu and Fu and Fu and Fay and
Tajima’s D Li’s D* Li’s F* Li’s D Li's F Wu’s H Fu’s Fs
CDI14 0.09 0.43 0.37 0.45 0.38 0.21 —1.49
CD209 —0.28 0.25 0.06 0.27 0.02 —4.30 —7.15
IL6 —0.99 —0.71 0.96: —0.85 —1.09 0.22 —6.57
IL10 0.97: 0.22 0.57 0.20 0.58 0.56 —0.05%
TLRI —1.52:x 0.04 —0.63 0.00 —0.73 —4.78 —6.71
TLR4 —1.03 —1.07 —1.26 —1.26 —1.42 —1.36 —-9.48
TLR6 —0.22 0.21 0.07 0.64 0.37 —0.63 —0.65
TLRY —0.07 —0.27 —0.24 —0.32 —0.28 —0.86 —1.24
TLRI10 0.11 0.52x 0.44: 0.53* 0.43= —5.62 —0.40%
European-American
Fu and Fu and Fu and Fu and Fay and
Tajima’s D Li’s D* Li’s F* Li’s D Li’'s F Wu’s H Fu’s Fs
CDI4 2.20+ 1.62: 2.15x% 1,735 2.2k 0.05 5.08
CD209 —0.32 —0.05 —0.17 0.02 —0.11 —10.03= —2.41
1L6 0.44 —0.13 0.08 —0.19 0.05 1.89 —0.53
IL10 1.60+ 0.86 1.31 0.90 1.38 2.60s%: 3.56%
TLRI —0.56 1.15% 0.65 1.52: 0.90 —9.32% 2.18
TLR4 —0.81 0.31 —0.08 0.30 —0.11 —2.64 —1.60
TLR6 1.58x 1.12 1.52x 1.21 1.62: —1.87 2.66
TLRY9 —0.64 —2.23* —2.01 —2.44:% —2.18 —0.87 —2.65
TLRIO —1.50=* —2.89 —2.84 —1.30 —1.65 —23.4 s 4.46:

“x,p < 0.05; %, p < 0.01; w0, p < 0.001 (see Materials and Methods). Tajima’s D, Fu and Li D* and F*, and Fay and
Wu’s values greater or smaller to the 95 percentile of the genes analyzed in Seattle SNP are indicated in bold.

To search for signatures of positive or balancing selection, we
performed several neutrality tests. In several regions, the results
are significantly different to those expected under neutral evolution
(Table I1I; see Materials and Methods for details on the calculation
of statistical significance). CD14 in the European population had
the greatest higher statistical significance, indicating an excess of
intermediate variants. Although the statistical significance is less
conclusive, other loci including TLR1, TLR6, and IL10 also show
an excess of intermediate frequencies in this population. On the
other hand, TLR9 and especially TLR10 show an excess of rare
alleles in the European population. In the African population, /L10
and TLRIO show also an excess of intermediate frequencies,
whereas TLRI show an excess of rare variants. However, in these
three cases statistical significance is weaker, particularly when the
number of tests performed is considered. Alternatively, signifi-
cance of the results can be estimated. We compared the results
obtained here to 132 genes included in the SeattleSNPs database,
for which Tajima’s D, Fu and Li’s D*, and F* and Fay and Wu’s
H are available (40, 41). Several of the significant values obtained
in our work for these four statistics are greater than the 95th per-
centile or smaller than the Sth percentile of the distribution for the
SeattleSNPs genes (Table III), thus providing further evidence of
true departures of neutrality. By far, the most striking evidence of
natural selection acting on a single gene detected was in CDI4.
The obtained values for CD14 are close to those for ABO, the gene
showing the highest values in the neutrality tests in the Seattle-
SNPs database, and which has been extensively studied and pro-
posed to be under balancing selection (42). Fig. 2 shows the me-
dian-joining network of the CDI4 region, which describes the
most plausible mutational relationships between inferred haplo-
types. Consistent with the results obtained in the neutrality tests
(Table III), the phylogenetic structure shown by the European pop-
ulation consists of three well defined groups of haplotypes sepa-
rated by a large number of mutations. This pattern, together with
the neutrality test results, strongly suggests that this region has

been under balancing selection. Alternatively, the excess of inter-
mediate frequencies detected at the CDI4 region could also have
been originated by a hitchhiking effect with balancing selection
acting in a close gene. To test this hypothesis, we analyzed the LD
pattern of this region in the European population using the data
from the International HapMap project (www.hapmap.org). Al-
though CD/4 is in a region of high LD, especially in the European
population, CD14 and its 5’ region is located in a small LD block
of ~8 kb, located between two larger LD blocks. Moreover, a
recombination hotspot has been described from SNP genotyping
data (Perlegen) to be at ~3.5 kb of the CDI/4 5' end, and the
nearest gene to the CD/4 3’ end is located at 63 kb. All these data
suggest that the observed diversity pattern at the CD/4 locus is
relatively independent from its genomic context, giving further
support to the hypothesis of balancing selection at CD14 itself as
the main force to explain this pattern. Among the 17 variable nu-
cleotides described in CD/4 in the European population, only one
(7491) is located in the coding region of CD14. However, this is a
synonymous substitution only present in two chromosomes, and
differentiates two close haplotypes. Three more substitutions
(1940, 4579, and 5055) separate haplotypes within one of the main
groups, and 13 differentiate the three main groups. Three potential
regulatory regions have been predicted in the 5’ region by detect-
ing conserved regions from alignments of five mammal species,
and three of the substitutions (3748, 5391, and 6043) fall within
these regions. The position 6043 corresponds to the previously
described polymorphism CD14/-159. This mutation is located at
the promoter of the gene, and has been related with higher CD14
concentrations as a consequence of increased transcription (43,
44). Although more recent analyses have questioned the functional
importance of this SNP (45, 46), our results of balancing selection
suggest the presence of more than one functional form of CD14,
even if it is still unclear which polymorphisms are indeed
functional.
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FIGURE 2. Median-joining network of CDI4 haplotypes in African (white) and European (black) populations. The circle areas are proportional to the
frequency of the haplotypes. Haplotype number is shown next to circles and mutations are indicated on the branches linking the haplotypes. Recurrent
mutations have been described at positions 666, 1940, 3215, 3775, 4579, 5055, 6043, and 7491; of those, positions 666, 3215, 5055, and 6043 are in
hypermutable CpG motifs. The chimpanzee CDI4 sequence is included as an ancestral haplotype.

Discussion

Our results strongly suggest that the innate immune system has
been evolving under forces other than demography and purifying
selection. Several of the genes included in our study clearly show
departures from neutrality through the different analyses used, with
different levels of statistical significance.

Two genes, TLR9 and TLR10, show evidence of positive selec-
tion in Europeans. The TLRI_6_10 region shows a higher amount
of LD in Europeans (see Results), and this difference is mainly due
to the region containing 7LR10 (Fig. 1). Moreover, neutrality tests
also show signatures of positive selection in 7LRI0 in European-
Americans (Table III). TLR9 also showed some significant results,
although their statistical significance was less convincing. In ad-
dition, TLRY is located in a high LD and gene-rich region, and in
absence of other evidence, it cannot be determined whether the
observed diversity pattern is a consequence of evolutionary forces
acting on it, or the effect of a hitchhiking with nearby genes.

The most interesting point is the large number of genes showing
an excess of intermediate variants, which is compatible with the
action of balancing selection. We have found signatures of bal-
ancing selection in six out of the nine analyzed genes. The evi-
dence is stronger in the European population, where CD14, TLRI,
TLR6, and IL10 show significant results in more than one neutral-
ity test, with the case of CD/4 being extremely evident. In the
African-American population, significant results have been ob-

tained for /L6, IL10, and TLRI0, although evidence is weaker. In
previous work, signatures of balancing selection have been iden-
tified in the promoter region of /L/0 in Europeans, although based
on only marginal statistical significance (47). Similar evidence of
balancing selection at this locus has been found in our study in
both European and African populations. For the rest of the genes,
this is the first published evidence of balancing selection. This
large number of genes showing evidence of balancing selection
may be due to the great diversity of ligand-binding affinities and
functions (10, 12, 13). In the case of /L0, its diversity pattern has
been attributed to conflicting forces acting on the promoter region
of this locus, because although high levels of this protein protect
against pathological effects from the inflammatory response, low
levels favor the elimination of pathogens (47).

One intriguing point is the differences observed between the
African and the European populations, with more cases of balanc-
ing selection and more statistical significance described in Euro-
peans. Balancing selection needs a long time, probably a number
of generations greater to those separating these two populations, to
produce a detectable signal, except in cases of strong selective
pressures (48, 49). In fact, some population-specific cases of strong
balancing selection are well known, as those of HBB and
thalasemias related with malaria (50). Given that genes analyzed in
this study are involved in the immune response, this explanation
may account for some of the cases reported here. However, since
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significant cases have also been described in Africa, the most par-
simonious explanation for the data is widespread balancing selec-
tion and mostly detected in Europeans because of the strength of
the selective pressures. Therefore, we hypothesize that polymor-
phism patterns in our set of genes have been mostly shaped by
recurrent episodes of balancing selection and/or partial selective
sweeps in response, likely, to epidemics. Infectious agents might
have been different in different places and times and might have
acted with varying strengths. That would account for the general
positivization of the values of most statistics in most populations
(explained by more ancestral selective episodes), and the very sig-
nificant and positive values in certain populations (explained by
balancing selection acting upon a frequency spectrum that was
already biased by older episodes). Finally, other explanations im-
plying a lack of accuracy of the demographic model in which
simulations are based cannot be completely excluded for non-ex-
treme cases.

While the effect of local positive selection increasing interpop-
ulation differentiation is widely accepted, the effect of balancing
selection is far less clear (48, 49), and it has been thought to gen-
erate low levels of population differentiation, since it maintains the
genetic variation across all the populations (17). In previous
works, this effect has been proposed to occur at the 5’ regions of
CCRS5 and IL10 (47, 51). In those reports, an excess of interme-
diate variants is accompanied by extremely low Fgr values. How-
ever, this effect should only be produced when the same selective
forces are acting on similar genetic variability background in the
different populations. Therefore, such a reduction of interpopula-
tion differentiation is not expected in all regions showing evidence
of balancing selection, as would be the case for different pathogens
inducing different selective forces. Alternatively, the relatively low
level of interpopulation differences among the genes analyzed in
this work can be explained by their relationship with the innate
immune system rather than with the adaptive immune system. In
contrast with the adaptive system, the innate immune system pro-
vides inborn protection against a wide variety of Ags by recog-
nizing PAMPs, which are molecular structures present only in the
pathogens and not in the host organism, and are shared by a wide
spectrum of microorganisms (52). Therefore, the innate immunity
activity is not specific for particular infectious agents, but is ge-
neric and effective for large groups of pathogens (53). Given that,
selective forces may be acting similarly on these genes in different
populations, and therefore they are expected to show high levels of
conservation. However, it has to be pointed out that the innate and
adaptive parts of the immune function are not two completely in-
dependent systems and in some cases, like /L10, genes are directly
involved in both responses pathways (54).

Interestingly, all genes with evidences of balancing selection
code for proteins with a strong impact in the magnitude of the
inflammatory immune response. TLR1 and TLR6 function as first-
line sensors for pathogens that are capable of signaling through
NF-«B to trigger an inflammatory response (55). IL10 is a cyto-
kine with a strong ability to modulate the development of the in-
flammatory response. CD14 is an adaptor molecule that binds LPS
and promotes innate immunity to Gram-negative bacteria. It is
important to point out that the protein encoded by CD14, the gene
under the strongest prediction of balancing selection, is required to
trigger the TLR4 signaling cascade. CD14 exists as a membrane-
bound and soluble protein that functions by binding LPS and pre-
senting it to the signaling complex TLR4/MD2 (56). Depending on
the functional and clinical setting in which CD14 function has
been analyzed, certain alleles have been associated with suscepti-
bility to infections (57), or with the development of autoimmunity
and allergies (58). These situations would reflect an inappropriate
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signaling through TLR4 leading to a detrimental immune response
for the host.

Mounting an inflammatory response is important for effective
immunity. In contrast, resolution of inflammation is essential for
maintaining the balance between health and disease. The idea that
the inflammatory response must be finely tuned is supported by a
multiplicity of experimental data. Too strong a response causes the
various adverse effects associated with infectious and autoimmune
diseases (14, 55), while a weak inflammatory response attenuates
the subsequent immune response (59). Thus, the tight and fine
tuning required to develop and maintain a proper inflammatory
response could be pointed out as the force determining the bal-
anced selection of alleles observed in these genes. Interactions
with pathogens on one side, and the development of pathogenic
processes such as autoimmunity on the other side, could be the
balancing pressures favoring the diversity of alleles present in the
populations for these genes.

In conclusion, the fact that the diversity pattern described in
most of the genes included in this study is compatible with the
action of positive, and specially balancing selection, confirms
the importance of pathogenic environments shaping variation in
the human genome. The strongest evidence we found supports the
action of balancing selection in TLR1, TLR6, and mainly CD14,
and the action of positive selection in TLR10. These receptors play
a pivotal role in the innate immunity system, which shows that
despite its reliance on generic pathogenic patterns, it is sufficiently
plastic to permit adaptation to new environmental conditions. In-
terestingly, apart from TLR9, where the detected signals of selec-
tion cannot be unequivocally attributed to this gene, TLR4 is the
only member of the TLR receptors included in this work that do
not present evidence of positive or balancing selection. A possible
explanation to this observation is that, in this case, selective pres-
sures have acted on its presenting LPS protein, CD14. Finally,
these selective forces have operated in similar ways in the different
human populations (and thus of environments and pathogens), so
clearly the adaptation is not population (and thus, pathogen) spe-
cific, but very general to early stage exposures.
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