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Common Risk Alleles for Inflammatory Diseases
Are Targets of Recent Positive Selection

Towfique Raj,1.234 Manik Kuchroo,!¢ Joseph M. Replogle,24 Soumya Raychaudhuri,?2.34.5.6
Barbara E. Stranger,2347.89* and Philip L. De Jager!2.3.4.8*

Genome-wide association studies (GWASs) have identified hundreds of loci harboring genetic variation influencing inflammatory-
disease susceptibility in humans. It has been hypothesized that present day inflammatory diseases may have arisen, in part, due to
pleiotropic effects of host resistance to pathogens over the course of human history, with significant selective pressures acting to increase
host resistance to pathogens. The extent to which genetic factors underlying inflammatory-disease susceptibility has been influenced
by selective processes can now be quantified more comprehensively than previously possible. To understand the evolutionary forces
that have shaped inflammatory-disease susceptibility and to elucidate functional pathways affected by selection, we performed
a systems-based analysis to integrate (1) published GWASs for inflammatory diseases, (2) a genome-wide scan for signatures of positive
selection in a population of European ancestry, (3) functional genomics data comprised of protein-protein interaction networks, and (4)
a genome-wide expression quantitative trait locus (eQTL) mapping study in peripheral blood mononuclear cells (PBMCs). We demon-
strate that loci for inflammatory-disease susceptibility are enriched for genomic signatures of recent positive natural selection, with
selected loci forming a highly interconnected protein-protein interaction network. Further, we identify 21 loci for inflammatory-disease
susceptibility that display signatures of recent positive selection, of which 13 also show evidence of cis-regulatory effects on genes within
the associated locus. Thus, our integrated analyses highlight a set of susceptibility loci that might subserve a shared molecular function
and has experienced selective pressure over the course of human history; today, these loci play a key role in influencing susceptibility to

multiple different inflammatory diseases, in part through alterations of gene expression in immune cells.

Introduction

The availability of genome-wide genetic variation data
from population-based cohorts, coupled with improved
analytic methods, have led to a number of genome-wide
scans for selection that have collectively identified
hundreds of regions targeted by recent positive selection,
many of which harbor genetic variants implicated in
inflammatory diseases.'™'® Interestingly, for many of these
variants, selection has favored the haplotypes carrying
disease risk alleles, suggesting a potential beneficial role
for the risk allele in the course of human history, presum-
ably for another function (e.g., resistance to pathogens).’
For example, individuals homozygous for the Crohn
disease (MIM 266600) risk allele at rs601338 in FUT2
(MIM 182100) are protected from norovirus infec-
tion.'®'” Similarly, it was shown that the positively
selected celiac disease (MIM 212750) risk variant in
SH2B3 (MIM 605093) might have a protective role against
bacterial infections.'® Further, the major histocom-
patibility complex (MHC) contains several alleles that
are strongly associated with susceptibility to different
inflammatory diseases and have experienced strong
selection that has been attributed to host-pathogen
coevolution.'"?! These observations are consistent with

the “hygiene hypothesis,” which posits that protective
immune responses in a setting with high exposure to
pathogens (which was the norm for most of human
history) have become deleterious and contribute to
inflammatory-disease susceptibility in the modern era
of enhanced hygiene and extended lifetimes. With
a genetic lens, the hypothesis states that risk alleles for
inflammatory disease have been maintained in the
human population as a result of adaptation to pathogen
exposures that were endemic in the past but are no longer
a significant burden in developed societies today.?***
Although the studies listed above provide anecdotal
evidence for a role for pathogen-driven selection at several
inflammatory-disease loci, a systematic analysis exploring
the role of natural selection in influencing susceptibility
to inflammatory disease has not been performed. Until
recently, the genetic architecture of inflammatory diseases
was relatively uncharacterized, precluding a comprehen-
sive analysis. Even with the recent catalogs of robust,
replicated inflammatory-disease associations, several chal-
lenges to our understanding of disease-associated variation
remain, including identifying the causal variant(s) within
each locus and understanding how the dozens of known
variants assemble into networks that ultimately lead to
altered immune function, which is dysfunctional in our
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modern environment. Here, we perform a systematic
analysis for evidence of natural selection to inform these
two challenges, and we integrate our results with analyses
of protein interaction networks and gene expression
data (expression quantitative locus [eQTL] mapping) in
immune cells. The results of these analyses support the
hypothesis that a specific network of immune genes has
undergone natural selection in populations of European
origin—the population in which virtually all of the sus-
ceptibility alleles have been discovered—and plays an
important role in susceptibility to inflammatory diseases
in our current environment. These analyses may con-
tribute to the identification of causal variants and the
elucidation of functional mechanisms underlying disease
susceptibility; they may also aid in the interpretation of
likely agents and targets of positive selection through
elucidation of functional effects on specific biological
pathways or functional modules.>*

Specifically, we performed a genome-wide scan for
recent positive selection by using long-range haplotype
tests and we identified 21 (out of 416) inflammatory-
disease variants exhibiting significant signatures of
selection in a population of European ancestry. We note
that the genes found in these selected loci can be assem-
bled, independently, into a molecular pathway via
a protein-protein interaction (PPI) network approach. To
identify potential mechanisms for disease susceptibility
and potential gene targets of selection, we also performed
an eQTL analysis in peripheral blood mononuclear
cells (PBMCs) of 228 individuals with an inflammatory
demyelinating disease of the central nervous system. Of
the 21 susceptibility loci with signatures of selection, we
identified 13 variants that exhibit cis-regulatory effects in
PBMCs, a mixture of cell types with important roles in
both adaptive and innate immunity. Further, previously
published data on transcriptional response to pathogens
provide functional evidence that the affected genes
play a significant role in orchestrating pathogen-specific
immune response.”>?® Thus, our results suggest that
a subset of genes for inflammatory-disease susceptibility
can be assembled into a molecular pathway whose com-
ponent molecules (1) have experienced a shared evolu-
tionary history in response to selective pressures that
may have been acting on host resistance to pathogens
and (2) serve a shared molecular function in the immune
system that is dysregulated in several inflammatory
diseases.

Material and Methods

Genome-wide Association Studies Data

We obtained data from published GWASs via the National Human
Genome Research Institute (NHGRI) GWAS catalog available
online (December 20, 2011, version). To compile the most recent
and comprehensive list, we also mined literature for inflammatory
SNPs from GWASs. We used SNPs reported to be associated to
complex traits with a p value of at least 5 x 1075, A list of the

complex traits from the GWAS catalog included for each of the
five major trait groups is in Table S3 available online.

To test for enrichment for selection, we selected ten inflamma-
tory diseases: ankylosing spondylitis (AS [MIM 106300]), Crohn
disease (CD), celiac disease (CeD), multiple sclerosis (MS [MIM
126200]), primary biliary cirrhosis (PBC [MIM 109720]), psoriasis
(PS [MIM 177900]), rheumatoid arthritis (RA [MIM 180300]),
systemic lupus erythematosus (SLE [MIM 152700]), type 1 diabetes
(T1D [MIM 222100]), and ulcerative colitis (UC [MIM 191390])
(Table S1). These inflammatory diseases were selected because
they had the largest repertoire of common, non-MHC variants
(validated and replicated variants) at the beginning of this study.
In addition, these ten inflammatory diseases were the focus of
the ImmunoChip Consortium,?” which designed a custom-made
SNP chip relevant to multiple immune-mediated diseases.

The Integrated Haplotype Score

The integrated haplotype score (iHS) statistic was computed as
described in Voight et al.?. We used the iHS software to compute
genome-wide iHSs on SNPs with minor allele frequency (MAF)
>0.05 using the Phased haplotype data from three HapMap II
populations: African (Yoruba from Ibadan, Nigeria; YRI), CEU
(Utah residents with ancestry from northern and western Europe
from the CEPH collection; CEU), and East Asian (Japanese subjects
from Tokyo and Han Chinese subjects from Beijing representing
Asian populations; ASI). The iHSs can also be retrieved from the
Haplotter website.

The CEU HapMap II Phased haplotypes for each chromosome
were downloaded from the HapMap FTP site. The ancestral states
for HapMap phase II data were based on alignment to the
chimpanzee sequence and were downloaded from the Haplotter
website. The population-specific recombination map positions
were downloaded from the HapMap FIP site. We standardized
the iHS values by normalizing the given unstandardized iHS
by the mean and standard deviation of other iHSs observed across
the genome, with similar derived allele frequencies.

Calculating the Fgy Statistic

We calculated unbiased estimates of Fsr as described by Weir and
Cockerham.?® We calculated the global Fsy for each single SNP
among the three HapMap populations. For autosomal HapMap
IT SNPs, we considered a candidate selection if the SNP Fsp >
0.58, which corresponds to a genome-wide empirical significance
level of o = 0.01.

Estimating the Age of Selective Sweep

To obtain a rough estimate of the age of the selective sweep, we
first computed the extended haplotype homozygosity (EHH)® by
a web-based tool (Web-EHH) for the chromosomal segments
with evidence for selection.?® Using the EHH scores, we computed
the recombination distance r by using the distance (in cM)
between the points where EHH = x to the left and to the right of
the core SNP. We can obtain r from any given x (i.e., EHH =
0.25). The generation time G can be calculated as G = (In x / -r)
x 100.'® Assuming a mean generation time of 25 years, the age
of the selective sweep for the derived allele is 25 x G.

Protein-Protein Interaction Network

A protein-protein interaction (PPI) network was reconstructed
with the online tool DAPPLE with 1,000 permutations and 2
interacting binding degree as a cutoff.® The 37 inflammatory
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disease SNPs consistent with patterns of recent positive selection
(liHS] > 1.65; p < 0.1) were included as an input to DAPPLE.
DAPPLE then converts into genes based on overlapping wingspan,
a region containing SNPs with r* > 0.5; this region is then
extended to the nearest recombination hotspot. DAPPLE recon-
structs networks of PPI representing proteins as nodes connected
by an edge if there is in vitro evidence of interaction based on
the InWeb database, which contains 169,810 high-confidence
pair-wise interactions involving 12,793 proteins.*! DAPPLE recon-
structs two types of networks: (1) direct network, two associated
proteins can be connected by exactly one edge, and (2) indirect
network, where associated proteins can be connected via common
interactor proteins with which the associated proteins each share
an edge. To assess the statistical significance of the PPI networks,
DAPPLE constructs random networks (mimicking the structure
of the original network) from a within-degree node-label permuta-
tion strategy (see Rossin et al.>* for further details). An empirical
distribution is constructed for each network connectivity param-
eter and used to evaluate the statistical significance of networks.

Expression QTL Analysis

Gene expression levels were quantified with mRNA derived from
peripheral blood mononuclear cells (PBMCs) of 228 subjects of
European ancestry with relapsing remitting (RR) multiple sclerosis
(MS) via an Affymetrix Human Genome U133 Plus 2.0 Array.
These data were collected between July 2002 and October 2007
as part of the Comprehensive Longitudinal Investigation of MS
at the Brigham and Women’s Hospital. The expression levels
were adjusted for confounding factors, such as subject’s use of
immunomodulatory drugs, age, gender, and batch effects via prin-
ciple components analysis.*?

DNA from each individual was genotyped on the Affymetrix
550K GeneChip 6.0 platform as a part of a previously published
study.®® The genotyped data sets were imputed with the CEU
samples in HapMap Phase II (~2.5 million SNPs) as the reference.

Associations between SNP genotypes and adjusted expression
values were conducted by Spearman rank correlation (SRC). For
the cis analysis, we considered only SNPs within a 1 MB window
from the transcript start site (TSS) of genes. Significance of the
nominal p values was determined by comparing the distribution
of the most significant p values generated by permuting expres-
sion phenotypes 10,000 times independently for each gene.**
We call a cis-eQTL significant if the nominal association p value
is greater than the 0.05 tail of the minimal p value distribution re-
sulting from the permuted associations.

Similar methods were used to evaluate the cis-regulatory effects
in CD4" T lymphocytes and CD14¥CD16~ monocytes data sets
consisting of 80 healthy individuals of European ancestry. These
analyses were conducted under the auspices of a protocol
approved by the institutional review board of Partners Healthcare.

Results

Loci for Inflammatory-Disease Susceptibility Are
Enriched for Signatures of Recent Positive Selection

To test whether inflammatory-disease susceptibility loci are
enriched for signals of positive selection, we first compiled
a list of single-nucleotide polymorphisms (SNPs) associated
with complex traits from the December 10, 2011, version
of the National Human Genome Research Institute

(NHGRI) GWAS catalog, which includes 1,107 published
association studies of 5,481 SNPs (p value < 107 to
more than 550 traits, of which 588 SNPs are associated
with ten inflammatory diseases, i.e., ankylosing spondylitis
(AS), Crohn disease (CD), ulcerative colitis (UC), celiac
disease (CeD), multiple sclerosis (MS), type 1 diabetes
(T1D), rheumatoid arthritis (RA), primary biliary cirrhosis
(PBC), systemic lupus erythematosus (SLE), and psoriasis
(PS) (Table S1). To identify a nonredundant set of associated
variants, we LD pruned (keeping the most strongly associ-
ated SNP and removing those with an r* > 0.4) the 588
SNPs, which resulted in 416 independent associations,
and this set was used for all the subsequent analysis. All
of the discovery studies used subjects of European ancestry.

To quantify signatures of positive selection in the human
genome, we searched for regions of the genome where the
pattern of genetic variation is consistent with that expected
under a model of recent positive selection. For our analysis
we use the integrated haplotype score (iHS) as our primary
measure of selection. The iHS statistic was primarily
developed to detect positive selection and is sensitive
to detecting soft sweeps or incomplete sweeps. Many of
the GWAS SNPs are probably evolving under such
sweeps.'?3° The iHS statistic uses the lengths of the haplo-
types surrounding each core SNP to identify SNPs for
which alleles have rapidly risen in frequency.** We applied
iHS to genome-wide HapMap Phase II SNPs (MAF > 0.05)
in the CEU population (Utah residents with ancestry
from northern and western Europe from the CEPH collec-
tion). As a secondary analysis, we also examined differences
in allele frequencies (global Fst) between the three HapMap
populations (subjects of East Asian [Han Chinese from
Beijing and Japanese from Tokyo], European [CEU], and
African [Yoruba from Ibadan, Nigeria] ancestry) at disease-
associated SNPs. Because Fst provides a metric of the
magnitude of global allele frequency differentiation, it is
less sensitive to detecting population-specific positive selec-
tion signals than iHS,*® and it is these population-specific
signals that are most pertinent in our evaluation of variants
associated with disease in European populations.

In our primary analysis, we therefore searched for
inflammatory-disease SNPs that localize to regions of the
genome where patterns of genetic variation are consistent
with evidence for recent positive selection. Of 416
SNPs associated with inflammatory diseases that are
considered in our analyses, 21 SNPs exhibited a signifi-
cant signal of selection at p < 0.05 (|iHS| > 2) after correct-
ing for genome-wide testing, with 13 loci meeting or
exceeding the more rigorous corrected threshold of p <
0.01 (JiHS| > 2.6) (Table 1). To assess how extreme these
results are, we also performed simulations to test for an
enrichment of positive selection among SNPs associated
with inflammatory disease relative to other SNP sets: we
generated 10,000 SNP sets sampled at random from bins
matched for minor allele frequency (MAF), haplotype
block length, and genic/nongenic status to the 416 sus-
ceptibility variants. With this distribution, the 13
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Table 1. Inflammatory Disease-Associated Variants that Localize to Regions with Evidence of Positive Selection

Derived/Ancestral Derived
Chr SNP Disease® Allele Risk Allele® Allele Freq. Fst iHS Genes within 50 kb
7q11 151167796 SLE G/A G 0.53 0.24 5.64 HIPI (MIM 601767)
6p21 1s3131379 SLE A/G A* 0.10 0.06 -3.18 VARS (MIM 192150),
LSM2 (MIM 607282)
12q24 1517696736 T1D G/A G* 0.35 0.35 -3.10 TMEM116
19q13 rs281379 CD G/A A* 0.42 0.45 2.98 FUT2 (MIM 182100),
FUT1 MIM 211100)
12924 rs3184504 RA, T1D T/C T* 0.41 0.40 -2.97 SH2B3 (MIM 605093),
ATXN2 MIM 601517)
6921 rs11962089 MS G/A G 0.16 0.47 2.81 POPDC3 (MIM 605824)
4q27 156822844 CeD, RA, UC T/G G 0.21 0.20 -2.82 IL2 (MIM 147680),
IL21 (MIM 605384)
3q13 154308217 MS A/C C 0.43 0.45 -2.73 CD86 (MIM 601020)
3q25 1512638253 MS T/C NR 0.48 0.20 -2.71 LEKRI (MIM 613536)
3q25 1517810546 CeD G/A G* 0.10 0.09 —2.66 SCHIP1 (MIM 611622),
IL12A (MIM 161560)
3q13 rs1132200 MS T/C NR 0.12 0.06 —2.68 ARHGAP31
(MIM 610911),
STAT1 (MIM 600555)
19q13 rs307896 MS T/C C 0.23 0.41 -2.62 SAE1 (MIM 613294)
5q31 152188962 CD T/C T* 0.45 0.43 -2.60 SLC22A5 (MIM 603377),
IRF1 (MIM 147575)
16p13 1512708716 MS, T1D G/A A* 0.28 0.03 2.32 CLEC16A (MIM 611303)
6p21 1511755393 SLE A/G NR 0.63 0.12 -2.28 UHRF1BP1 (MIM 612253)
2q37 1510210302 CD C/T T* 0.45 0.14 2.18 INPP5D (MIM 601582),
ATG16L1 (MIM 610767)
6q27 15415890 CD G/C NR 0.48 0.12 2.15 RNASET2 (MIM 612944)
6p21 1s3129934 MS T/C T 0.25 0.09 -2.12 BTNL2 (MIM 606000)
5p13 1510440635 AS G/A A* 0.36 0.43 2.03 PTGER4 (MIM 601586)
19q13 1s3745516 PBC A/G A 0.20 0.49 2.01 SPIB (MIM 606802)
21q22 1s2838519 ucC A/G G* 0.49 0.25 2.00 ICOSLG (MIM 605717)
20q13 1s2248359 MS C/T C* 0.63 0.24 -1.93 CYP24A1 (MIM 126065)
16p13 rs6498169 MS A/G G* 0.61 0.06 1.90 CLEC16A (MIM 611303)
11923 15678170 ucC A/G NR 0.69 0.20 1.90 FAMSS5A, FAMS5D
16q12 1s5743289 CD C/T T* 0.73 0.26 1.90 SNX20 (MIM 613281),
NOD2 (MIM 605956)
2ql2 152058660 CD G/A G* 0.23 0.08 -1.88 IL18RAP (MIM 604509)
10p15 1512722489 CD, MS T/C C 0.16 0.07 -1.88 IL2RA (MIM 147730)
10924 1510786436 T1D T/C T 0.34 0.08 1.82 HPSE2 (MIM 613469)
2pl4 rs17035378 CeD T/C NR 0.70 0.16 1.82 PLEK (MIM 173570)
15923 rs17374222 RA A/C A* 0.49 0.08 -1.81 KIF3 (MIM 604683)
6p21 152647044 T1D G/A A* 0.91 0.02 1.78 HLA-DQB1 (MIM
604305), HLA-DQA2
(MIM 613503)
6923 1s11154801 MS A/C A 0.32 0.15 1.77 AHI1 (MIM 608894)
6p22 152285797 MS G/A NR 0.32 0.06 -1.77 TRIM10 (MIM 605701)
2q32 1510931468 PBC C/A A* 0.82 0.10 1.74 STAT4 (MIM 600558)

(Continued on next page)
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Table 1. Continued

Derived/Ancestral Derived
Chr SNP Disease® Allele Risk Allele® Allele Freq. Fst iHS Genes within 50 kb
4q21 154333130 AS C/T NR 0.45 0.66 1.74 ANTXR2 (MIM 608041)
17921 15744166 CD, MS A/G A* 0.56 0.10 -1.72 STAT3 (MIM 102582)
5p13 156897932 MS, T1D C/T Cc* 0.24 0.11 -1.66 IL7R (MIM 146661)

Abbreviations are as follows: iHS, integrated haplotype score; NR, not reported; Freq., frequency.

Abbreviations are as follows: AS, ankylosing spondylitis (MIM 106300); CD, Crohn disease (MIM 266600); CeD, celiac disease (MIM 212750); MS, multiple scle-
rosis (MIM 126200); PBC, primary biliary cirrhosis (MIM 109720); PS, psoriasis (MIM 177900); RA, rheumatoid arthritis (MIM 180300); SLE, systemic lupus eryth-
ematosus (MIM 152700); T1D, type 1 diabetes (MIM 222100); UC, ulcerative colitis (MIM 191390).

PAn asterisk (*) indicates that the risk allele lies on the positively selected haplotype.

haplotypes with putative positively selected SNPs meeting
an [iHS| > 2.6 threshold are unlikely to have been observed
by chance alone (p < 0.0001; Figure 1, left). This result
suggests that loci for inflammatory-disease susceptibility
are more likely to be located on positively selected haplo-
types than matched SNP sets.

We have also performed an analysis to assess whether
the loci harboring risk variants associated with common
inflammatory diseases are significantly enriched for signals
of selection relative to immune response genes that are not
known to be associated with susceptibility to inflamma-
tory disease. In this analysis, we find that, at an |iHS| >
2.6, there are 3% (13/413 SNPs) of susceptibility variants
under positive selection compared to 0.6% (23/3,654
SNPs) of LD-pruned variants found in the vicinity of genes
previously defined as being involved in immune func-
tion®” (p < 0.0001) (see Supplemental Data for details of
the analysis; Figure S1). This result suggests that risk vari-
ants for inflammatory diseases are significantly enriched
for signatures of selection relative to variants in immune
genes that influence immune function but are not associ-
ated with disease (Figures S1 and S2).

Interestingly, we find that 21 of the 30 reported risk
alleles (out of 37; Table 1) with evidence of selection lie
on the positively selected haplotypes, suggesting that the
disease-associated risk alleles are, on average, more likely
to be targets of selection than the protective allele (bino-
mial test p = 0.043). However, we note that these analyses
are complicated by the fact that some variants are associ-
ated with more than one inflammatory disease, and indeed
there are examples where a given allele is protective against
one disease and a risk allele for another.**>?

In a secondary analysis, we deployed the Fsr metric,
a different method for assessing evidence of natural selec-
tion, and compared the number of SNPs associated with
inflammatory diseases in the 1% tail of global Fsr to a distri-
bution comprised of MAF- and genic/nongenic status-
matched SNPs sampled at random 10,000 times from the
empirical distribution; here, we find that inflammatory
disease SNPs are more highly differentiated across human
populations than expected by chance (observed nine
SNPs meeting this threshold; p = 0.006; Figure 1, right).
Of the 13 putative positively selected SNPs in the |iHS| anal-
ysis, 10 also have high global Fsy score (above genome-wide

average; Fst > 0.11), suggesting that these variants might
represent the true variants that are under selection.

To determine whether SNPs associated with inflamma-
tory diseases show greater enrichment for signatures of
selection relative to those associated with other disease
classes, we compared the overall distribution of iHS across
different classes of complex traits. By using the 5,481
SNPs from the GWAS catalog, we selected SNPs associated
with one of five trait classes (inflammatory disease, cancer,
neurological/psychiatric disease, metabolic disease, and
height), and we LD pruned variants within each group
by removing SNPs with an r* > 0.4 with a SNP with a higher
reported p value for a given trait (Table S2).

Although we do not observe a major shift in the entire
distribution of iHSs between inflammatory disease SNPs
and those of the other trait classes, we note that variants
associated with inflammatory diseases may be somewhat
enriched in the 1% tail of the empirical distribution for
iHS (data not shown). So, we tested for enrichment among
inflammatory-disease SNPs at the top 5% and 1% of iHS
(Figure 2). Among the top 1% of iHS signals (|iHS| >
2.6), we observe that inflammatory diseases have a higher
proportion of SNPs (3.1%) targeted by positive selection
than the other trait groups (Figure 2). This enrichment is
significant when compared to the distribution observed
in all SNPs genotyped in CEU subjects of the HapMap
Phase II resource (Pearson’s y* test, p = 1.1 X 107°).
Thus, overall, it appears that the class of inflammatory-
disease variants has experienced more selection in
subjects of European ancestry than is expected by chance
alone.

Positively Selected Genes Encode Proteins that
Directly Interact in PPI Network

Having observed robust evidence of natural selection in
a subset of loci for inflammatory-disease susceptibility,
we next investigated whether the selected loci might serve
a shared cellular function that could have been the target
of selective pressure over the course of human history.
We used an approach that leverages protein-protein
interaction maps to see whether the selected loci could
be assembled into a single network of genes that have
a correlated evolutionary history.>*>*%*! We tested this
hypothesis by using a robust method for the assessment
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Figure 1. Inflammatory-Disease SNPs
Are More Likely to Have Experienced
Recent Positive Selection

The distribution of the number of SNPs
with |iHS| > 2.6 (left) and highly differen-
tiated SNPs (top 1% of the empirical
genome-wide Fgsr distribution) (right)
observed for each of 10,000 draws of 416
SNPs matched for MAF, haplotype length,
and genic/nongeneic status to the 416
inflammatory disease SNPs (see Table S1
for a list of diseases). Shown in solid blue
circle are the observed number of SNPs
with [iHS| > 2.6 (13 SNPs; p < 0.0001)
and high Fsr (8 SNPs; p = 0.006). A dotted
red line further highlights this result.
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of functional connectivity, the disease association protein-
protein link evaluator (DAPPLE) algorithm, that requires
evidence of functional connectivity as well as
coexpression in at least one tissue.*> DAPPLE defines
a genomic region around each SNP in terms of LD and
considers any protein encoded within that region. We
pursued the DAPPLE analyses with a slightly more relaxed
threshold (]iHS| > 1.6) to enhance the dissection of the
pathways. Using more relaxed threshold in the network
analyses is one approach to identify which of the loci
with suggestive evidence of selection share certain func-
tional information with the significant loci.

We found that 15 of 37 putative positively selected loci
(p < 0.1; |iHS| > 1.6) are directly connected and 28 loci
are indirectly connected (via an interactor protein that
is not known to be under selection). These results suggest
the existence of functional connections between proteins
encoded in the selected regions. When compared to
10,000 random networks, we found that the direct
network connectivity was statistically significant beyond
that expected by chance (permuted p = 9.91 x 1073,
Figure 3). The model for indirect connectivity via common
interactors that are not among the most selected loci was
also significant (permuted p = 0.0027; Figure S3).

Our observation that there are significant numbers of
direct connections between proteins in inflammatory-
disease loci under selection is not surprising, as it has
been previously shown that genes in loci associated with
inflammatory diseases (i.e., RA and CD) are significantly
connected via protein-protein interactions.*> Whereas
these studies have identified elements of the network
that we present (Figure 3), we explored the possibility
that the proteins encoded in loci for inflammatory-disease
susceptibility that have evidence for selection are more
densely connected than those located near random sets
of loci for inflammatory-disease susceptibility. Connec-

Number of SNPs

T 1

. 15 SNPs may simply reflect the more

general connectivity of immune
pathways.*? To statistically evaluate
the connectivity of the positively
selected PPI network, we therefore generated 1,000
random sets of 37 SNPs (to match the number of putatively
selected loci) from the 416 SNPs associated with inflamma-
tory diseases and constructed PPI networks from each set.
With these results, we observe that the mean direct
connectivity for the PPI generated from selected variants
(Figure 3) falls in the top 1% of the empirical distribution
for random inflammatory-disease susceptibility networks
and is unlikely to have occurred by chance alone (p <
0.014; Figure S4). This result suggests that proteins en-
coded in the positively selected inflammatory-disease loci
are more highly interconnected than those encoded by
loci for inflammatory-disease susceptibility in general.
Given their similar evolutionary history and the indepen-
dent evidence of functional connectivity between them,
this group of selected susceptibility genes is more likely
to serve a shared molecular function that was advanta-
geous in response to a selective pressure encountered by
European populations over the course of their history.

To investigate whether the genes of the core selected
pathway have been targets of selection in response to
a shared selective pressure, we estimated the age of the
haplotypes carrying the selected risk alleles to see whether
their ages converge. To estimate the age of a putative selec-
tive event, we first calculated the extended haplotype
homozygosity (EHH) for each haplotype, assuming a star
phylogeny of the haplotypes and an average generation
time of 25 years (see Material and Methods). In the Euro-
pean populations where the susceptibility alleles have
been discovered, the estimated age of a putative selective
sweep for the components in the core, directly connected
network (Figure 3) is in the range of 1,200-2,600 years ago
(estimates of the age of the selective sweep for the derived
allele are listed in Table S4). These estimates are coarse
approximations, and this method is particularly well pow-
ered for recent selective events. Appreciating these
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Shown here are GWAS SNPs from five
major trait groups: all GWAS SNPs (LD
pruned; n = 4,056), cancers (n = 209),
height (n = 188), inflammatory diseases
(n = 416), metabolic diseases (n = 326),
and neurological/psychiatric ~ diseases
(n = 68). The trait-associated SNPs are LD
pruned to 1* < 0.4; shown here are SNPs
with |iHS| > 2 in blue bars and |iHS| >
2.6 in red bars. The proportion of SNPs
at different iHS thresholds are shown in
white inside each bar. Inflammatory
diseases have a higher proportion of SNPs

4.4%

limitations, it nonetheless appears that the selective forces
influencing allele frequencies in the core selected network
that we have identified occurred over the course of recent,
recorded human history.

Positively Selected Inflammatory Risk Variants Have
cis-Regulatory Effects in Activated Immune Cells

To examine the mechanism(s) by which the selected
variants may influence immune function, we assessed
each of the 21 inflammatory disease loci with |iHS| > 2
for evidence of an effect on RNA expression levels in cis.
That is, we performed an expression quantitative trait
locus (eQTL) analysis in each locus for genes in the vicinity
of the disease-associated SNP. We first investigated genetic
variation and mRNA expression levels in a data set derived
from peripheral blood mononuclear cells (PBMCs) of 228
individuals of European ancestry with an inflammatory
demyelinating disease of the central nervous system (a
clinically isolated demyelinating syndrome or multiple
sclerosis), representing a set of subjects with an activated
immune system. To investigate our findings in other
immune-relevant cell types, we also performed eQTL anal-
yses in independent data sets generated from flow-sorted
CD4" T lymphocytes and CD14"CD16~ monocytes
(both of which are constituents of the PBMC mixture) of
80 healthy subjects from the Immunological Variation
(ImmVar) project and also evaluated previously published
eQTL data sets including HapMap LCLs,** CD4" T
lymphocytes from asthmatics,** and monocytes from
healthy individuals.*® These genome-wide eQTL data
from multiple immune cell types enhance our ability to
identify functional effects of genetic variation on gene
expression levels and allow us to assemble a framework

(3.1% at iHS > |2.6]) targeted by positive
selection than other trait groups (Pearson’s
%% test, p = 1.1 x 10~%). We highlight this
category with an asterisk.

for understanding which cells and
cell functions are affected by each
variant.

Of the 21 inflammatory-disease
variants exhibiting signatures of
selection, 13 variants had cis-regula-

tory effects on gene expression levels in the available
data (Table 2). Among the inflammatory diseases, MS-,
CD-, and T1D-associated risk variants were the most abun-
dant among those exhibiting selection and eQTL effects,
most probably due to large number of variants discovered
for these diseases (Table 2). One locus with overlapping
signals (selection, eQTL, and disease association) contains
the SLE risk allele rs11755393%, which is under selection
(iHS = —2.28) and is strongly associated with PBMC RNA
expression of the ICBP90 binding protein 1 (UHRFI1BPI
[MIM 612253]; p = 7.53 x 107%?), a putative binding
partner of UHRF1, a RING-finger type E3 ubiquitin
ligase** (Figure 4). For this locus, we further replicated
the cis-regulatory effect in data generated from CD4" T
lymphocytes (p = 5.65 x 10~'%; Figure S5) and CD14"
CD16~ monocytes (p = 3.57 x 107! Figure S6) of 80
healthy individuals of European ancestry: in all three
data sets, the SLE susceptibility allele rs11755393¢ is asso-
ciated with decreased UHRFIBP1 RNA expression. In
PBMC:s, the regulatory trait concordance scores (RTCs),*6
an index integrating eQTL and GWAS data to detect
disease-causing regulatory effects, were equal to one (RTC
= 1), suggesting that the genetic variant underlying disease
susceptibility and cis-regulatory signals are the same. Other
genes with cis-eQTLs and signals of selection are listed in
Table 2.

Discussion
The results presented here provide support for recent

positive selection having shaped a portion of genetic vari-
ation influencing inflammatory-disease susceptibility to
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(mean direct connectivity, 3.13; expected, 1.18; permuted p = 9.91 X 1079).

a greater extent than genetic variation associated with
other common diseases. We show that several genes found
in these disease-associated, positively selected haplotypes
can be assembled, independently, into a molecular
complex via a protein-protein interaction (PPI) network
approach. This network of selected genes is significantly
more connected than random networks of genes for
inflammatory-disease susceptibility, suggesting that these
selected genes may have served a shared molecular mech-
anism that experienced selective pressure over human
history. More specifically, the core of the directly con-
nected, selected protein network (Figure 3) captures molec-
ular pathways involved in lymphocyte activation.
Although many of these genes are expressed in different
subsets of immune cells and our understanding of the
role of specific genes across immune cell types is incom-
plete, a subset of T cells stands out as being influenced by

a majority of the genes in the directly interconnected
network: pathogenic Th17 and Thl cells that play an
important role in several inflammatory diseases such as
Crohn disease, multiple sclerosis, rheumatoid arthritis,
and type 1 diabetes mellitus.*’~>°

A careful balance exists among Th17, Th1, Th2, regula-
tory T (Treg) cells, and other immune cells to maintain
the homeostasis of the immune system. In inflammatory
diseases, this balance is disrupted, with the frequency
and function of these cell types being altered. In the core
network of 17 directly connected genes (Figure 3), derived
from inflammatory disease susceptibility genes with
evidence of selection, we find genes that (1) induce Th17
cell differentiation (IL21 [MIM 605384]|, STAT3 [MIM
102582]), (2) prevent Th17 cell differentiation (IL12A
[MIM 161560]), (3) regulate Th17 cell function (IRFI
[MIM 147575], STAT1 [MIM 600555]), (4) are involved
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Table 2. Inflammatory Disease-Associated Variants that Localize to Regions with Evidence for cis-Regulatory Function and Positive Selection

Locus

7q11 6p21 12q24 19q13 12q24 3q13 19q13 3q13 5q31 16p13 6p21 2q37 6q27
SNP 151167796 153131379 1517696736 15281379 1s3184504 154308217 15307896 151132200 1rs2188962 1512708716 1s11755393 1510210302 15415890
Disease SLE SLE T1D CD RA, T1ID MS MS MS CD MS, T1D SLE CD CD
Minor (risk) allele A(G) A(A) G(G) A(A) T(T) A(C) A(G) A(NR) T(T) G(G) G(NR) T(T) C(C)
MAF 0.29 0.05 0.2 0.27 0.21 0.19 0.13 0.12 0.17 0.34 0.45 0.39 0.4
iHS 5.64 -3.18 -3.1 2.98 -2.97 -2.73 —2.62 —2.54 -2.34 2.32 —2.28 2.18 2.15
cis-regulated gene PMS2L3 VARS2 Cl12orf47 LILRBS TMEM116 CD86 SAE1 POGLUT1 IRF1 DEXI UHRFIBP1  ATGI16L1 RNASET2
eQTL Cell Types?®
This Study
PBMC (n = 228) + - + - + - - - + + + - +
RTC (PBMC) 0.91 0.78 0.62 NA 0.76 NA NA NA 0.85 0.73 1 NA 0.94
CD14*CD16~ Monocytes (n = 80) - - - + - - - - + - + - +
CD4" T Cells (Healthy) (n = 80) - - - - - - - - — — + _ +
Published
Blood Monocytes (n = 1,490)3° + + + + - - - - - + + - +
CD4" T Cells (Asthmatics) (n = 200)** - - - - - - + + + - - + +
LCLs (CEU HapMap) (n = 109)** - - - - - - - - - - - + -
LCLs (Asthmatics) (n = 400)%° - - - - - + - + - - - + _

Abbreviations are as follows: iHS, integrated haplotype score; MAF, minor allele frequency; RTC, relative trait concordance, a score integrating eQTL and GWAS data to detect disease-causing cis-regulatory effects. RTC scores
are calculated only in PBMC.

?Significant cis-eQTLs are indicated by “+.” The PBMC is our primary data set and for replication we used gene expression data from CD14"CD16~ monocytes and CD4" T cells of 80 healthy subjects (data not shown).
The other cis-eQTL results presented here were reported as significant in the published studies that we reference.
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in Th17 cell function (CSF2 [MIM 138960], IL3 [MIM
147740], STAT3 [MIM 102582]), and (5) induce and main-
tain Treg cells that inhibit Th17 and other pathogenic cells
(IL2 [MIM 147730], IL2RA [MIM 147730], SOCS1 [MIM
603597], STATS [MIM 601511]).%! Several of these genes
also influence the function of other immune cell subsets,
but the overlay of our core selected network with
molecular pathways that are important for Th17 and
Treg cell function is consistent with an extensive, recent
immunologic literature that has defined a prominent
role of these cell types in inflammatory diseases.*”%?
At this time, it is not clear what selective pressure may
have led to the signals of natural selection that we
have uncovered in populations of European ancestry:
favorable responses to one or more pathogen during the
history of European populations is a reasonable scenario,
particularly since the Th17 cell pathway that emerges
from our analysis has evolved to confer protective immu-
nity against extracellular bacteria as well as intracellular
pathogens.>*~>¢

Although it is impossible to recreate natural selection
in vitro, functional experiments examining cellular
response to pathogens have helped to characterize path-
ogen-specific host response networks. We find that four
genes with evidence for selection and cis-eQTL effects

Mpycobacterium  tuberculosis  (MTB)
infection.?® Finally, three of the
selected genes (FUT2, SH2B3, IRF1) contain variants that
are highly correlated with current estimates of local path-
ogen diversity,® lending additional support for a role of
pathogens in shaping levels and patterns of genetic varia-
tion atloci influencing inflammatory-disease susceptibility.
It is perhaps not surprising that many of the selected
regions harbor genes and molecular pathways that are
directly involved in immune response to pathogens. Infec-
tious diseases have been one of the major causes of death
throughout human history. Since the agricultural revolu-
tion, human populations expanded rapidly and developed
resistance to a number of microbial and parasitic patho-
gens, and as a consequence, natural selection probably
played a major role in shaping human genetic variation.
In the context of inflammatory diseases, it is plausible
that signatures of recent positive selection observed in
the susceptibility alleles are due to an overactive immune
system, driven at least in part by immune response to
pathogen exposure in the past. This is consistent with
the “hygiene hypothesis,” which postulates that lack of
exposure to infectious agents in the modern environment
increases susceptibility to inflammatory disease as a result
of imbalance of the immune system.??
Given the timing of the putative selective event
exerting an influence on the core selected PPI network
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(1,200-2,600 years ago) (Figure 3; Table S4) and the avail-
ability of recorded history in European populations during
this time, we can speculate as to the nature of the selective
pressure. The confidence interval on these estimates is
large (400-700 years), and thus we must be cautious in in-
terpreting the estimated dates for the selective events.
Although many pathogens were doubtlessly influencing
human populations during the time period of selection
that we estimate, few had as dramatic effects as the recur-
rent epidemics of bubonic plague in European popula-
tions. Although intriguing, the convergence of our results
with this historical record should be seen as speculative
because our understanding of the role of pathogens during
this period is incomplete. Nonetheless, this scenario is
biologically plausible because the core selected network
that influences Th17 and other cells of the adaptive
immune system has been implicated in resistance to
Yersinia pestis (the organism causing plague) in a mouse
model.®’

Overall, our integrated analyses contribute to under-
standing the organization of the large collection of suscep-
tibility genes for inflammatory diseases, many of which
are shared by several diseases:*>*%°%5? it provides a frame-
work with which to generate hypotheses and design new
experiments to better understand how genetic variation
contributing to variation in immune function via alter-
ations in gene expression and other mechanisms ulti-
mately leads to immune dysfunction in some individuals
as they encounter environmental risk factors in our
modern environment. For example, our core network of
interconnected, selected susceptibility genes highlights
several genes not known to be involved in pathogenic
Th17 cell differentiation, function, or regulation. Our
data suggest that these genes should be investigated in
this context, and our eQTL analyses suggest that alter-
ations in gene expression may be one mechanism by
which several of the selected variants might influence
immune function. These results may also be helpful in
refining causal variants within each locus for future ex-
perimental validation and characterization. Finally, our
analyses of natural selection provide a framework for the
remarkable extent of shared genetic architecture among
inflammatory diseases: it may be the by-product of
beneficial variation in key molecular pathways influencing
the activation of the immune system in response to
pathogens that now influences aberrant response to self-
antigens. The core selected network (Figure 3) contains
genes that influence susceptibility to multiple different
diseases and may be critical to setting the likelihood
of responses to self-antigens, whereas disease-specific
susceptibility loci may play a greater role in the syndromic
manifestations of an immune reaction against self.

Supplemental Data

Supplemental Data include six figures and four tables and can be
found with this article online at http://www.cell.com/AJHG/.
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