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De ning the genetic and evolutionary architecture
of alternative splicing in response to infection

Maxime Rotival, Héléne Quach& Lluis Quintana-Murcid 1

Host and environmental factors contribute to variation in human immune responses, yet the
genetic and evolutionary drivers of alternative splicing in response to infection remain largely
uncharacterised. Leveraging 970 RNA-sequencing ges of resting and stimulated mono-
cytes from 200 individuals of African- and European-descent, we show that immune acti-
vation elicits a marked remodelling of the isoform repertoire, while increasing the levels of
erroneous splicing. We identify 1,464 loci associated with variation in isoform usage (SQTLS),
9% of them being stimulation-specic, which are enriched in disease-related loci. Further-
more, we detect a longstanding increased plasticity of immune gene splicing, and show that
positive selection and Neanderthal introgression have both contributed to diversify the
splicing landscape of human populations. Together, thesalings suggest that differential
isoform usage has been an important substrate of innovation in the long-term evolution of
immune responses and a more recent vehicle of population local adaptation.
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lternative splicing (AS) is an essential mechanism faranifest in a context-spea@ manner, and uncover their con-
generating functional diversity, as it allows individudtibution to chronic immune-related disorders. Finally, using
genes to express multiple MRNAs and encode numerqu@pulation genetics tools, we show that positive selection and
proteins, through rearrangement of existing domhinis is admixture with Neanderthals have both contributed to shape
estimated that nearly 95% of mammalian genes undergo A& current population variability in the splicing landscape of the
with strong impact on essential regulatory processes suchhasman immune response.
chromatin modi cation and signal transductiéf. Because it
allows to increase protein diversity at a minimal cost for t

organism, AS has undergone rapid evolution across vertebrate .- S

and 1t 0y  Key ol nprimate adaplaton, nckarg) 270 (1 escepe ol splene 1 hmen nonoeves

human$. One function where innovation is essential ’%ﬁ( racted ~7.2 billion spliced reads from 970 RNA-sequencing
)

esults

immunity, as the constant arms race against invading pathog les obtained from resting and activated monocytes, origi-

requires the ability of the host to rapidly adapt to new pathoge rll%lting from 200 individuals of African and European ancé8try

cues, while maintaining homeqstﬁs@. Thus, if we are to fully Monocytes were activated with various Toll-like receptor (TLR)
understand the regulation of immune function in humans, Wff

need to dissect the degree of population-level variation of AS ﬁg?ﬁ}Zp%pLoFiﬁjgcgggrf?fs?%PSa?t’h;vmis*;‘ ?ensd e?ﬂgf‘)dgra; live
de ne its genetic and evolutionary determinants in a cellul ’ P ys, resp Y),

setting relevant to immunity to infection. lrain of in uenza A virus (IAV). After excluding reads that did

. : 0 X
Previous studies, fuelled by the advent of RNA sequenciﬁgdmamh known exosexon junctions (<0.4% of all spliced

have dened the splicing landscape of a large variety of humarI]]. S, .Supplemegtar'y F|g.—d:ig 7we'”!dent| ed ~1.9 n;|l(|j|on
cells and tissuds14 The contribution of AS in the context of J'due junctions, dening over 1.7 million acceptor and donor

immunity is increasingly recognis€d®, and a few recent studiesf)'itej(')uélmogsiithneedl'&) r:"“grr: esg)l(lc&raessgsj \E\:iﬁ r(]:%urled tﬁznugafrrg_ _
have reported widespread post-transcriptional modiions in 9 y 9 g b 9

i illi 0,
response to environmental cues including infedfioft. How- MeNt per kilobase E’ff million (FPKM > 1), 80% predsented Wealk
ever, there is increasing evidence to suggest that a large fractioacyl ity across conditions (i.e., <1 supporting read per sample
' e reads supporting the splice site account for <5% of all

oating to e formation o non-functonal farcipe.  prCass, 1EfeTed 33 weak splc Stes), The remaiing 20%, carte
4 sponding to 217,792 high-activity splice sites, were composed of

i icitay24
ZE)TEQ;?CT;VSVQ %Sirrhorﬁuynseplcl:gﬁ?sg ah:j(er:’c)\txcecgﬁlﬂgere ce)zfrtsu urggt?gr?’o‘lg sites that were active in a subset of transcripts (i.e., reads
P pporting the splice site account ford% of all reads, alter-

with external stimuli, such as infection, generates non-function tive splice sites), and 161,743 sites that were constitutively

transcripts remain to be determined. active in our dataset (>95% of supporting reads, constitutive

b TSTS d?:g”gpg ?i(;[ﬁrm'ngﬁa%t/étsrairfoé??;?.?{Sggggggﬁg splice site). These observations, which set the bases of our study,
y plcing g indicate pervasive, AS in resting and activated monocytes.

massively parallel splicing ass&#4, which indicate that splicing
is under strong genetic control in humans and, in most cases, has
direct effects on protein sequences. Furthermore, besides Rieeluced long-term conservation of immune gene splicing/e
known role of splice-altering variants in Mendelian disoréfet§  rst investigated the evolutionary pressures characterising the
there is increasing support to the notion that they can also covarious types of splice sites (weak, alternative and constitutive) in
tribute to common disease risk, broadening our understanditite whole dataset, using the Genomic Evolutionary RateliRgo
of the mechanistic links between genetic variation, gene reg(f@erp) statistical framewofk We observed a bimodal distribu-
tion and ultimate phenotypé320273537 However, the genetic tion of Gerp Rejected Substitutions (RS) scores (@. with
determinants of differential isoform usage in response to immu66% of splice sites showing little to no conservation (GerpRS < 2).
stimulation, which inform gereenvironment (G x E) interac- The percentage of conserved sites increased with splice site usage,
tions, and their contribution to complex immune-related traitacross all levels of gene expression (Supplementary Fiy. 1d
are far from clear. Thus, 98 and 71% of constitutive and alternative splice sites,
Recent studies have also shown that the intensity of immurespectively, showed moderate to high conservation (GerpRS > 2),
responses, deed through transcriptional prding of macro- whereas only 25% of weak splice sites were conservedlfig.
phages and monocytes exposed to various bacterial and \Amdong weak splice sites that were not conserved, 95% were
challenges, differs substantially across human populations, owabgent from Ensembl annotations and were thus considered as
to past adaptation to pathogen presgdf. Similarly, variation cryptic splice sites. Interestingly, we found that active, non-
in AS has been reported across populations from different ethomnserved splice sites are preferentially observed in genes with
background®3940, and signals of selection have been detectkohctions related to immune response (likelihood-ratio test;
in splicing regulatory elemerit&.. Yet, the contribution of dif- odds ratio (OR)>1.2p<3.2x 1011 Supplementary Data 1).
ferential isoform usage to ancestry-related differences in immungrthermore, we found that genes whose expression was induced
responses and the role of splicing as a vehicle of recent populatipon stimulation in our setting (Ig§C > 1) were also more likely
adaptation, through different evolutionary mechanisms, are lao- harbour non-conserved splice sites, relative to non-induced
gely unknown. genes that were expressed at similar levels, with the strongest
In this study, we leverage RNA-sequencing data of humanrichment being found in response to IAV stimulation (like-
primary monocytes both at the basal state and after stimulatibhood-ratio test; OR>2.3,p<4.2x1024 Supplementary
with different ligands, in 200 healthy individuals of African andata 1).
European descent. We characterise the splicing landscape of thWe next determined whether such a decreased conservation
innate immune response and explore both long-term and receet ects higher redundancy of ancient splice sites or increased rate
evolution of immune gene splicing. We show that immune stdf recent splice sites among immune genes, and dated human
mulation has a pervasive impact on AS, leading to increasglice sites based on their occurrence in the vertebrate phylogeny
isoform diversity but also elevated levels of noisy splicing. W&upplementary Note 1). Immune genes werendd based on
map the genetic determinants of AS, including those thhbth Gene Ontology (GO:0006955, immune response) and their
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Fig. 1Splice sites of immune genes show decreased inter-species conservati@unservation of splice sites shows a strong bimodal distribution (orange).
One-third of splice sites show strong conservation (GerpRS > 2), whereas the remaining splice sites match genome-wide expectations (turquoise).

b Breakdown of GerpRS scores according to splice site activity (weak, alternative or constitutvehylogenetic age of donor/acceptor sites according

to splice site activity (weak, alternative or constitutive), and breakdown of the age of constitutive splice sites, across various categoriesesf gaase
include all genes, immune response genes (GO:0006955), stimulation-induced genes and the intersection of the latter two categoriesc&igei was
obtained by resampling, matching for the phylogenetic age of the gene and its expression. *Resamptio@01. d Example of a human-spect splice

site at the CSF3jene. The phylogenetic tree is drawn according to the established phylogeny, and aligned sequences are shown at the two-base pairs
matching the human splice site. Dashes)(indicate alignment gap. Source data are provided as a Source Diga

fold-change of expression in response to stimulation,Fl8g> 1 Widespread impact of immune activation on isoform usag&o

in at least one stimulation condition). Overall, the age of splicharacterise the variability of splice site usage in humans, we next
sites was found to be strongly correlated to their activity; fouanti ed inter-individual differences in AS at the basal state and
instance, 94% of constitutive splice sites appeared before the &glidwing immune stimulation. Focusing on highly expressed
with marsupials more than 173 MY ago (Fiig). We then genes (FPKM >10), we quargd 39,030 AS events and calcu-
assessed the age of splice sites of immune genes, and founddtet the percent-spliced-in (PSI) index, whichees the fre-
their constitutive splice sites werel2% younger than those ofquency at which a sped splicing event occurs. After quality
random genes with similar expression levels and phylogenefiecks and Itering of redundant AS events (Methods; Supple-
ages (overall: 452.9 MY, immune response GO: 417.5 Nientary Fig. 2a), we obtained aal set of 16,173 independent
stimulation induced: 397.9 MY, resampling<1.5x106  AS events that affect a total of 4,739 genes ZRigSupplemen-
Fig. 1c). Similar trends were observed for alternative splice sitasy Data 2, Supplementary Fig.—2. Among AS events, 56%
(overall: 292.5 MY, immune response GO: 247.7 MY, stimulatiarere associated with a switch between two functional protein-
induced: 221.5 MY, resamplipg< 2.1 x 10 4). coding isoforms = 9,098, referred to asodi ed proteil, 37%

We subsequently searched for splice sites that differ betweeth a switch between a protein-coding and a non-coding isoform
human and non-human primates, focusing on the 174,138 splid¢é= 6,067 gain/loss-of functignand 6% with a switch between
sites of coding exons that could be aligned in >80% of primateo non-coding isoformsN = 1,008,non-codin} Among cases
lineages. We identéd 28 high-condence human-spea splice of gain/loss-of-function events, the non-coding isoform was lowly
sites (Supplementary Data 1), several of which involved immuexpressed in most cases (Supplementary Fig. 2e), suggesting
genes such as the interferon-inducible giuB1, the leukocyte strong constraints towards the expression of functional isoforms
immunoglobulin-like receptotlLRB4 or the cytokineCSF3hat and/or a high rate of degradation of non-functional transcripts.
is responsible for the regulation of granulocyte survival andPrincipal component (PC) analysis, after adjusting PSI values
proliferation (Fig.1d). Altogether, these results support a moréor batch effects and technical variability (Methods; Supplemen-
recent emergence of splice sites at immune genes, with respetarioNote 2; Supplementary Fig. 2f), revealed immune activation
non-immune genes, and suggest that AS has been an impor@stthe main source of splicing variability, with PC1 and PC2
substrate of innovation in the evolution of human immunee ecting the effects of IAV infection and TLR activation,
responses. respectively (Fig2b). Focusing on genes that change their
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Fig. 2Immune stimulation induces major shifts in alternative splicing (AS) patteras\umber of detected AS events by type: A3, alternativesdlice site;

A5, alternative 5 splice site; AF, alternativerst exon; AL, alternative last exon; MX, mutually exclusive exons; R, retained intron; SE, skipped exon. Each
type of AS event is presented in a different colour that is consistently used across @lires.b Principal components analysis of AS events in different
conditions: non-stimulated (grey), and activated with LPS (red), R&8BK, (green), R848 (blue) and IAV (purple). Light and dark shades represent
European and African individuals, respectively. The same colour code is used for conditions, acrogsiak.c Percentage of differentially spliced genes
across conditionsd Percentage of genes differentially spliced after stimulation (in at least one condition), according to maximal fold-change in gene
expression upon stimulation (log-C). Non-differentially spliced genes are shown in green, and differentially spliced genes in orange. Among the latter,
immune response genes, as deed by GO, are highlighted in red. Levels of genes expressitmy,(1+ FPKM)}—and alternative splicingPS+are shown

for two immune genesCLEC7And NFKB/at the basal state and in the stimulation condition where the changes in isoform usage are the most pronounced
(centre line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, outliers). Boxplots are colourednactmotte
condition of stimulation.e Boxplots showing the shifts in PSI values, for each type of AS event and stimulus (boxplots drawn as previously). The nature of
the stimuli is indicated on the left-hand side by coloured squares and sigaince is indicated on the right-hand side by grey squares (darker for increased
signi cance). Boxplots are coloured according to the type of AS event considered. Source data are provided as a SourcdeData

isoform levels upon stimulation, we found 1,919 genes that weretein isoform upon all TLR stimulations, Wilcoxpr< 2.5 x 1026,
differentially spliced in at least one condition, with respect to thhePSI| >0.06, max PSI|= 0.11, logFC>1.2, Fig.2d) and
basal state (5% false discovery rate (FDRRS]|>0.05, STAT2(increased percentage of protein-coding transcripts upon
Supplementary Data 2). A large number of differentially splic&B48 and IAV stimulations, Wilcoxop<6.9 x 104%, | PSI|>
genes (59%) displayed differential isoform usage in a stimflid, max |PSlj= 0.19, logFC >0.8). Notably, we identd
speci c manner, with 789 being differentially spliced in a sing60 genes presenting differential isoform usage after stimulation
condition (Supplementary Fig. 3a). The changes were markettilgt were missed when searching for expression changes at
stronger following treatment with viral ligands (R848 and IAVhe gene level (|IgfC|<0.2, Supplementary Data 2). An
irrespectively of the [PSI| threshold considered (Fisiser interesting example is provided WQLEC7A a C-type lectin
exact test for equal proportions; BSI|>0.05p<2.6x1023 sensing -glucans, which is differentially spliced across all
| PSI|>0.1p<6.2x 1025 Fig.2c). stimulations (Wilcoxonp <2.9 x 1019, | PSI|>0.08), but does

We found that genes that are differentially expressed upoot change its expression in the IAV stimulation where the
stimulation (i.e., |log=C|>0.5) are more likely to change theichanges in splicing are the strongest (increased percentage of
isoform ratios (Fishés exact test; OR 2.2, p<4.34x 1026 protein-coding transcripts, max PSl|= 0.28, Fig.2d). These
Fig. 2d). This involved key transcription factors controllingesults reveal a wide array of AS matditions upon monocyte
in ammatory and antiviral responses, suchN&&KB1 (change of exposure to immune challenges, and highlight the importance
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of considering isoform modcations in the context of immune the extent to which AS-NMD may play an active role to
function. downregulate gene expression or simply result from splicing
errors, we focused on exons whose inclusion leads to a nonsense

Understanding the nature of isoform changes upon stimula- isoform. We reasoned that splice sites that are used to actively
tion. We next explored the qualitative nature of isoform changeggulate gene expression through NMD are likely to be
in response to immune or infectious challenges. We found sgayolutionary conserved, whereas those that disrupt essential
tematic shifts in splicing patterns upon stimulation (FRg), Proteins will tend to be removed by natural selection. We found
including increased inclusion of cassette exons (skipped efaat 35% of the exons examined have at least one conserved splice
class, SE, Wilcoxop<2.9% 10124 and usage of upstreamsite, consistent with an active role in downregulating gene
transcript termination sites (alternative last exon class, AL, Wixpression (Supplementary Fig. 3d). Together, thestngs
coxon p<5.4x1023 as observed in response to bacteridicrease our understanding of the nature of isoform changes in
infectiond® In addition, we detected a decrease in introresponse to immune stimuli, and support a role of AS as an
retention (retained intron class, RI, Wilcoxgn<5.9 x 1067 additional layer of immune response regulation through AS-
that was spect to IAV stimulation. Consistent with previousNMD.

ndings 20, these qualitative changes were associated to an
increased usage of the minor isoforms upon stimulation, leadimgreased noisy splicing upon immune activatiorThe increase
to higher isoform diversity upon immune challenge for 70% daf non-coding isoforms detected in response to immune stimula-
the genes. tion could also reect noisy splicing (i.e., splicing leading to non-

Focusing on gain/loss-of-function AS events, we observeduactional transcriptg¥-24 To explore this possibility, we quanti-
strong shift towards an increase in non-coding isoforms upon akd the frequency at which constitutive donor or acceptor sites are
stimulations (Wilcoxonp <1.1 x 10 29, Supplementary Fig. 3b).joined with cryptic (unannotated) splice sites, as a measure of mis-
However, such an increase was found to be less common amspliging events. We then deed the rate of noisy splicing of a gene
upregulated genes (Fisteexact test; OR 0.68,p<0.008) and as the average of these frequencies across all its constitutive splice
more frequent among downregulated genes (Fistetact test; sites (Fig.3a). At the basal state, ~0.29% of splicing events on
OR= 1.8,p<1.2x10°9) (Supplementary Fig. 3c). This observaaverage across genes corresponded to noisy splicin@{F8up-
tion suggests a contribution of AS-induced nonsense-mediafgdmentary Data 2), agure that ranged from <0.001% (6% of
decay (AS-NMD) to the regulation of gene expression. To assessti-exonic genes) to >10% (0.2% of multi-exonic genes). Indeed,
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Fig. 3Increase in noisy splicing upon immune stimulaticmFor each constitutive splice site neighbouring a coding exon, functional splicing events (blue)
that join two exons are distinguished from non-functional splicing events (red) where the splice site is joined with a cryptic, non-conserved sigice
(GerpRS < 2). For each gene, the mean rate of noisy splicing was computed as the average across all constitutive splice sites of the frequency atwhich no
functional splicing events occuh Distribution of the rate of noisy splicing at the basal stateDistribution of the levels of noisy splicing per gene according

to the condition of stimulation (centre line, median; box limits, upper and lower quartiles; whiskers, 1.5% interquartile range; points, oulllegs)

signi cance of differences between noisy splicing in each stimulation condition and the basal state was assessed by a Wilcoxon ranlp te$0 (£0).

d Distribution of the rate of noisy splicing per gene as a function of gene expression. For each bin of expression, the rate of noisy splicing is sheslacro
conditions of stimulation (boxplots drawn as previously®. Average rate of noisy splicing per sample correlates with expression of nonsense-mediated
decay genes (rst PC). For each sample, the colour rects the condition of stimulation (grey: NS, red: LPS, green: B@8k;, blue: R848, purple: IAV).

Light and dark shades indicate European and African individuals respectively. Source data are provided as a Sourck Data
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noisy splicing increased with mean intron length (Speatsnan  associated with changes in splicing (sSQTLs) and gene expression
0.33, Studers p<2.8 x 1023}, and decreased with gene expregexpression quantitative trait loci (eQTLs)) (Methods; Supple-
sion levels (Spearman = 0.23, Studeft p<4.6x10109, mentary Data 3). Remarkably, 11% of SQTLs overlap an eQTL
Interestingly, noisy splicing also decreased with levels of nas¢dht 155,r2> 0.8, Fig4c), and ~35% of SQTL&(= 513) showed
mMRNAs (measured from intronic reads, Speariman= 0.19, marginal associations with the expression levels of the gene they
Students p< 1.8 x 10 74, suggesting coupling between transcripregulate geori<0.05). Three scenarios can explain the link
tion rate and splicing etiency. However, gene-to-gene differencégtween splicing and gene expression: (i) changes in isoform
in transcription rate could not fully account for the correlatiolevels may alter gene expression through NMD, (i) transcription
between noisy splicing and gene expression levels (Spearn@muld lead to AS by activating, for example, an alternative
= 0.16, Studets p<3.2x10°9 after adjusting on mean transcription start site (TSS) or by increasing transcriptional
intronic coverage), consistent with the degradation by NMD elongation rate and preventing exon recognition, and (iii) the
non-functional transcripts produced through noisy splicing. co-occurrence of a sQTL with an eQTL results from linkage
Upon stimulation, we found that noisy splicing increased hyisequilibrium (LD) between variants that regulate splicing and
15-67% on average (Wilcoxqx 5.1 x 10 22, Fig.3c), with this  transcriptior-2043,
increase being detected across all ranges of gene expressidba discern between these scenarios, we used a two-step
(Wilcoxonp <5.1 x 10 ®, Fig.3d). To verify that this observation approach; we rst tested for a link between splicing and gene
was not explained by the improved detection of cryptic splice siggression when accounting for the effects of genetics, to
after stimulation due to higher gene expression, we measuredgbbsequently assess the direction of this link by comparing the
change in the number of cryptic splice sites and noisy splicilikelihood of each causality mod&l(Methods; Supplementary
per gene, according to fold changes in gene expression upign 6; Supplementary Note 3). Among the 155 sQTLs over-
stimulation. We found that while the detection of cryptic splicepping an eQTL, splicing remained sigeantly correlated to
sites does correlate with gene expression, the rate of noisy spligege expression, after adjusting for genotype, in ~70% of the cases
increases for both up and downregulated genes (Supplement&ig. 4d). Among these, we identd 21 sQTLs where splicing
Fig. 4). We further observed that the increase in noisy splicingpdi cations lead to gene expression changes (causal sQTLs,
detected upon stimulation was associated to a decreas&d% of tested sQTLs). For example, the rs2927608 variant at
expression of NMD genes (Spearrsan= 0.81, Studerd ERAP2is associated with an increased proportion of nonsense
p< 4.5 x 10226 Fig.3e). These results indicate that while splicingsoforms  (Studerg test; sor.= 0.3, psorL= 1.7 x 10 66
errors increase in response to immune stimulation due to redudbdt lead to decreased gene expression via NMD (Stsdest;
NMD activity, such errors are less common amongst highlggr.=  0.6,Peqri= 3.2 x 10 5319,
transcribed genes, thereby mitigating their impact on immune However, the most frequent scenario (~57% of tested sQTLS)
gene expression. was that of a reactive sQTL (Supplementary Fig.véhere
splicing changes are mediated by gene expression. This is
Characterising the genetic bases of splicing regulatiofio illustrated by the rs1317397 variant, located in the promoter
investigate the genetic regulation of splicing variability, wenking region of the chemokine recept6MKLRI which is
mapped sQTLs, i.e., genetic variants associated with changessgociated to a strong decrease in expression (Swidest;
AS. We tested the 16,173 AS events for associati@ig with o= 0.6, pegr.= 1.6 X 10 20) that leads to an increased
5,634,819 single nucleotide polymorphisms (SNPs) at a mimoclusion of exon 3 (Stude'sttest; modied protein, sor =
allele frequency (MAF) >0.05, located within a 1 Mb-window @.03, psor.= 7.3x1010. Extending our analysis to the
AS events. At a 5% FDR, we ideetl 1,464 AS events sig-513 sQTLs that present marginal associations with gene
ni cantly associated with a SNP, corresponding to 21% of #wpression but do not overlap an eQTL, we found that the
4,739 AS genes (Supplementary Data 3). We found an excessirrence of causal sQTLs increased to 34%, whereas that of
of sQTLs among immune response genes (non-central hyperactive sQTLs decreased to ~5% (#i). This suggests that the
geometric test (GOseq); GR1.7, p<1.5x108), receptors majority of causal sQTLs have a moderate effect on gene
(OR= 2.3, GOsep<3.2x10 %) and genes located at the celbxpression.
periphery (OR= 1.5, GOseqp<2.5x109 (Supplementary Finally, to assess whether reactive sQTLs could act through the
Data 3). These enrichments remained sigant when excluding modulation of transcriptional elongation rates, we analysed the
the HLA region (GOseg< 2.4 x 10 5), and accounting for gene effect of sQTLs on transcription rate, using intronic reads as a
expression levels (resamplipg: 1.0 x 104) or a higher rate of proxy for nascent mRNA levéls We detected a sigréant
AS events at immune response genes (resampkrig0 x 104).  effect for 89% of reactive sQTLs, compared with 25% of sQTLs
After excluding theHLA region, 66% of sQTLs were locatedhat do not correlate with expression (@R4.2, Fishes
within 10kb of their respective AS event (Fig), with 38% exactp<9.1x 1028). Together, these analyses indicate that the
falling directly within the boundaries of the AS event. We foungenetic determinants of isoform usage and gene expression are
that sQTLs were strongly enriched in exonic and near-exon&gely independent; yet, when they are not, the regulation of
regions (<300 nucleotides from splice site, OR >5.7, Rghact AS through modulation of the transcription rate seems to be the
p<1.5x108%, and in loci predicted to alter splicing (SPIDEXpredominant model.
databas®, OR= 4.7, Fishés exactp<1.7 x 1019 Fig. 4b).
Consistently, we found a strong enrichment of sQTLs in splicing
regulatory regions (e.g., branchpoint, ©R7.9, Fishés exact Mapping the genetic bases of context-speci splicing We
p<3.5x1079, RNA-binding motifs (e.g., RBM4; GR4.5, subsequently explored the context speity of sQTLs, using a
Fishets exactp <3.1 x 10 99), highly conserved sites (GerpRS >Bayesian model selection approach (Supplementary Note 4) to
4; OR= 3.1, Fishes exactp<1.7 x107), as well as promoter identify cases where the genetic regulation of isoform usage is
regions (OR= 8.6, Fishés exacp <4.61 x 1094 Supplementary altered depending on the presence or absence of immune stimuli.
Fig. 5a). Focusing on genes expressed in all conditions, we found that 71%
of sQTLs N = 684) were shared across all conditions, whereas
Untangling the genetic control of splicing and transcription 5.3% of them N = 51) were detected in a single condition
We next investigated whether the same regulatory variants wéfay. 4e; Supplementary Fig. 5b).
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Fig. 4 Genetic regulation of splicing variation in response to immune stimulatiarDistance of splice QTLs (sQTLs) to their associated AS event. Most
sQTLs are located in close proximity to their respective AS evemEnrichment of sQTLs in near-exonic regions and sites predicted to alter splicing by
SPIDEX. Twenty percent of sQTLs are located in exonic or intronic regions located <300 nucleotides (nt) apart of a splice site. The enrichmenemcreas
with the levels of signicance of sQTLs (***Fish&s p <1.1 x 1019, ¢ Overlap between all sQTLs and eQTLs ideril for the same gene and condition.
SQTLs of genes without eQTLs are shown in dark grey, and sQTLs that colocalize with an @®%I0(8) are shown in redd Frequency of inferred causal
model among sQTLs associated with gene expression. Causality is shown separately for sQTLs overlapp#eQdL (2> 0.8), and sQTLs that show
marginal associations with gene expressiop.{,,< 0.05 in the condition where the sQTL is the strongest) but do not overlap an eQTL. For each group, the
total number of sQTLs is reportede Sharing of sQTLs across conditions. For the 960 sQTLs where the corresponding gene is expressed across all
conditions, the pie chart represents the number of conditions where the sQTL is acfi&ample of a context-spect sQTL that manifests only upon IAV
infection because the expression of the correspondiliyClgene is restricted to the IAV condition. For each genotype and condition, the boxplots show
the distribution of PSI (centre line, median; box limits, upper and lower quartiles; whiskers, 1.5% interquartile range; points, outliers).H-geratype and
conditions, grey squares indicate FPKM levels (darker shadeigher gene expressionjy Response sQTL (rsQTL) leading to differential intron retention in
the 5-UTR region of theMX1gene in response to LPS, R848 and IAV (boxplots drawn as previous)y) Boxplots are coloured according to the condition

of stimulation. Source data are provided as a Source Daka

We then searched for sQTLs that manifest only in the preserik®7 rsQTLs showing a sigiiantly stronger effect in response to
of immune stimuli (Supplementary Data 3), because either tegmulation @so1.<0.01, corresponding to ~5% FDR). For
gene is expressed only upon immune challenge (sQTLsirsftance, the inuenza resistance gelX1, while being expressed
stimulation-specic genes) or the genetic variant alters splicingt basal state, displays genotype-dependent intron retention
in a stimulation-specc manner (response sQTLs, rsQTLs$pecically upon stimulation by LPS, R848 or IAV (rs462687,
re ecting G x E interactions. Focusing of the 274 stimulatiomodi ed protein, Studeist test; psor <6.7 10 16 Fig. 4g).
specic genes (FPKM < 10 at basal state andHGg> 1 in at least These examples highlight how cellular perturbation with external
one condition), we detected 74 genes with at least one sQTL, fetimuli can reveal, or alter, the genetic regulation of AS in the
total of 108 sQTLs. For example, the rs4072037 variant induceatext of immunity to infection.
change in 3splice sites oMUC], encoding a protein at the cell
surface of lung epithelial cells, which is expressed only upon IA% contributes to immune disordersTo understand how splice
infection (modied protein, Studett test;psor<1.1x10%% regulatory variants may ultimately impact organismal traits, we
Fig.4f). To search for rsQTLs, we focused on genes expressed ketirched for overlaps between sQTLs and loci associated with
at the basal state and after stimulation (FPKM >10), and fourdmplex traits or diseases by genome-wide association studies
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(GWASY6. We identi ed 195 sQTLs that overlap GWAS hitsvith a susceptibility locus for immmatory bowel diseaSe
(Methods; Supplementary Data 3). When grouping trait§ig. 5b). Similarly, a variant (rs1333973) affecting the exclusion
according to their Experimental Factor Ontology (EFO) catef exon 2 of the antiviral gerl€l44L(modi ed protein, Studerg
gory*’, we found that loci associated with immune systemest; psor<1.1x 1056 R2=0.72, SPIDEX Z= 3.9) is asso-
disorders such as ulcerative colitis or type-1 diabdties Z7, ciated with measles-speci humoral immunity and increased
OR= 4.6, resampling) <0.001) and body measurements suctisk of febrile seizuré8%0. Finally, a non-synonymous variant
as height or body mass indeN € 25, OR= 3.1, resampling (rs1127354) leading to the removal of the second exdiiFRA
p<0.001) were the most sigeantly enriched (Figsa). (modi ed protein, Studerd test;psori< 2.8 x 10 12 R2>0.22,
Among disease-associated sQTLs at the basal state,|S®RIDEXs Z|= 2.6) associates with increased susceptibility to
identi ed a variant (rs2271543) that promotes the inclusion bpatitis C virus infection and ribavirin-induced anaethia
a 5UTR exon in TMBIM1 (modi ed protein, Studefg test; Focusing on the 235 sQTLs that manifest only upon immune
PsotL< 3.1x 1033 R?>0.54, |SPIDEXZ| = 2.1) and colocalizes stimulation, we found 20 sQTLs of stimulation-specigenes
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Fig. 5 Innate immunity sQTLs contribute to complex traits and immune disordea€Enrichment of sQTLs in GWAS hits. For each trait/disease category,
coloured dots show the number of sQTLs overlapping a GWAS locus. Grey bars represent the distribution of the expected number of GWAS hits when
resampling 1000 random SNPs matched for minor allele frequency (resamptivglue, < 0.05, **p <0.01, ** <0.001). b Log o(p-value) pro les of the
TMBIM1sQTL (upper panel) and GWAS for irammatory bowel disease (IBD, lower panel). SNPs are coloured according to their®)Dvth the sQTL

peak SNP and putative causal variant rs2271543. Only SNPs where both sQTLs and GWAS summary statistics were available are skpoMus.
colocalizing with GWAS loci for 10 major immune-related disorders (grey nodes, Ath asthma, All allergy, CEL celiac disease, Cs @isbase, 1BD

in ammatory bowel disease, MS multiple sclerosis, PS psoriasis, SLE systemic lupus erythematous, T1D type-1 diabetes, UC ulcerative colitis). For eac
sSQTL, genetic variants are represented by grey dots and are linked to the associated AS event (coloured nodes, named after their associated gene).
AS events are coloured by class of event and circled according to gene expression patterns upon stimulation (black: upregétaigeC > 1 in at least

one condition, red: spect to stimulation—FPKM < 10 at basal state and IggC > 1). Links between AS events and sQTLs indicate stimulation-spégiof

the genetic association (blue edge for sQTLSs, red for response sQHtvalue > 0.001 at basal state anphsor. < 0.01). Links between sQTLs and GWAS
traits indicate colocalizationr > 0.8 between sQTLs and GWAS SNPs in Europeans) and are coloured according to the strength of the GWAS association
(grey: GWASp <10 3, black: GWASp <10 8). Source data are provided as a Source Datie
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and 14 rsQTLs that overlap GWAS hits. Of these 34 sQTLs,i#ues (13 in European and 20 in Africans, Supplementary
were associated with immune disorders (Big. Supplementary Data 4). Among these, the strongest signals of adaptation
Data 3). In addition to known disease-causing sQTLSR#4®r were found for the lysozyme regulatBBEATR7AIn Africans
ERAP295253 we detected novel cases at immune genes suct{ra6558326, |iHS{ 3.1,pemp= 0.003, beta-binomial teptnricn<
MVP and CLEC2D which encode key regulators of the JAKD.05), and for the meiosis regulat@PEB2in Europeans
STAT and interferon- pathways, respectively. TMVP variant (rs12502866, [iHS]| 3.6, pemp= 0.0007, beta-binomial test
(rs13332078) promotes the usage of an alternatispl®e site Penricn<0.003). The largest |iHS| among immune genes was
upon stimulation with R848 (moded protein, Studerd test found at theP2RX7locus (rs208293, [iHS|2.95 in Europeans,
PrsoT. < 0.007), and is associated with increased risk of multiglgn,= 0.003, beta-binomial tegtqicn< 0.05), which is involved
sclerosi®®. The CLEC2Dvariant (rs7968401), involving a switchin in ammasome activation and intracellular pathogen
between mutually exclusive exons after TLR activation (neodi clearance.
protein, Studer$ testpsor <9.4x 1010 R2=0.17), overlaps Among sQTLs of stimulation-sped genes, we found the
hits associated with multiple sclerosis and type-1 diab®tes strongest signal of selection for the rs776746 variant, which C
These results not only support the importance of AS asallele promotes the inclusion of an additional exonGWMP3A5
mechanism explaining variation of complex traf320273536  ypon all TLR stimulations. This allele, which decreases the
but also highlight immune pathways where differential isoforpercentage of protein-coding isoform, presents a very high
usage following cellular perturbation may uence immune frequency in Europeang4r= 0.73,pemp= 0.001, beta-binomial
disease outcomes. test Penrich< 0.005, Figbc—e; Supplementary Fig. 7c). Interest-
ingly, the C allele has been reported to protect against paediatric
tuberculosi®? and, using the UK Biobank atlas of genetic
Differential splicing as a substrate of local adaptatioriTo associatiorf$, we found it associated with varying proportions
investigate the role of splicing as a mechanism of local adaptatiohneutrophils, reticulocytes and lymphocytes, and increased risk
we rst searched for AS events that presented different Rflallergic rhinitis (Fig6ef). Together, these results highlight the
values between African- and European-descent individuatgortant role of splicing not only as a source of population
(FDR <5%, |PSI|>0.05). We found 515 genes that were diariation of immune responses but also as a potential driver of
ferentially spliced between populations in at least one condititotal adaptation.
(pop-DSG, Supplementary Data 4), of which 608 (309) were

detected only after stimulation (Supplementary Fig. 7a). Amoﬂ\gchaic introgression contributed to splicing variability

pop-DSG presenting the largest population differences| > B§cause admixture between modern humans and Neanderthals

0.1), we found key regulators of the immune response, S.UChh % been shown to contribute to present-day population differ-
the microbial sensoNOD1, upon R848 and 1AV stimulation oo immune respong@3864 we explored how Neanderthal

(modi ed protein, Wilcoxorp <6.5x 1029, | PSI|>0.27, max | : S .
_ - introgression has affected splicing. We overlapped our list
PSI|= 0.37), and the transcription factdfFKB1 after all TLR of sQTLs with a set of 100,755 SNPs putatively brought

stimulations (modied protein, Wilcoxorp<6.1x 1012 | PSI| . . . ]
>0.16, max |PSIf= 0.22). Furthermore, pop-DSG were Strongl|nto European genomes by Neanderthal introgression (Supple

%entary Note 5). We detected eight loci where the presence
enriched in sQTLs, both at the basal state and after stimulati ' . A
(OR >8.1, Fishés p<3.5 x 10 8, Fig.6a). Using causal media- Of' Neanderthal haplotypes promotes differential isoform usage

tion analysi&’, we found that among pop-DSG with SQTI_S(Supplementary Data 4), representing a 2.8-fold enrichment with

: : : tespect to genome-wide expectations (resampling.0 x 10 3).
differences in sQTL allele frequency between populations acco&r?fmong archaic sQTLS, we observed the previously described

for 67% of population differences in splicing levelsgare that - . 5

. - rs10774671 associated with ASOe§S1(ref. >°). We also found
reached 78% for t.he strongest SQTLS (igr.> 0.2, Figbb and novel cases, including sQTLs at tfge mi?robial sernddr1
Supplementary Fig. 7b). c(é ’

) . . . 5743593, archaic allele associated with a change in protein-
Once established that a large fraction of population differen éﬁng isoform, Studelst test p<2.1x 1011 in the non-

in splicing can be attributed to genetic factors, we searched _ : "

- o : mulated state, MAf = 0.165), the cytosolic sensbDX60L
sQTLs that pres_enteql signatures of positive selection, base(fr§§6999040 decreg‘gjng protei)n-codin)g;ttransc@p:tsa. %108
levels of POP“'@UO" differentiationi{y) and ex_tlse;nded haplotypein the non-st’imulated state, MAlo= 0.165), shown to inhibit
homozygosity (integrated haplotype score (i)} To reduce ;"\ oriication in vitr65 and the Fo- receptor FCGR2A

false positives, we considered as selection candidates on

) . L X 9
loci presenting both the strongest selection signaturest(>9 éeZ§S;%’|;Qg;e§SICgspr&gocigsn?ritragr?r?nmﬁél'gcx tlo(;is of
percentile genome-wide fdist or |iHS|) and an enrichment of y ’ ~-4), Mggering pnagocy

SNPs with such signals around the SG30. In doing so, we bacterlarl1 antigens after Ingstlmll_JIatf@nOvlerall, these resuflts
detected 29 sQTLs presenting extreme population differentiati owdt a;]t lmtfr}ogres|smn 0 _sp 'C(? reg_u atory \éanants romf
(Fst>0.4, Supplementary Data 4). Among these hits, the anderthals has also contri utel tob |ver3|fy the pa&t.er_gscl)
strongesEsy was found at the RAB GTPase activaRABGAPL |r?r|r51une response vtanatlon currently observed among individuals
(rs59393793 Fsr= 0.84, Pemp= 1.2 x 104, beta-binomial test ©' =UroPean ancestry.
Penrich< 0.01), with Europeans showing an increased frequency of
the derived allele associated with a diminished amount of tBéscussion
protein-coding isoform. Focusing on immune genes, the sQBeveral important insights can be drawn from our study. First,
with the strongesEstwas found for theCD226locus, encoding we show that activation of major innate immunity pathways,
a glycoprotein involved in T-cell activation (rs18237F8;=  such as TLR1/2, TLR4 and TLR7/8, and infection with a live
0.75, Pemp< 9.2x 104, beta-binomial tesipenicn< 0.007), also strain of IAV increase isoform diversity and elicit a marked
showing a higher frequency of the derived allele in Europeans bratnodelling of the isoform repertoire. Our results are consistent
in this case, leading to a qualitative change in the resultingth previous ndings of global shifts in response to bacterial
protein-coding isoform. and viral stimuli detected in macrophages or dendritic £&f§

With respect to |iHS| signals, which ect more recent eventsbut show that such an elevated isoform diversity can be
of positive selectiof, we detected 33 sQTLs presenting outliaattributed, to a large extent, to a global increase in splicing
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Fig. 6 Population differences in alternative splicing and impact of positive selectmfercentage of genes showing differential splicing between
populations (pop-DSG) at the basal state and after stimulation, classi according to the presence of a sQTL (Fisheexact test for equal proportion,
***n< 10 20), For each group, examples of genes that present the strongest population differences are reported. For the stimulated state, the reported
genes are chosen among those that are differentially spliced speally after stimulation.b Contribution of genetic factors to the detected population
differences in splicing patterns. The mean difference in PSI value between populations is represented, at the basal state (grey) and after stir(reldyj

for genes presenting an sQTL with various levels of effect sizg For each group, the average difference in PSI value that is mediated by the sQTL
is shown in dark shade, and the corresponding percentage is indicated above thecbEine derived allele (C) of the sQTL rs776746 (blue arrow) is
associated with the inclusion of an additional exon at ti P3A5ene.d Association between SNPs in a 2 Mb window around the sQTL rs776746 and
splicing levels ofCYP3AS5n the PamCSK, condition.e Signals of positive selection around tHeYP3A3ocus, measured by thést metric. The red curve
shows the proportion of SNPs with extremBst values (>95% percentile), in a 100 kb window around each SNFPhenome-wide association study of
the SNP rs776746, based on 778 phenotypic traits measured by the UK biobank $tidihe dashed line indicates the Bonferroni-corrected sigrince
threshold. For signicantly associated traits, arrows indicate the direction of the effect of the derived allele Source data are provided as a Source
Data le

errors leading to non-functional transcripts. Erroneous splicirtguncated/non-translatable transcripts reported after infection
has been previously detected in lymphoblastoid cell lines, in thfemacrophages bWlycobacterium tuberculofs It has been
absence of any stimulatié¥?4 We nd that noisy splicing shown that highly expressed genes are less prone to erroneous
increases not only upon stimulation by live pathogens bsplicing, following the removal of genetic variants leading to
also with synthetic stimuli, such as TLR ligands, suggestman-functional isoforms by purifying select®n Our ndings

that this phenomenon is driven by the host itself. A plausibladicate that, although immune stimulation increases the degree
explanation could be a reduction in the activity of NMD uporf splicing errors, highly expressed genes tend to maintain a
stimulation, leading to reduced degradation of mis-spliced trareduced error rate after stimulation, allowing for an ognt
scripts. This is consistent with the increase in the number imimune response.
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We also provide evidence for condition-specgenetic reg- should help establishing a causal role of AS in disease risk at
ulation of isoform usage. We found a total of 993 genes withe loci identi ed. As such, the regulatory variants we report
evidence of genetic control of AS in resting or stimulatdtere, whether adaptive or not, constitute a valuable resource to
monocytes. Although such genetic regulation was largely shaggglore further how AS contributes to individual and population
across conditions, we detected a large number of regulateayiability in host responses to infection and immune disease
variants acting in a context-dependent manner (up to 28% of teasceptibility.
total number of detected sQTLs). Notably, ~9% of sQTLs altered
splicing only ir_1 the presence of immune stimulation, regardles_smgthods
gene expression levels, suggesting the occurrence of G x E iRffics statement All experiments involving human primary monocytes from
actions. Furthermore, our analyses indicate that the gendtelthy volunteers, who gave informed consent, were approved by the Ethics
Contro| of AS |S |arge|y |ndependent to that of transcnp“on, %)ard Of Institut Pasteur (EVOlMMUNOPOP-281297) and the relevant French
hitherto observetP202527.31 byt extend previous ndings by 2uthorities (CPP, CCITRS and CNIL).
inferring causality between regulatory mechanisms when these

are not independent. Through the analysis of the Conditionﬁ?mples and dataset The high-density genotyping and RNA-sequencing data
used in this study were generated as part of the EvolmmunoPop gfogde vy,

!ndepender_lce structure between ge"OtYPes, _g_ene EXpressmr}h@ olmmunoPop cohort is composed of 200 healthy, male donors of self-
isoform ratios, we show that changes in splicing are primariported African and European ancestry, all living in Belgium (100 individuals
mediated by changes in gene expression, rather than the oppositeach population).

This nding, supported by our analysis of nascent transcriEt Genotyping data was obtained, for all individuals, using both Illlumina

; : : anOmni5-Quad BeadChips and whole-exome sequencing with the Nextera
abundance, illustrates the complex interactions between id Capture Expanded Exome kit, leading to a total of 3,782,260 SNPs after

trfins_cription and splicing machinerfeand _high”ghts the con- stringent quality control. This dataset was then used for imputation, based on the

tribution of variants that modulate transcription to AS. 1,000 Genomes Project imputation reference panel (Phase 1 v3.2010/11/23),
From an evolutionary perspective, this study shows decrealsaging to a ng' set of 19,619,457 high-quality SNPs, including 7,650,709 SNPs

inter-species conservation of immune gene splicing, which is %@énapmfdfj@l?e(xﬂ é%‘;hon' Details oritering criteria and quality control have

to an increased rate of splice site emergence at immune genegna was collected from non-stimulated and stimulated monocytes, which were

as attested by the human-specisplice sites detected @SF3 puri ed from peripheral blood mononuclear cells (PBMCs) with magnetic CD14

and NUB1 Further support to the lower constraint acting onnicrobeads, and sequenced at a depth of ~34 million single-end reads per sample,

immune gene Splicing comes from their enrichment in SQ-l-l_)g'elding a nal (_jataset (_Jf 970 transcriptio_nal _pnes. The purity_ of the CD14
mli\rjocyte fraction and its lack of contamination by neutrophils were assessed by

With_reSpeCt to the re_mainder_Of the_COding ger!ome' Give_n th% cytometry (Supplementary Note 6; Supplementary Fig. 8). Monocytes from
the immune system is our primary interface with the environeach individual were exposed, for 6 h, to four stimuli including LPS (bacterial
ment, including pathogefsto, these ndings may also support a lipopolysaccharide, activating TLR¥z 184), PangCSK, (synthetic triacylated

lective m | that favours diversity. Under ham |. wiipapeptide, activating TLR1/2,= 196), R848, (imidazoquinoline compound,
S€ eft e. Otdel t gt a tOU s d fe Stty UI ?e SUC. ta .Ode ’ .ac%Sating TLR7/8p= 191) and to a human seasonal IAV (strain A/JUSSR/90/1977
most variants leading to non-functional transcripts (l'e" nol MlNl), n= 199), and compared with resting monocytes from the same

splicing) are purged by purifying selec@ngenetic variants that individuals 6= 200). Normalised gene expression values (FPKM) were computed
alter splicing of immune genes may also be favoured by differ@nb CuffDiff and corrected for GC content, ratio of average gene body coverage at

forms of adaptive evolution, aIIowing for a broader repertoiFEB ends of the_e gene, using linear modg!s and for date of experiment and date of
of functional isoforms library preparation using ComB#! In addition, htseq-counivas used to measure,

X o . .. for each sample, the total number of intronic read counts per genaifde

T_he signals of pOSItI\_/e selectl_on we detect at splicing regulat@inic regions as genic regions that are not part of any known exon). Intronic
variants and their enrichment in Neanderthal ancestry furthesad counts were then divided by total intron length and total read count of the
support that differential isoform usage can be a vehicle for |0€ample, to yield intronic RPKM that were used as a proxy of the transcription rate
adaptation, or at least contribute to diversify immune respons&giownstream analyses.
For example, the strong frequency increase of the rs776746-C
allele at theCYP3A5locus in Europeans, which triggers thduanti cation and de nition of splice sites. Reads from all samples were
- . s . ' .~ _.._aligned on hg19 genome using the HISAT2 software version’2ahd the
inclusion of an additional exon in responsg to TI,‘R acnvatlc,’awblicly availablgenome_snimdex, which includes all common SNPs from
may re ect the advantageou_s nature of this variant. Plausilagsnp 144. Known splice sites were extracted from Ensembl Genes v70 using
adaptive phenotypes associated with the rs776746-C alledéisat2_extract_splice_sitsipt, and used as input to th&nown-splicesite-
include xenobiotic-metabolism, sodium-sensitive hypertension'@r‘e option to guide the mapping of spliced reads. All other parameters were left

e P . to their default value. Spliced reads with an overhang of at least six nucleotides
decreased susceptlblllty to paed|atr|c tUberCLﬁ%‘a’SSIm"arly’ into, each exon were then extracted from HISAT2 aligned reads usindténecs

our analyses reveal that the high Neander.thal ancestry we aBght from leafcutter packafeand reads spanning over 100 kb, or falling outside
others have detected at tHELR1 locu$889 is related to the genic regions, were discarded to reduce the risk of mapping errors. The resulting
presence of various alleles that alf&R1isoform usage. Toge- set of >7.2 billion spliced reads was used to identify the boundaries of spliced-out

i s, and we dened donor and acceptor sites as the two-base pairs located
ther, these results suggest a role of AS as a substrate of huﬁgaﬁch end of the detected introns. We then compared the detected splice sites

adaptation, following various evolutionary mechanisms th@hn tnose of the intropolis databd@ewhich regroups 42,882,032 introns pre-
operate at different time-scales. Additional simulation-base@dusly observed in the European Nucleotide Archive, and estimated the frequency
work, accompanied by studies of ancient DNA time transectisnon-GT/AG splice sites as a measure of false positive rate (Supplementary
for the direct detection of natural selection (i.e., analyses Fiff: 1&€). For all subsequent analyses, \tered spliced reads overlapping
. . . . ultiple genes, reads mapping low expressed genes (FPKM < 1), and reads for

temporal Ch_anges of a_I!ellc frequ_enues), IS now re_qu”e_d to Va]llﬁch the corresponding intron was absent from introp@lis
date the action of positive selection at the sQTLs idedti To distinguish splice sites that are present in a majority of transcripts from

The case oCYP3Abalso illustrates how past adaptation cathose that are present only in a subset of transcripts, we considered, for each splice
have deleterious consequences in the present day, as the Fﬂ]@athe splice site to which it is most frequently joined, and extracted all

. _ . . : . d reads that overlap the corresponding intron (i.e., the most frequently
t'VeW selected rs776746-C allele is associated with incre d intron). We then estimated the percentage of transcripts where the splice

allergic ) SenSi_tiVity in EU!'OpeaEﬁ'?‘ The strong _enriChment_S Of site is active as the ratio of the number of reads that support the splice site, to those
sQTLs in variants associated with complex disé&4&%35 in  that overlap the most frequently spliced intron. We wed high-activity splice
particular chronic inammatory disorders in our setting, suggesﬁites as those supported by an average of one read per sample in at least one

. . . . ndition, and that are used in at least 5% of transcripts. Remaining sites were
the contribution of Sp“ce regulatory variants to the genet nsidered as weakly active (weak splice sites). Weak splice sites that are absent

architecture of deleterious phenotypes. Future work using cof@m Ensembl annotations and show no evidence of conservation (GerpRS < 2, see
calization analyses and Mendelian randomisation approaclesw) were considered as cryptic. Among high-activity splice sites, those that are
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used in over 95% of transcripts were considered as constitutive, whereas othensly the alternative isoform is protein-coding, amoh-codingf both isoforms are
were considered as alternative. In addition, splice sites were annotated as codimgnifcoding.
they were located next to coding exons in Ensembl v70, and as non-coding

otherwise. Differential splicing and isoform diversity. For each annotated AS event,

differential splicing between stimulation conditions or populations was assessed

Long-term evolutionary analysis of splice sites To measure the conservation of Using Wilcoxon rank test, angvalues were corrected for multiple testing across
splice sites across mammals, we retrieved pre-computed base-wise GerpR%S scdlfezonditions using thédr method from thep.adjustR function
for hg19 from the website of the Sidow Laltjg://mendel.stanford.edu/SidowLab/ (Benjamini-Hochberg FDR correction). When testing differential splicing between
downloads/gerp/index.htinl To reduce the risk of misalignments, we excluded conditions, only genes with FPKM> 10, both at basal state and after stimulation,
from our analysis positions that (i) had a null GerpRS score, (ii) were absent fré¢@re considered. We considered a change in isoform ratios ascsignif it
the UCSC MULTIZ-46way alignmerftsor (jii) had a negative score in the satis ed the following criteria: (i) adjustqevalue< 0.05 and (ii) difference in PSI
MULTIZ-46way alignments. We then considered, for each splice site, the mean0-05. We considered genes as being differentially spliced (between conditions or
GerpRS score over the 2 bp that constitute the essential splice site (AG/GT Populations) when they sigriantly changed their isoform ratios (PSI), for at least
sequence, for canonical splice sites) as a measure of splice site conservation.o8er¥ their AS events. For each gene and condition, isoform diversity was mea-
Ontology (GO) enrichment of genes harbouring non-conserved splice sites wegired by Shannon entropy, assuming that all AS events of a gene occur indepen-
performed with GOSEG, adjusting for the total number of active splice sites in théently. Shannon entropyH) was computed as follows
gene and using all genes with at least one active splice site as background set. .
Enrichments of non-conserved splice sites among genes that are upregulated upon X . X h !
stimulation was assessed using logistic regression. Sgigiwe modelled the gene ¥a H % jlog 1 log 1
probability that a given splice site is conserved as a function of thesdelte j2AS event j2AS event
change in expression and maximal level of expression across all stimulations. alp
We then tested for a sigréant effect of being upregulated (B¢ > 1) on the
pro_bability of being c_onse_rved, adjusting on gene expres_sion, with a likelihoogynere  is the mean PS| ratio of théh AS event of gene
ratio test. The following bins were used for gene expression: [1 < FE{M
[5<FPKM 10], [10<FPKM 50], [50<FPKM 100], [100 < FPKM 500], o o _ o
[500 < FPKM 1000], [1000 < FPKM]. Phylogenetic ages of splice sites were e&uanti cation of noisy splicing. To quantify the degree of noisy splicing per
mated from MULTIZ-46way alignments by reconstructing the ancestral seque@@e, we considered, for each constitutive splice site next to a coding exon, the
and dating the rst occurrence of the splice site based on the ancestors of mod&f of all spliced reads that link the splice site to a cryptic splice site (i.e., weak,
humans (Supplementary Note 1). non-conserved splice site absent from Ensembl annotations) as splicing errors.

To test the enrichment of recent splice sites among immune-geleesed based We then computed, for each condition, the proportion of such splicing errors
on either GO (immune response term, GO:0006955) or their response to immurfong all reads that start/end at the splice site, and averaged these values
stimulation (logFC > 1 in at least one condition, with respect to the basal state) across all constitutive splice sites of_a gene to obtain its rate of noisy splicing. In
we rst estimated the phylogenetic age of each gene as the age of its most ancidlition, we computed these proportions separately for each sample, and averaged
splice. We then compared the mean phylogenetic age of splice sites of immunethe levels of noisy splicing across all genes, to yield an estimate of the degree of
genes with the age of 1000 random sets of splice sites of non-immune genes Noisy splicing per sample. We assessed the contribution of NMD to noisy =~
matched for phylogenetic age and levels of gene expression (using the same bifBlicing by correlating the degree of noisy splicing per sample, with the expression
as previously). When computingvalues, a normal distribution was to the of the key NMD gene§/PFE3 and SMG}9 (summarised by theirrst PC).

null distribution obtained from the resampling to increase the precision beyorid 10F0r each gene, mean intron length was determined based on the transcript with
the largest number of exons among transcripts with FPKM >1. To assess the

impact of transcription rate on noisy splicing, we used the mean intronic RPKM
De nition and quanti cation of AS events Human transcripts were retrieved observed at the basal state as a proxy of the transcription rate. We assessed the
from Biomart (Ensembl Genes#&GRCh37), and SUPPgventGeneratascript  impact of these features on noisy splicing by Speasmank correlation tests, and
was used to annotate local AS events (AS events; script availatifesafgithub.  used Wilcoxon rank test to assess the difference in levels of noisy splicing across
com/comprna/SUPPA This resulted in a total of 163,525 annotated AS eventsconditions. The partial correlation between gene expression and noisy splicing,
(Alternative rst exoR—AF: 68,751, Alternative last exedL: 17,536, Alternative adjusted for transcription rate, was obtained by regressing ranks of gene expression
3 splice site-A3: 15,054, Alternative Splice site-A5: 14,274, Mutually exclusive and noisy splicing at basal state on those of transcription rates, and correlating the
exons—MX: 4,768, Retained intreaRl: 5,789, Skipped exe+BE: 37,353). residuals.
To ensure sufcient power in the detection of both isoforms at AS events, we
rst focused, for each condition of immune stimulation, on genes with an averz?}?e
FPKM > 10, and AS events where each possible alternative intron was supporte ?%%ﬁ) 2 TL d variants with a MAFOS5. in both lati
at least 30 spliced reads. We then quasdithe resulting 39,030 AS events usin icing, i.¢., SQTL, we used variants with a -Jo 1N both populfations
MISOto obtain PSI valuédand Itered out, in each condition, rare AS events with ombined, resulting in a set of 7,650,709 SNPs, of V.Vh.'Ch 5.'634’819 were located <
a mean PSI value under 5% or over 95%, as well as AS events with >5% of miﬁ%}mm an AS event. We mapped local sQTLS, likacting, withMatrix-

76 11ei ' ) =2 .
values (due to the lack of informative reads in the sample). Remaining missin L » using a 1Mb wflndowdon eacht sl'd'? of thehs’)l'c';.? evenabound_ane;.th
values were imputed by K-nearest neighbours withirgute.knnfunction from QTL mapping was performed separately for each condition and merging bo

the Impute R package. As a result of thesters, we obtained a set of 30,796 populations. PC1 and PC2 of the genotype matrix were included in the model

frequent AS events, for which the less frequent isoform has FPKM > 0.5 in at ﬁg&ccount |f?jr' ;iqgu:_atiorl; sftrati:ation,'andtPSIc;/alue;] were ra?kftrant?formed
one condition and 95% of samples have informative reads. In our setting (~3 (Rﬂa'\:g%rma Istr utlog be ore njapplng_l,_Lo re ;88 e |m$a§ dotou tler;. hich
reads per sample) and at this level of expression (FBKM), we expect tond was computed by mapping sQTLs on permuted catasets, in whic

~15 reads per sample for each kb of the minor transcript, providing high power fygnotypes were randomly permuted yvithin each population. We then kept, for
the detection of both isoforms. each permutated dataset, the most sigant p-value per AS event, across all

. . ditions, and computed the FDR associated with vaneveslue thresholds
For each AS event, we ded its boundaries as the most upstream and cond ' 3 50
downstream splice site of the alternatively spliced introns. In addition, we ranging frorr:) 10°t0 10 *- We7subsequently selected fhealue thr'e.shold that
extended these boundaries to the most upstream TSS for alternasivexon prowded_ a5% FDRY(<4.8x 10 ). To compare SQTLS across °°”d"'°!‘5v we used
and the most downstream transcription end site (TES) for alternative last exofs52yesian framework to select the most likely model of SQTL sharing across
We next computed correlations between PSI valuelpsoof overlapping AS cond_mons (Suppk_ement_ary Note 4). SQTLs for Wh'ch the gene was expressed
events, and considered AS events as related events when their PSI values s| gH:aIIy after stimulation (FPKM < 10 in the non-stimulated state angHOg>

A : f s tated as sQTLs of stimulation-spegenes. rsQTLs were ced
an absolute correlation >0.5. We thus ded a graph of AS events relationships; were annotate
f h as those where (i) the gene was expressed at FPKM > 10 both before and after
and used theluster_walktragunction from theigraphR package to dae (irgulation, (i) the sQTL was sigréant specically after stimulationg>0.001 in

clusters of highly connected AS events. We then selected a single represent: . T :
event for each cluster, based on total counts of spliced reads supporting thea%e non-stimulated state) and (iii) the sQTL was sigantly associated to changes

events. After Itering overlapping AS events, we obtainednal set of 16,173 in PSI value upon stimula_tiorp_(< 0.01, corresponding to ~5% FDR, when testing
AS events for analysis (A3: 2,625, A5: 2,062, AF: 2,018, AL: 1,167, MX: 566, B SQTLS across the 4 stimuli).

1,415, SE: 6,320), which we adjusted for batch effects and technical covariates

using ComBaP (Supplementary Note 2; Supplementary Fig. 2f). Regulatory elements and predicted impact on splicingThe SPIDEXM data-

To assess the putative consequences of AS events at the protein level, webasé® was retrieved from the deepgenomics websitig://www.deepgenomics.
retrieved transcript annotations from Ensembl v94 and considered for each A8om/spidex-noncommercial-downlogdnd functionality scores (Z index) were
event, the set of transcripts that are compatible with each possible splicing extracted from all SNPs present in the database (i.e., located < 300 nucleotides
(reference and alternative isoforms) and the corresponding protein(s). We  apart of a known splice site). Scored SNPs were annotated as exonic or intronic
annotated AS events asodi ed proteinwhen both isoforms are protein-coding, based on Ensembl v70 annotation, and considered deleterious when their absolute
loss-of-functiofif only the reference isoform is protein-codirggin-of-functiorif =~ Z-score was above 2, and benign otherwise. We then used’§iskact test to

i i i

ing of splice QTLs To map genetic variants associated with differences
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assess the enrichment of sQTLs in exonic and intronic regions, as well as in consideration (independent or direct effegt
predicted splice-altering regions, considering the peak SNP at each locus.

To further determine the set of regulatory elements that contribute to PSI¥: EPS|AFBP EPS|EUBP ¥4 b &b
regulate splicing, we annotated SNPs for various types of regulatory features with
including overlap with (i) donor/acceptor sites (2-bp upstream or downstream . .
of each exon), (i) splice sitanking regions (38-bp upstream or downstream Va EPS|EGSNGAFBRpopP  ESPS|EGSNGEUBRpoph &

of an exon), (iii) expected branchpoint regions{38-bp upstream of acceptor gng

site), (iv) transcriptional regulatory elements (promoter, promoterking,

enhancer, and CTCF binding sites) that are active in monocytes, based on Ensembl Y2 E&PS|snp AFBP E&PS|snp EUBP &
Regulatory Build v8@ and (v) conserved regions (GerpRS > 2). In addition, to Under a linear model, the mediated effect can be expressed as:
explore how sQTLs overlap motifs of RNA-binding proteins, we retrieved a set )

of 107 motifs bound, in vitro, by 81 human splicing factors and RNA-binding /a2 &prp feusP &

proteing® We then kept a single motif per protein, giving priority to the motif \heref,s andfeyusare the allelic frequency of the SNP under consideration, and
with the highest information content, and used Hor%eo scan the reference s the impact of a single allele of the sQTL on PSI values.

genome sequence for these motifs. Namely, we usdidotifsGenome.sicript The proportion mediated can then be estimated as:

with -mask and -rna to identify motifs of human RNA-binding proteins in a

20 nucleotides window around each SNP (considering both strands), and v, 1/42 Sars feusP b
excluded motifs that did not directly overlap the SNP or presented a motifScore b PSI

of 5 or less. We used a Fislseexact test to assess the enrichment of sQTLs in
SNPs that overlap the regulatory motifs and features described above, with
respect to genome-wide expectations. For all analyses, SNPs with aM/SF
and located <1 Mb away from an AS event were used as background set.

Detection of signals of positive selection at sQTLs To detect signatures of
population-specic natural selection, we used two metrigsy and iHS, which

detect signals of local adaptatidfyr quanti es the variance of allele frequencies
within and between populations to detect outlier values of population differ-
sQTL/eQTL overlap and causality inference To measure the impact of sQTLs entiatiorP8 which may result from the action of positive selection in one speci
on gene expression, we also mapped eQTLs from rank-transformed gene-levglopulation. The iH8 compares the degree of extended haplotype homozygosity
FPKM values, with MatrixEQTIE. Local eQTLs were mapped in a 1 Mb of the derived and ancestral alleles, allowing to identify differences in haplotype
window around each gene, merging the two populations and adjusting for PC1 dealgth between alleles that can result from the rapid increase in frequency of the
PC2 of the genotype matrix. FDR was computed through permutations as perputatively selected allele.

formed for sQTLs. To identify shared genetic control of splicing and gene To identify candidate sQTLs under selection, we used an outlier approach
expression, we considered for each sQTL, the levels ofj,lz¢mputed across by computing the top 5% values By and |iHg at the genome-wide level, in

both populations, between the sQTLs and eQTLs detected for the same geneeach population separately. To support further the adaptive nature of candidate
and condition, as a measure of the colocalization between the genetic determins@fELs, we tested for local enrichments in outlierEgfor |iHS| (top 5% of

of splicing and gene expression. Causal relationships between splicing and signals) within a 100 kb window around each sQTL (focusing on SNPs with
expression changes observed at sSQTLs were assessed using a two-step appiagh 0.05), as previously perform@d960. Indeed, it has been shown that

and a modi ed version of the Likelihood-based Causal Model Selection Framews#arching for the occurrence of local enrichments in outliers increases the rate
described if* (Supplementary Note 3; Supplementary Fig. 6). To assess the of true selected loci among genome-wide oufiferd/e compared the number
impact of sQTLs on transcription rate, we tested, for each sQTL, the effect of of outliers within each window with a beta-binomial distribution with

the peak sQTL SNP on intronic RPKM in the condition where the sQTL was parameters (, , N), whereN is the number of informative SNPs (MAFD.05)

the most signicant, adjusting for population of origin. sSQTLs associated to  in the window, and the parameters, () are obtained by tting a beta

intronic RPKM with p <0.05 were considered as sigrntly associated with distribution to the proportion of outliers ofst or |iHS| per 100 kb window
transcription rate. genome-wide.

Overlap of sQTLs with GWAS loci We downloaded the NHGRI GWAS cata- Detection of Neanderthal-introgressed sQTLs To measure the effect of
logué®from EBI (date: 26 June 2017), and selected all SNPs that wereaiglyi  admixture with Neanderthals on splicing, we used the complete genome sequence
associated with a complex trait or diseasp-@alue of 10° (N= 27,884). GWAS of the Neanderthal Alt&Pto identify a total of 100,755 frequent SNPs (MAF > 5%)
traits were annotated based on the EFO mapgifigsd grouped according to  that are exclusively present on Neanderthal haplotypes in Europe (aSNPs, Sup-
their parental EFO categories. Note that a single locus/trait can be assigned tplementary Note 5). We then counted the number of independent loci where
multiple EFO categories. To account for uncertainty of GWAS mapping, we the peak SNP is either an aSNP or tags an aSNP in Eutbp6.8), and compared
extended the set of GWAS SNPs to all SNPs in LD with a GWAS SNP in Eurthis number with genome-wide expectations by resampling. All SNPs initially
opeansi> 0.8), given that most GWAS are performed on individuals of Europearsed for sQTL mapping, with a MAF >5% in Europe, were LD prungd Q.8)
ancestry. Using this criterion, we estimate that 5.7% of all SNPs considered inant used as background set (568,973 SNPs). We then randomly resampled
analyses are associated with at least one trait, with no >0.2% of the tested SNB80 sets of independent SNPs matched for allelic frequencies with sQTLs, and
being associated to a single phenotype (e.g., height). After excluding nonspeatounted the number of tag-aSNPs in each set. Enrichprealues were calculated
EFO categories (i.e., other disease, other trait, other measurement and biolodigatounting the frequency at which the number of tag-aSNPs in our 1000
process), we obtained aal set of 229,425 SNPs associated with at least one of theampled sets of SNPs exceeded the number of tag-aSNPs observed in our data.
14 EFO terms (4.1% of all tested SNPs). To assess the robustness of our enrichment analyses to changes inritierde

For enrichment analyses, we removed sQTLs that were irr4:D0(8) to of Neanderthal haplotypes, we repeated the resampling with more stringent de
keep a single SNP per haplotype (1,271 independent SNPs) and compared, faitions of archaic haplotypes (i.e., increasing the haplotype length and number
each EFO category, the number of sQTLs overlapping GWAS loci, with respesf Neanderthal alleles required to call a haplotype as archaic, Supplementary
to genome-wide expectations: all SNPs initially used for sQTL mapping, pruningte 5).
them for LD §2> 0.8), were used as background set (568,973 SNPs). For each
EFO category, 1000 resamples were used, matching for bins of MAF at Imervaﬁe(gorting summary Further information on experimental design is available in

2%. Enrichmenp-values were calculated by counting the frequency at which ) ) ; ;
the number of GWAS loci in the 1000 resampled sets of SNPs, exceeded thethe Nature Research Reporting Summary linked to this article.

number of GWAS loci observed in our data. For the example oT MBIM1
sQTL, we downloaded immmatory bowel disease (IBD) summary statistics Data availability
from https://www.ibdgenetics.org/downloads.htamd extracted GWAB-values  Genome-wide SNP genotyping, whole-exome sequencing and RNA-sequencing data

from the European-based GWAS meta-analysis. TM8IM1 sQTL was used in this study have been deposited in the European Genome-phenome Archive
remapped in European individuals only, to allow comparison with the GWAS (EGA) under accession code EGA: EGAS00001001895. Source datardgs) 16 are
p-values. provided with the paper. All other relevant data are available upon request.

Population differences in splicing and mediation analysisFor genes that are Sahili
differentially spliced between populations and harbour a sQTL, we evaluated g()de availability
fraction of population differences in splicing that are attributable to the sQTL,
using themediatefunction from themediationR packagd?. Brie y, mediation
analyses decompose the population differences in isoform ratios between the effect

that is due to differences in allelic frequency at the sQTL (mediated or indirecReceived: 19 June 2018 Accepted: 21 March 2019
effect, ) and the effect of population that occur independently of the SNP under

Fscripts have been deposited on github under MIT Licehs@g://github.com/
mrotival/EvolmmunoPop_Splicing
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