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Abstract:

Background - Interleukin-18 (IL-18) is a pleiotropic cytokine centrally involved in the cytokine 

cascade with complex immunomodulatory functions in innate and acquired immunity.

Circulating IL-18 concentrations are associated with type 2 diabetes, cardiovascular events and 

diverse inflammatory and autoimmune disorders.  

Methods and Results - To identify causal variants affecting circulating IL-18 concentrations, we 

applied various omics and molecular biology approaches. By GWAS, we confirmed association 

of IL-18 levels with a SNP in the untranslated exon 2 of the inflammasome component NLRC4

(NLR family, CARD domain containing 4) gene on chromosome 2 (rs385076, P=2.4x10-45). 

Subsequent molecular analyses by gene expression analysis and reporter gene assays indicated 

an effect of rs385076 on NLRC4 expression and differential isoform usage by modulating 

binding of the transcription factor PU.1.  

Conclusions - Our study provides evidence for the functional causality of SNP rs385076 within

the NLRC4 gene in relation to IL-18 activation.  

Key words: gene expression; transcription factors; gene regulation; genetic variation, Interleukin 
18, Inflammasome, PU.1, NLRC4
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Introduction 

Interleukin-18 (IL-18), a member of the interleukin-1 family, is a pleiotropic cytokine centrally 

involved in the cytokine cascade with complex immune-modulatory functions in innate and 

acquired immunity1,2. Circulating IL-18 levels are associated with diverse inflammatory and 

autoimmune disorders3, type 2 diabetes 4 and cardiovascular events5,6. The mechanisms through 

which IL-18 predisposes to these disorders are unknown. Several studies have linked genetic 

variations in the IL-18 system to circulating biomarker concentrations, disease susceptibility, and 

progression. Common sequence variants in the four genes that constitute the IL-18 system 

including IL18 (MIM 600953), IL18R1 (IL-18 receptor 1, MIM 604494), IL18RAP (IL-18 

receptor accessory protein, MIM 604509), and the gene coding for the soluble decoy receptor 

IL18BP (MIM 604113), have been comprehensively genotyped and related to circulating IL-18 

levels and cardiovascular events7,8. Genome-wide findings confirm associations at the IL18-

BCO2 gene locus on chromosome 11 with circulating IL-18 levels9.

In a recent study Matteini et al.10 identified additional genetic variants within an 8.8 Mb 

region of chromosome 2 spanning the genes SRD5A2 (MIM 607306), MEMO1 (MIM 611786),

DPY30 (MIM 612032), SPAST (MIM 604277), SLC30A6 (MIM 611148), and NLRC4 (MIM 

606831) as being associated with circulating IL-18 levels. The NLRC4 gene (NLR family CARD 

domain-containing protein 4) was discussed as the most likely inflammation- and thus IL-18-

related gene within this region. NLRC4 is a central component of the inflammasome, a 

multimeric protein complex initiating immune responses11. The NLRC4 inflammasome 

facilitates caspase-1-dependent inflammatory cytokine processing and pyroptosis11,12. In addition 

to sensing microbial pathogens, the function of the NLRC4 inflammasome is the activation of 

caspase-1 and subsequent proteolytic maturation of pro-IL-18 and pro-IL1ß into their active 

eceptor accessory protein, MIM 604509), and the gene coding for the soluble deeecoooy y rererecececeptptptoroo  

IL18BPP (((MIM M 600414 13), have been comprehensiveelylyy genotyped and relatatede  to P circulating IL-18 

eeeveveels and caarrdrdioioiovavav sccculululararar eeevevv ntntntsss77,,,88.. GeGeGenononomememe--wiww de finndininngsgsgs cococonffiririrmmm asasassosoociciciatioonnnsss atatat ttthehh  ILILIL181818--

BCBCBCOOO2 gene locuuus oon ccchrrromooosoomome 1111 wwwittth ciiirccculatttinnng IIIL-L-L-18188 leevellls999.

In a recent ststtudududy y y Matttteieieininn  ete  al.10 identifiededed ada ditionononalaa  gegenetic c vavavarirr ants within an 8.8 Mb 

eegigig onon oof f chchroromomososomeme 22 sspapap nnnnining g g ththe e gegeg neness SRSRD5D5A2A2 (((MIMIM M 606073730606),),),((((( MEMEMOMO11 (M(M( IMIM 66111178786)6)),,,
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forms13,14. Based on the involvement of NLRC4 in IL-18 maturation, it can be hypothesized that 

NLRC4 variants are most likely to influence circulating IL-18 levels via inflammasome action.

Furthermore, associations of variants within the NLRC4 locus with serum IL-18 levels were 

recently confirmed in an IL-18 GWAS in ACS patients15. In particular, the authors identified one 

SNP, rs385076 which was located in a region of the NLRC4 locus with predicted regulatory 

relevance. However, both studies10,15 do not provide molecular data supporting a possible causal 

association of genetic variants within NLRC4 and circulating IL-18 levels.  

 The aims of the present study were (i) to validate genetic determinants of IL-18 by a 

GWA study, and (ii) to characterize identified loci on a molecular level by cloning the most 

promising candidate SNP and investigating transcriptomic and epigenetic (i.e. methylation) 

mechanisms in relation to IL-18. 

Materials and Methods

Genome-wide association study (GWAS) 

We assembled three cohorts for the discovery GWAS, comprising 9,562 individuals of European 

ancestery, the Gutenberg Health Study (GHS), the Framigham Heart Study (FHS) and the 

Cooperative Health Research in the Region of Augsburg (KORA F4) Study. For replication, 

three additional cohorts were included totaling 3,348 individuals (AtheroGene, Monitoring of 

Trends and Determinants in Cardiovascular Diseases (MONICA/KORA S1/S2/S3), PRIME 

study). Study protocols were approved by the local ethics committees, and all participants 

provided written informed consent. Details on the GWAS discovery and replication cohorts are 

outlined in the Supplementary Material and Supplemental Table 1. 

Genotyping and Imputation

Single nucleotide polymorphisms (SNPs) were genotyped on the Affymetrix Whole-Genome 

promising candidate SNP and investigating transcriptomic and epigenetic (i.e. memeethththylylylatatatioioion)n)n)  

mechannissms ini  rele ata ion to IL-18. 

MMMatataterials and MMMeeethooodds

Genoomememe w-wide asassosocicii tatatiioionn stududdyy ((G(GWAAAS)S)S) 

We assembled threeee cccohohohororortststs fffororor ttthehehe dddisisiscococoveveveryryry GGGWAWAWASS,S, comommprprprisisisinining gg 9,99,5656562 22 ininindididivvividuals of European
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Human SNP Array 6.0 in GHS and KORA F4 and the Affymetrix Human Mapping 500K Array 

Set and 50K Human Gene Focused Panel in FHS. SNPs were imputed based on the 1000 

Genome Phase 1dataset (version 3 (build 37)). Details of genotyping platform, quality controls, 

and imputation for each cohort are specified in Supplemental Table 2. 

 In AtheroGene, MONICA/KORA S1/S2/S3, and PRIME genotyping of rs385076 and 

rs11606049 (or the respective proxy SNP rs5744222 in MONICA/KORA S1/S2/S3) 

polymorphisms was performed using 5´ nuclease assay (TaqMan assay, Applied Biosystems, 

Darmstadt) for replication. 

Laboratory analyses 

Measurement of circulating IL-18 levels

In all studies except MONICA/KORA S1/S2/S3, circulating IL-18 levels were measured using a 

commercially available ELISA (MBL Co, Ltd. Nagoya). The detection limit was 128 pg/mL. 

Intra-assay CV was 6.9%; inter-assay CV was 13%. In MONICA/KORA S1/S2/S3 serum levels 

of IL-18 were measured by bead-based multiple assay as described before 4 using an antibody 

pair and recombinant IL-18 protein from MBL (MBL Co, Ltd. Nagoya). The intra- and 

interassay coefficients of variation (CV) were <10.0 and <25.0%, respectively. Measurements 

were performed from deep-frozen samples (-80°C). 

Cloning of NLRC4 rs385076 luciferase reporter gene constructs

To investigate the influence of the SNP rs385076 (T/C) on binding of the transcription factor 

PU.1, the 908 bp genomic region 32489378 to 32490286 on the antisense strand of the human 

chromosome 2 comprising the SNP rs385076 (T/C) and the putative PU.1 binding region within 

untranslated exon 2 of NLRC4 was amplified by PCR using genomic DNA from carriers of 

either the C allele or the T allele of rs385076 (T/C). The PCR products were cloned into the 

Measurement of circulating IL-18 levels

n all sstutudid es eexccepeppt MONICA/KORA S1/S2/S3, cicircr ulating IL-18 levells s were measured using a 

cocoommmmerciallyyy aaavavavailii ababblelele EEELILILISASAA (((MBMBMBL LL CoCoCo, LtLtLtd.dd  Naaagoooyaa).).). ThThThe ee deeetetetectctctioioion n lililimimm t wawawasss 12121288 pgpgpg/m/m/mLL.L. 

nnntrtraaa-assay CV wawawas 6.9%9%%; innnteteter-rr assaaay yy CVCVCV waasas 13%%%. Inn MMM NONONIIICAAA/KKKORAAA S1/1//SS2S2/S3 sseererumumm levvvellls 

of IL-18 were measusuurerered d byy bbeaeaead-dd bab sed d multippple aaasssss ayy as dededescss ribed bebefofoforerr  4 using an antibody 

papap irir aandnd rrececomombibinanantnt IIL-L-1818 ppproroteteinin ffrorom m MBMBL L (M(M( BLBL CCo,o,, LLtdtd.. NaNagogog yayay ))).. ThThee inintrtra-a aandnd 
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KpnI-digested firefly luciferase reporter vector pGL4.10[luc2] (Promega GmbH, Mannheim, 

Germany). SNP alleles were confirmed by sequencing.

Cloning of PU.1 overexpression plasmid 

For PU.1 overexpression, the PU.1 coding sequence was amplified by PCR using macrophage 

genomic DNA (Supplemental Table 3) and cloned into EcoRV- and SalI -digested pVITRO2-

MCS (InvivoGen, Toulouse, France). The insert was confirmed by sequencing. 

Transfection of cells and measurement of luciferase activity

HEK293A cells were transfected with 0.5 μg/mL pGL4.10[luc2] containing either the rs385076 

C or T allele and 0 μg/mL , 0.125 μg/mL, 0.25 μg/mL or 0.5 μg/mL pVITRO2-PU.1 using  2 

μL/mL Lipofectamine2000 (Life Technologies). After 24 h, Bright-Glo Reagent (Promega) was 

added and cells were immediately frozen at -80 °C for 30 min. Cells were then thawed to room 

temperature, shaken at 14,000 rpm and luciferase activity was detected via luminescence reader.

Assessment of NLRC4 isoforms expression

Out of four NLRC4 isoforms, only isoforms 2 and 4 (ENST00000402280 and 

ENST00000404025) contain the 5’UTR exon 2. Therefore, the association between expression 

of NLRC4 isoforms 2 and 4 and isoforms 1 and 3 (ENST00000360906 and ENST00000342905) 

with rs385076 genotype was determined. Expression of total NLRC4 transcript expression,

NLRC4 isoforms 2 and 4, NLRC4 isoforms 1 and 3 and GAPDH as reference gene was measured 

in monocytes from 1,444 GHS subjects via real-time qPCR using a 7900 TaqMan system 

(Applied Biosystems). Briefly, RNA was purified using TRIzol (Life Technologies, Darmstadt, 

Germany) and reverse transcribed using High-Capacity cDNA Reverse Transcription Kit (Life 

Technologies, Darmstadt, Germany) according to manufacturers’ protocols. Real-time PCR was 

performed in a 10μl reaction volume using 5 μlL ABsolute qPCR SYBR Green Mix (Life 

μL/mL Lipofectamine2000 (Life Technologies). After 24 h, Bright-Glo Reagent (P(PProrr mememegagaga) ) ) waww s 

added ana d d ceelll s wewere immediately frozen at -80 °CC ffor 30 min. Cells werre e then thawed to room 

eeempmpmperature, ssshahahakekeken atatat 1114,4,4,00000 0 rprprpm m m ananand d d lululuciiifefeferararase aaaccctivititty y y wawawass dedeetttectctctededed vvviaiaia lummminininesesescecec ncncceee rerereadadaderere .

AsAsAsseseessment of NLNLNLRCCC4 isofororormsm  expxpx rrressssionnn

Out of four NLRC4 iiisososofoorms,, ooonlnn y y isoforo ms 2 anddd 4 ((ENSTSTT0000 000 04022828280 00 and 

ENENSTST000000000404040402025)5)) cconontatainin tthehe 55’UUTRTR eexoxon n 2.2. TThehererefoforere,,, ththee asassosociciatatioion n bebetwtweeeen n exexprprp esessisionon
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Technologies, Darmstadt, Germany), 0.2 μl ROX Reference Dye (Jena Bioscience, Oxford, 

England), 0.25 ng cDNA and 150 - 500 nM primers (Supplemental Table 3). After 15 min 

activation at 95°C, 40 PCR cycles were run with 15 sec denaturation at 95 °C, 30 sec annealing 

at 60/62°C and 30 sec extension at 72°C. Primer specificity was verified by melting curve 

analysis. NLRC4 mRNA expression was normalized to GAPDH as an endogenous control.

Measurement of DNA methylation

For assessement of DNA methylation sites (CpG sites) in relation to IL-18 levels, genome-wide 

methylation was performed using the Illumina HumanMethylation450 BeadChip in a subgroup 

of the KORA F4 cohort (n=1,814) (for details see Supplementary Material). 

Statistical analyses 

Statistical analysis of genotyping data 

IL-18 levels showed a skewed distribution and were natural log-transformed for analyses. For 

genetic association analysis, age- and sex-adjusted linear regression models were applied in all 

discovery and replication cohorts separately, using an additive genetic model. In GHS, genetic 

relatedness was considered by identifying and removing outliers based on multidimensional 

scaling of genetic data prior to GWAS. In FHS, linear mixed effect models were performed to 

account for relatedness among family members using the function lmekin from the R kinship

package. KORA is a population representative subsample of the population in the study region. 

Cryptic relatedness in the study sample has been investigated based on genome-wide genotypic 

data. The degree of relatedness between samples is negligible. Therefore, no further adjustments 

have been made in this analysis. For meta-analysis, individual estimates of allelic effects from 

GHS, FHS and KORA F4 were combined after excluding genotyped and imputed SNPs not 

meeting the quality control filters. An inverse-variance weighted fixed-effects approach was 

Statistical analyses 

Statistiticacal l annalysysy isi  of genotyping data 

LLL-1118 levels ssshohoowewew d d aa a skskskeweweweded dddisisistrtrtribibi utututioioion ananand dd wereee natatturururalalal lllogo ---trtrtrananansfsfs ororormemm d fofofor r r anananalala ysysseseses. FoFoForrr 

gegeeneneetic associatiionnn anaaalyyysis, agagge- annd dd ssexxx-adjdjdjuuusteddd liineeeararar regggrrressiiionnn modededels wwweeere apppplplplieiedd iin allll 

discovery and replicccatatatioioi n cohohohortrtrts ses paratelyy, usinnng g g ana  addditititivivivee geg netic c c momom del. In GHS, genetic 

eelalatetedndnesesss wawas s coconsnsididerereded bby y y ididenentitifyfyyining g g anand d reremomovivingngg ooututlilierers s babasesed d onon mmulultitididimemensnsioionanal l 
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applied as implemented in METAL16. The genome-wide significance level for the GWAS was set 

to P<5x10-8. 

Additive effects of lead SNPs from different loci were tested in all discovery cohorts. 

SNPs were combined by adding the T allele dosages of rs385076 and rs11606049 for each 

individual resulting in a number of protective alleles between 0 and 4. The estimated percentage 

of explained variance for log-transformed ILe-18 by SNPs was calculated by substracting the 

explained variance of sex and age on loge-transformed IL-18 from the multivariable model. For 

replication in AtheroGene, MONICA/KORA S1/S2/S3 and PRIME associations were calculated 

by applying the inverse-variance based fixed-effects meta-analysis for the selected SNPs.

Conditional analysis within genome-wide significant loci

To determine if the signals at each locus were independently associated with IL-18 levels, a 

conditional analysis was carried out in the GHS dataset using the variant with the lowest p-value 

(with a region of ± 500kb) as a lead SNP using SNPTEST v2.5 

(www.mathgen.stats.ox.ac.uk/genetics_software/snptest/snptest.html), built-in functions. 

Expression quantitative trait loci (eQTL) analysis 

Associations between selected SNPs and gene expression of transcripts in cis (± 500kb) were 

assessed for all samples with available gene expression data in GHS (n=1,133)17, and KORA F4 

(n=699)18. In both studies, gene expression analysis was performed using the Illumina Human 

HT-12 v3 BeadChip. Technical variables were used for adjustment as previously described18. In 

both studies, a linear model was used with log2-transformed gene expression as dependent 

variable. For SNP-gene expression analyses data were adjusted for age and sex. PheGenI 

(www.ncbi.nlm.nih.gov/gap/phegeni) and the Geuvadis Data Browser 

(www.ebi.ac.uk/Tools/geuvadis-das/) were used to compare significant eQTLs from our study to  

Conditional analysis within genome-wide significant loci

To deterermim nee if ththee signals at each locus were indepeppendently associated wiw th IL-18 levels, a 

cocoondndnditional anannalalalysysysisi wwwasasas cccarararriededed oooututut in nn thththe GHGHGHS daaataaaset t usususinining g g thhe e e vavaariririananntt t wiww thh ttthehehe lllowowowesesesttt ppp--vavavalululue 

wwwittth hh a region offf ±±± 500k0k0kb) asss aa a lead SSSNPNPNP usingngng SNPNPNPTEEESTSTST vvv2..5 

www.mathgen.statts.s.s.oxoxox.a. c.ukkk/g/g/genee ete ics_s_software/s/ssnpnpnptest/ssnpnpnptett sts .html)l), , bububuilt-in functions. 

ExExprprp esessisionon qqquauantntititatativive e trtraiait t lolocici (((eQeQQTLTL) ) ) ananalalysysy isis 
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publicly available data from large scale studies.

 Expression values of NLRC4 and its isoforms measured by qPCR were normalized for 

GAPDH Ct values prior to association analysis and are represented as deltaCt values 

(deltaCt_transcript = Ct_transcript – Ct_GAPDH). A linear mixed model with the plate as 

random variable, transcript levels as dependent variable and age and sex as covariates was used 

to calculate effects of rs385076 allele dosage on NLRC4 isoform expression. Reported effect 

sizes refer to the beta from the linear regression, which represents the change of deltaCt per 

rs385076 T allele. 

Estimating the proportion of variance in IL-18 levels

The proportion of explained variance of log-transformed IL-18 levels attributable to genetic 

variants was calculated by substracting the coefficient of variation estimated from a linear model 

with adjustments for sex and age from the multivariate model, which additionally included the 

allele dosage as independent variable. 

Association with cardiovascular mortality 

Hazard ratios for rs385076 and rs11606049 related to cardiovascular mortality were estimated 

using Cox proportional hazards regression in the AtheroGene study. Analyses were adjusted for 

age and sex and an additive genetic model was used.  

Results

GWA study of circulating IL-18 levels 

Characteristics of all discovery and replication cohorts participating in the GWA study are 

presented in Supplemental Table 1. Figure 1 depicts the Manhattan Plot of our initial GWAS 

approach demonstrating two regions of genome-wide significance for circulating IL-18 levels. 

Regional plots of these two regions including functional annotation are presented in Figure 2.

The proportion of explained variance of log-transformed IL-18 levels attributableee tototo gggeneneneteteticicic 

variantsts wwas ccalcuculated by substracting the coefficiciene t of variation estimmatated from a linear model

wwwithhh adjustmmmenenentststs ffforr sesesex x x ananand d agagage e e frfrfromomom ttthehh mmmululultivaaariaaate mmmodododelele , whwhwhiccch h h adadddididitit onnalalallylyly iiincncn luuudededed d d thththeee

alalllelellele dosage as iiinnndepenenendentt vvvarara iable.ee  

Association with cararardidid ovo ascucuculalalar r morttalityy

HaHazazardrd rratatioioss fofor r rsrs383850507676 aandnd rrs1s11616060604049 9 rerelalateted d toto ccarardidiovovasascuculalar r momortrtalalitity y y wewerere eeststimimatateded 
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Summary GWAS results are available in the Supplemental Table 4. The strongest evidence of 

association was located within the NLRC4 gene on chromosome 2 (lead SNP: rs385076, Pmeta =

2.4x10-45). On chromosome 11, the strongest signal was detected within the IL18 gene (lead

SNP: rs11606049, Pmeta = 4.6x10-35). Carriers of the respective T allele of both SNPs had lower 

IL-18 levels. Successful replication of these two SNPs (or the respective proxy SNP rs5744222 

in MONICA/KORA S1/S2/S3) was carried out in three independent cohorts (AtheroGene

(n=1,165), PRIME (n=440), MONICA/KORA S1/S2/S3 (n=1,743)). T allele frequencies ranged 

between 35.4% and 39.7% for rs385076 and between 19.9% and 26% for rs11606049 

respectively (Table 1). The associations of rs385076 and rs11606049 explained between 2.05%

and 2.55% (rs385076) and 1.51% and 3.32% (rs11606049) of the inter-individual variability of 

IL-18 levels among studies (Table 2). Combination of the lead SNP allele dosages from both loci 

led to an explained variance between 3.15% (FHS) and 5.49% (GHS) (Table 2). After 

conditional analysis on the most significant SNP on chromosome 2 (rs385076) and chromsome 

11 (rs11606049), no additional SNPs remained significant at the discovery p-value threshold of 

<5x10-8 (Supplemental Figure 1 A, B).  

 Our meta-analysis data confirmed previous results of strong associations of circulating 

IL-18 levels with loci on chromosome 2 and 119,10. For the IL18 locus on chromosome 11, 

previous reports have already investigated the functional consequences of variants within this 

locus7,9,20. However, to our knowledge, for the locus on chromosome 2, no functional data in 

relation to circulating IL-18 levels have been presented. Therefore, we performed in silico and 

molecular characterization of the NLRC4 locus. 

In silico functional analysis of the NLRC4 locus

Regulatory and epigenetic features of the NLRC4 locus from the Encyclopedia of DNA Elements 

and 2.55% (rs385076) and 1.51% and 3.32% (rs11606049) of the inter-individuaaall vavav ririiabababilililititity y y of 

L-18 lelevev ls aamoongn  studies (Table 2). Combinatioon n of the lead SNP allelle e dosages from both loci

eeed ttto an explpllaiainenened dd vavaariririananancecece betetetweweweenenen 333..1511 %%% (((FHFF S)) aaand d 5.5.5.494949%%% ((GHGHGHSSS))) (T(T(Tababable 222).).). AfAfAftetet r 

cocoondndditional analysysysis onnn ttthe momomosts  siggninin fiiicaaant SSSNNNP ooon chhhrororomomomosooomeee 222 (rs3888555077676) ) ) and chchchroromsmmsommme 

11 (rs11606049), no o o adadaddid tionnalalal SSSNPN s reemained sigigignificanttt aaat tt the disccovovovererery y p-value threshold of 

<55x1x100-8 (((SuSupppppplelemementntalal FiFigugug rere 11 A,A,, BB).).)  
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(ENCODE)21 and a data set by Pham et al.22 were explored using UCSC Genome Browser23 and

are displayed in Figure 3. The NLRC4 gene encompasses 4 distinct isoforms and the SNP 

rs385076 lies within the 5´UTR of the NLRC4 cDNA, in the untranslated exon 2 included in 

isoforms 2 and 4. This region directly falls with in a region enriched for the H3K27ac histone 

acetylation mark (often found near active regulatory elements) in human CD14+ monocytes and 

several additional cell lines22. Furthermore, the region surrounding the SNP rs385076 lies within 

a DNase hypersensitivity cluster in multiple cell lines as indicated by ChIP-seq data. DNase 

hypersensitivity is characteristic for open chromatin regions, which are accessible for DNA 

binding proteins. ChIP-seq data in monocytes22 showed that strong binding of the transcription 

factor PU.1 occurs around rs385076. Together, these in silico data point towards regulatory 

region(s) within the NLRC4 5'UTR and suggest that different alleles of rs385076 might lead to 

different NLRC4 expression levels.

NLRC4 expression may be affected in several ways: i) a direct effect on NLRC4 mRNA 

expression, ii) effects on differential mRNA isoform usage, iii) an effect on NLRC4 protein level 

and iv) by modulated binding of transcription factor PU.1. These possibilities were investigated 

at the molecular level.

Association of rs385076 and NLRC4 gene expression  

To determine the association of NLRC4 mRNA expression and the SNP rs385076, the 

expression data sets of the GHS (monocytes) and KORA F4 (whole blood) studies were used. In 

monocytes, our data demonstrated an impact of rs385076 on NLRC4 expression levels with a 

decrease of NLRC4 mRNA in carriers of the T allele (beta=-0.037; P=3.95x10-3). In contrast, in 

our whole blood dataset, no association between rs385076 and NLRC4 expression was observed

(beta=-0.085; P=0.14). We further compared our results to publicly available eQTL data of 

factor PU.1 occurs around rs385076. Together, these in silico data point towards  reeegugugulalalatttororory y y 

egion(n((s)s)) witthih n ththe NLRC4 5'UTR and suggest thahat t different alleles of rrs3s385076 might lead to 

dididiffffeeerent NLRCRCRC444 exee prprpresesessisisiononon levevevelelels.s.s.

NLRC4 eeexpppresssion mmamayy y be afffff ecccteeed innn sseveeeraaal wawawayyys: i))) a dddirrerect effffeeect t ononn NLRCRCRC4 mmRmRNNAA 

expression, ii) effectctts s s onono  diffefeerererentnn ial mRNA isofooormrmr  usagegege,,, iiii i)i) an effefeectctct on NLRC4 protein level

anand d iviv) ) ) bybyy mmododululatateded bbinindidingngg oof f trtrananscscririptptp ioion n fafactctoror PPU.U.1.1. ThThesese e popop ssssibibililititieies s wewerere iinvnvesestitigagag teted d 
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lymphoblastoid cell lines from 270 individuals24 using PheGenI. The lymphoblastoid data were 

in line with  our monocytic data, as decreased NLRC4 mRNA expression for rs479333 C allele 

carriers (a proxy SNP of rs385076, R2=0.83) was described (beta= -0.133; P=3.4x10-8). In RNA-

seq data from lymphoblastoid cell lines of 373 European individuals from the 1000 Genomes 

project25, which is publicly available at the Geuvadis Data Browser, rs385076 T allele was 

strongly associated with NLRC4 gene expression (beta=-0.373; P=9.1×10-14) . A summary of 

rs385076 and rs479333 eQTLs is provided in Supplemental Table 5.

Association of rs385076 and NLRC4 isoform expression  

Expression of the NLRC4 gene including all isoforms as well as two distinct groups of NLRC4

mRNA isoforms were determined in monocytes of 1,487 GHS participants by qPCR. The group 

NLRC42,4 (encompassing isoforms 2 and 4) includes the rs385076 containing exon 2, whereas

the group NLRC41,3 (encompassing isoforms 1 and 3) does not include the rs385076-exon 2 as 

depicted in Figure 3. 

 Consistent with our monocytic gene expression data, overall NLRC4 expression was 

decreased in carriers of the rs385076 T allele (beta=0.134; SE=0.05; P=6.9x10-3). Interestingly, 

expression of NLRC42,4 (beta= 0.305; SE=0.047; P=2.0x10-10) and NLRC41,3 (beta= -0.103;

SE=0.03; P=7.4x10-4) isoforms were associated with the T allele in opposite directions. 

Comparing the proportion of NLRC42,4/NLRC41,3 isoforms on overall NLRC4 gene expression, 

we observed a shift towards usage of isoforms 1 and 3 in carriers of the rs385076 T allele as 

depicted in Figure 4. In relation to increased IL-18 concentrations, NLRC41,3 was significantly 

lower (beta=0.027; SE=0.014; P=0.049), whereas overall NLRC4 (beta=0.014; SE=0.008; 

P=0.092) and NLRC42,4 expression (beta=0.009; SE=0.008; P=0.254) showed no significant 

change (Table 3). 

mRNA isoforms were determined in monocytes of 1,487 GHS participants by qPCPCPCR.R.R  y ThThThe e e grgrgrouo p 

NLRC44222,4,4,4 (((enncoc mpmppassing isoforms 2 and 4) includedess the rs385076 contaainining exon 2, whereas

hhhe gggroup NLLLRCRCRC444111,3 (((enenencococompmpm asasssisisingngng isisofofoforoo msmsms 111 anddd 333) dodooeseses nnnotoo iinncnclululudeded ttthehehe rs338585850707076-6-6 exxxononon 222 asasas 

dedeepipiictc ed in Figgurrree 3.

Consistent wiwiwiththth oour mmmonononoccyty ic ggene expresesessis on datatataaa,,, ovverall NLNLNLRCRR 4 expression was

dedecrcreaeasesed d inin ccararririerers s ofof tthehe rrs3s3858507076 6 TT alallelelele (b(b( eteta=a 0.0.13134;4;; SSE=E=0.0.0505;;; PP=6=6.9.9x1x100-3).).) IIntntereresestitingngglylyy, , ,
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PU.1 binding and influence on NLRC4 expression in relation to rs385076 alleles 

In order to evaluate whether the rs385076 variant influences binding of the transcription factor 

PU.1 and subsequently NLRC4 expression, a luciferase reporter gene assay in the presence of 

overexpressed PU.1 levels were performed. Overexpression of PU.1 was confirmed on mRNA 

and protein levels (Supplemental Figure 2). Without PU.1 overexpression, no significant 

difference in luciferase activity between the rs385076 C and T alleles was observed. However, 

increasing PU.1 concentrations significantly raised luciferase activity in the presence of the 

rs385076 C allele but not the T allele (Figure 5).  

DNA methylation in relation to circulating IL-18 levels and NLRC4 expression

We screened for genome-wide associations between DNA methylation in whole blood and 

circulating IL-18. As shown in Supplemental Figure 3, six CpG–IL-18 associations at the 

Bonferroni threshold 1x10-7 were identified. No genome-wide significant CpG sites were found 

for the chromosome 2 (NLRC4) locus. However, two CpG sites cg07055315 and cg22805603 

within the NLRC4 locus showed moderate associations (P=2.25x10-5; P=8.5x10-3, respectively). 

Genome-wide significance was found for the two CpG sites on chromosome 16 (cg07839457 

(P=2.85x10-12); cg16411857 (P=8.67x10-08)), both located within the NLRC5 gene, another 

member of the NLRC inflammasome protein family.

Clinical relevance of the IL-18 GWAS loci 

As circulating IL-18 levels have been associated to cardiovascular disease (MIM 611139) in 

previous studies5,6,28, a possible link between the SNPs in NLRC4 and IL-18 and cardiovascular 

outcome was investigated. For this, we tested the association of rs385076 and rs11606049 with 

cardiovascular death in 2,585 coronary heart disease patients of the AtheroGene cohort (median 

follow-up 4.9 years, maximum 7.6 years, 159 cardiovascular deaths). The rs385076 T allele, 

We screened for genome-wide associations between DNA methylation in whole blblbloooo d d d ananand d d 

circulatatining gg ILL-18.8. AAs shown in Supplemental Figugurere 3, six CpG–IL-18 aassssociations at the 

BBoBonnnferroni thrhrh eseseshohoholdd 111x1x1x1000-77 weweererere iiideded ntntntifififieii ddd.. NoNN  genenenommeee--wiwiwideded sigigignininififificcanananttt CpG G G sisisitetetess s weweererere fffouououndndnd 

fofoor r thththe chromosooommme 2 (NNNLRCCC444(( ) ) locuuus.s HHoweeveveer, twwwoo CpCpCpGGG sssittes cccg000705535353155 aannnd cgg2g2222800505606 33

within the NLRC4 locococususu  showewewed dd moderate associaiaatitit ono s (PPP( =2=2=2.25x10-5; PPP=8== .5x10-3, respectively). 

GeGenonomeme-wiwidede ssigiggninifificacancnce e wawass fofounund d fofor r ththee twtwoo CpCppG G sisitetess onon cchrhromomososomomee 1616 (((cgcgg0707838394945757 
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related to lower IL-18 concentration, was associated with a protective effect on cardiovascular 

mortality with an age- and sex-adjusted hazard ratio of 0.78 (95% confidence interval: 0.62–

0.98, p=0.03). However, the IL-18 lowering allele of rs11606049 was not significantly 

associated with cardiovascular mortality.

Discussion

Our study aimed to confirm and functionally characterize genetic determinants of circulating IL-

18 levels by molecular approaches. Our molecular data show that the SNP rs385076 affects 

NLRC4 expression and differential NLRC4 isoform usage by influencing the binding of the 

transcription factor PU.1. Our data suggest that the IL-18-lowering T allele of rs385076 

associates with cardiovascular events in a protective manner, thereby providing a link for clinical 

relevance. 

Molecular analyses of circulating IL-18 levels 

Genetic determinants of circulating IL-18 levels

Our GWA meta-analysis and replication study revealed two loci, on chromsomes 2 and 11, that 

associated with circulating IL-18 levels at genome-wide significance. Previous GWA studies 

reported significant associations of several SNPs on both of these chromosomes with circulating 

IL-18 levels9,10. The IL18-BOC2 locus associated with IL-18 levels in two independent GWAS 

samples with the strongest association found for SNP rs2115763, located in intron 2 of BCO29.

Our data confirmed the strong association of this BCO2 SNP and showed additional SNPs with 

even stronger association in the IL18 gene region, including our top SNP rs11606049 (P=4.6x10-

35). Moreover, our GWAS and conditional studies confirm and extend findings on further genetic 

determinants of circulating IL-18 identified by Matteini et al.10 and Johannson et al.15 on 

chromosome 2 and point towards NLRC4 as the “determinant” locus within this region. SNP 

ranscription factor PU.1. Our data suggest that the IL-18-lowering T allele of rs3338585850707076 6 6

associates with cardiovascular events in a protective manner, thereby providing a liink for clinical

eeellelevvvance. 

MoMoMolel cular analyyyssses ooof ccircuuulaaating IL---18 levvveeels

Geneetititiccc dededetermmiiinananttsts ooff f circulululatatatiing ILLL 11-188 lleleveellls

Our GWA meta-anaaalylylysisisisss anananddd rerereplplplicicicatatatioioionn n stststudududy yy rererevevevealalalededed twowowo lllocococi,i,i ooon nn chchchrororomsmsmsomomomes 2 and 11, that 
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rs385076 showed the strongest association of all SNPs in our data (beta: -0.093, SE: 0.007, 

P=2.4x10-45) and is located in the untranslated exon 2 (also designated as 5´UTR) of NLRC4,

suggesting a functional effect of this SNP. This assumption was further strengthened by our in 

silico investigation of the NLRC4 5´untranslated region and our experimental data. 

Effect of SNP rs385076 on NLRC4 gene expression and function

NLRC4 encodes a cytosolic protein with a caspase recruitment domain (CARD) found primarily 

in monocytes and macrophages. Upon activation, NLRC4 assembles into a multiprotein 

complex, the inflammasome, which in turn leads to activation of caspase-1 and subsequent 

maturation of IL-1813,14. Our in silico functional analyses of the NLRC4 5´UTR/exon 2 region 

point towards the presence of a binding region of the transcription factor PU.1 within the exact 

region, where the top GWAS SNP (rs385076) is located. 

Our molecular data suggested that rs385076 influences the binding of the transcription 

factor PU.1 to the NLRC4 5´UTR region, with reduced PU.1 binding to the NLRC4 5´UTR 

region, in the presence of the IL-18-lowering T allele. The most obvious effect of this influence 

would be an impact on NLRC4 mRNA expression. Indeed, our data demonstrated that carriers of 

the IL-18-lowering T allele of rs385076 had a decreased NLRC4 mRNA expression in 

monocytes. Evidence for eQTLs was corroborated in silico in two publicly available studies 

using lymphoblastoid cell lines24. In monocytes, we observed decreased expression of NLRC4 

isoforms containing the 5’UTR exon 2 in carriers of rs385076 T alleles (isoforms 2 and 4) and a 

switch in isoform usage towards those without exon 2 (isoforms 1 and 3). We detected an 

association between isoforms without the 5’UTR exon 2 and decreased circulating IL-18, but it

still needs to be investigated in more detail, whether an enhanced expression of these isoforms 

leads to reduced activation of IL-18. Compared to monocytes, our analyses in whole blood 

point towards the presence of a binding region of the transcription factor PU.1 wiwiiththhininin tthehehe eeexaxaxactt 

egion,,, whw ere e the e tot p GWAS SNP (rs385076) is lococated. 

Our momom lelelecucuculaaarr r dadadatatata ssuggggegegestststedede ttthahahat rsrsrs383838507776 infflululuenenencececes ththhee bibibindndndinining gg of ttthehehe tttrararansn crcrcripipiptititiononon 

fafaactctooro  PU.1 to thhhe NLRCRCRC4 5´UUUTRTT  regegegiooon,, wittthh reduuuccced d d PUPUPU.111 bbbindddinnng to thththe NLNLNLRCR 4 5´5´́UTUTTRRR 

egion, in the presencncnce e e ofo  the e ILILIL-18-lowew ringg T aallllllele. Theee mmmosst obviououous s s effect of this influence 

wowoululd d bebe aan n imimpapap ctct oon n NLNLRCRC44 mRmRNANA eexpxppreressssioion.n. IIndndeeeed,d,, oourur ddatata a dedemomonsnstrtratateded tthahat t cacarrrrieiersrs ooff
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showed no significant association between rs385076 and NLRC4 gene expression. Since the 

inflammasome is mainly active in the innate immune system and is thus more prominent in 

monocytes, monocyte-specific gene expression might be narrowed by other cell types present in 

whole blood. 

 In addition to an influence on PU.1 binding, ENCODE data suggests characteristics for 

an open chromatin region (hypersensitivity cluster) as well as a binding site for the polymerase 2 

(Pol2) around the region of rs385076. Also, phosphorylation of the NLRC4 protein on a specific 

serin residue also has been described to play a critical role, possibly by driving conformational 

changes necessary for inflammasome activation29. In our data, SNPs located near this serine 

residue in the exon 5 also showed a strong association with circulating IL-18 levels (rs408813, 

P=2.5x10-40 and rs455060, P=5.04x10-34). Epigenetic modifications mirrored by methylation

status showed no statistically significant relation of NLRC4 with IL-18 levels in our data. 

However, methylation analysis identified an additional inflammasome-linked gene, NLRC5,

known to play a role in the regulation of IL-18 levels30,31. Thus, further experimental work is 

required to assess the relation between regulatory elements, inflammasome orchestration and IL-

18 levels. Our results of the molecular analyses indicate a decreased NLRC4 gene expression and 

a switched isoform usage for the rs385076 T allele, putatively modulated by differential PU.1 

binding. Since the NLRC4 inflammasome plays a role in IL-18 activation, our observations are 

consistent with the finding that rs385076 T alleles lead to lower circulating IL-18 concentrations. 

Genetic variation and cardiovascular mortality

Since it had previously been shown that circulating IL-18 levels are a marker of cardiovascular 

mortality in coronary heart disease (CHD)5,32,33, we evaluated the association the SNPs rs385076 

(NLRC4) and rs11606049 (IL18) with incident fatal cardiovascular events in 2,585 CHD patients

esidue in the exon 5 also showed a strong association with circulating IL-18 leveveelslss (((rsrss404040888888131313, 

P=2.5xx1010-40 aand rrs4s 55060, P=5.04x10-34). Epigenetetici  modifications mirrroro ed by methylation

tttatatuuus showeddd nonono stss atattisisistititicacacalllllly y sisisigngngnififificici anananttt reelalalatititionoo ooof NNLNLRCRCRC4 4 4 wiww thhh ILLL-1-1-1888 lelelevevv lss iiin n n ououour r r daaatatata. 

HoHoHowwewever, methyyylaaationnn aaanalysssisss identitit fiiededd an adddditiiionnnalll iiinfnfn laaammmmaassooome-linininkkekeddd gggene, NLNLNLRCRCRC5,

known to play a roleee iiin nn tht e reegugugulall tit on oof IL-18 leevevev ls30,31. ThThThuss, furtheheer r r exee pep rimental work is 

eeququq irireded ttoo asassesessss tthehe rrelelatatioion n bebetwtweeeen n reregugug lalatotoryryy eelelemementnts,s,, iinfnflalammmmasasomomee ororchchesestrtratatioionn anand d ILIL-
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in the AtheroGene study. The IL-18-lowering allele of rs385076 was associated with a lower risk 

of cardiovascular mortality (OR=0.78, 95% CI: 0.62-0.98, P=0.03). This observation of an 

association of the genotype with IL-18 concentrations and potentially clinically relevant 

outcomes could support a causal relationship in disease evolution. Although variations of the 

IL18 gene had previously been shown to influence circulating IL-18 levels and clinical outcome 

in patients with coronary artery disease7, our study did not show an association of our lead IL-18

SNP rs11606049 with cardiovascular mortality. Since the inflammasome is a central component 

to inflammatory activity and immune response, our findings may be applicable beyond the 

cardiovascular system to a broad range of inflammatory and autoimmune diseases3 and diabetes 

mellitus4. The detailed work-up of the pathophysiological pathways involved in the genetic and 

posttranscriptional NLRC4 regulation will show whether causal relations with disease can be 

identified. Such work may reveal risk indicators and, more importantly, potential therapeutic 

targets.

Strengths and Limitations

The present study applies a combination of genetic, molecular and methylation approaches to 

gain insights into the regulation of circulating IL-18 levels in large, well-characterized studies.

Nevertheless, it is important to address some limitations. The present data are restricted to 

individuals of European descent and associations may be different in other ethnicities. The 

question, whether NLRC4 protein levels associate with NLRC4 gene expression in relation to the 

SNP rs385076, still remains to be answered. We were not able to show a strong relation of SNP 

rs385076 with NLRC4 protein levels in peripheral blood mononuclear cells (PBMCs) in 200 

individuals from the community-based Gutenberg Health Study (data not shown). This null 

finding could be due to the low number of samples investigated in rather healthy individuals. 

mellitus4. The detailed work-up of the pathophysiological pathways involved in ttthehee ggeneneneteteticicic aaand 

posttranansccriptptp ionanal l NLRC4 regulation will show wwhehether causal relations s wiw th disease can be

dddennntified. Suuuchchh wwworrk k k mamamay y y rerr veveealalal rrrisisisk k ininindidd cacacatototorsr  andndnd, momomorerere iiimpmm ororortataantntntlylyly, , , popopotentnttiaiaial ll thththeree apapapeueueutititicc c 

aaargrgrgetete s.

Strengths and Limmitititatata ioi ns
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Furthermore, the NLRC4 protein was measured in PBMCs, whereas an effect of rs385076 on 

NLRC4 gene expression was observed in monocytes. Further in-depth experimental studies as 

well as sequencing approaches are needed to better understand the implications of these newly 

identified genetic variants in relation to the exact regulation of inflammatory as well as 

autoimmune pathways. Lastly, DNA methylation data were only available from whole blood. 

Here, we did not see a significant association of CpG sites with NLRC4. In order to assess 

whether NLRC4 expression in relation to IL-18 might be influenced by methylation in a cell-type 

specific manner, additional methylation analyses, e.g in monocytes need to be performed.   

 In summary, using multiple molecular and genetic approaches we confirmed and 

extended previous knownledge in relation to circulating IL-18 levels within NLRC4. Genetic 

variants in NLRC4 affect binding of the transcription factor PU.1, suggesting thereby a mediation 

of the influence on circulating IL-18 levels. The clinical importance of our results is underlined 

by an association between rs385076 T allele and a lower risk of cardiovascular mortality. The 

exact mechanisms in relation to cardiovascular disease and other inflammatory and autoimmune 

diseases needs to be established and should stimulate further epidemiological and experimental 

studies.  
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Table 1: Effects of lead SNPs on circulating IL-18 levels in discovery and replication 

Meta-analysis AtheroGene PRIME MONICA/KORA S1/S2/S3

SNP
(coding/

non coding 
allele)

Chr Gene Beta SE P AF† Beta SE P AF† Beta SE P AF† Beta SE P AF†

rs385076 
(T/C) 2 NLRC4 -0.093 0.007 2.4x10-45 35.6 -0.107 0.017 9.0x10-10 39.7 -0.098 0.032 0.002 35.4 -0.107 0.026 4.0x10-5 36.5

rs11606049 
(T/C) 

11 IL18 

-0.089 0.007 4.6x10-35 24.5 -0.060 0.020 0.0027 26.0 -0.109 0.029 0.004 19.9 - - -

rs5744222 
(A/C)* -0,085 0,007 9.2x10-32 75.1 - - - - - - - -0.110 0.030 3.0x10-4

Beta refers to the effect estimate and SE to the standard error from the linear regression model after adjustment for sex and age. For each SNP, the 
chromosome (Chr) and nearest gene (Gene) is shown. Discovery meta-analysis in GHS I and II, FHS and KORA F4. AtheroGene, PRIME and 
MONICA/KORA S1/S2/S3 were used as independent replication cohorts. *proxy SNP for rs11606049 with R² > 0.9 according to SNAP19. † Allele 
frequency (AF) of the coding allele in %.

2 NLRC4 -0.093 0.007 2.4x10-45 35.6 -0.107 0.017 9.0x10-10 39.7 -0.098 0.032 0.002 35.4 -0.107 0.026 4.0

9 

11 IL18 

-0.089 0.007 4.6x10-35 24.5 -0.060 0.020 00.000027 26.0 -0.1099 0.029 0.004 19.9 - -

-0,0085 0,00007 9.2x1110-33232 75.1 - - - - - - - --0..11110 000.030 333.0

rs to the effect estimate and SSSE E E to the staaandndndaraa d error from the linear rereregrg ession modododelee  after adjustmenennt tt for sex and age. For each SNP, thd
ome (Chr) and nearest geneee ((( eGeGenenene))) isisis ssshohohownwnwn.. DiDiDiscscscovovovererery y y mememetatata-a-a-anananalylylyssisisss ininin GGGHSHSHS II andndnd IIII,I,I, FFFHSHSHS aaandndnd KKKORORORA A A F4F4F4... AtAA heroGene, PRIME and 
A/KORA S1/S2/S3 were usssededed aaass ininindededepepependndndenenent t t rerereplplplicicicatatatioioonn n cococohohohortrtrtss.s. ***prprproxoxoxy y y SNSNSNPP fofoor rr rsrsrs111111606060606060494949 wwwititithh h R²R²R² >>> 000 9.9.9 aaacccording to SNAP19. † All
y yy (A(( F))) of the codinggg allele in %.
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Table 2: Variance of circulating IL-18 levels explained by SNPs. 

Variant (Allele) Gene Explained variance (R²)

GHS I GHS II KORA F4 FHS

Sample size 2,743 1,073 1,802 2,940

rs385076 (T) NLRC4 2.05% 2.22% 2.55% 2.19%

rs11606049 (T) IL18 1.51% 3.32% 1.89% 1.03%

rs385076 (T) + rs11606049 (T) NLRC4 +IL18 3.68% 5.49% 4.50% 3.15%

SNPs were combined by adding the allele dosages of rs385076 T and rs11606049 T for each individual resulting in a number of protective alleles 
between 0 and 4. The R² is the estimated percentage of explained variance for loge-transformed IL-18 by SNPs. It is calculated by substracting the 
explained variance of sex and age on log-transformed IL-18 from the multivariate model. 

Sample size 2,743 1,073 1,802 2,2,,949494000

rsrsrs383838505050767 (((T)T)T) NLRC4 22.2.050505% 2.22% 2.2.2.55% 2.19%

rs11606044999 (TTT) IIL1118 1.51% 333.32%%% 1..89%%% 1.1.1.03%%%

rs383838505050767676 (((T)T)T) +++ rs1s1s1161616060606040404999 (T(T(T) ) ) NLNLNLRRRC4 +I+I+ L1L1L18 8 8 3.3.3.686868%%% 5.5.5.4944 %%% 4.4.4.505050%%% 333.1555%%%

were combined by addingg ttthehehe aaallllllelelelee e dododosasasagegegess s ofofof rrrs3s3s3858585070707666 T T T ananand d d rsrsrs1111116060060606049494 T ffororor eeeacacachhh ininindidiivivividududualalal rrreesesululultititingngng iiinn n a number of protective al
een n 00 anand d 4.4. TThehe RR² isis tthehe eeststimimatateded ppperercecentntagagge e ofof eexpxpplalainineded vvarariaiancnce e fofor r lologggeee-ttraransnsfoformrmeded IIL-L 1818 bby y y SNSNPsPs.. ItIt iiss cacalclcululatateded bby y y susubsbstrtracactitinn
ned variance of sex and agge on logg-transformed IL-18 from the multivariate model. 
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Table 3: Allele-specific NLRC4 isoform expression in relation to the rs385076 genotype. 

Association between mRNA (deltaCt) 
and rs385076 T alleles 

Association between mRNA (deltaCt) 
and log(IL-18) 

Isoforms Description delta Ct Beta SE P N Beta SE P N 

2, 4 Including exon 2 5.1±1.4 0.305 0.047 2.0×10-10 1,175 0.009 0.008 0.254 1,459

1, 3 Excluding exon 2 5.2±0.8 -0.103 0.030 7.4×10-4 1,171 0.027 0.014 0.049 1,438

1, 2, 3, 4 Total NLRC4 mRNA 3.2±1.3 0.134 0.050 6.9×10-3 1,180 0.014 0.008 0.092 1,467

Expression levels of mRNA are represented as deltaCt values (deltaCt(transcript) = Ct(transcript) – Ct(GAPDH)), which are normalized for the 
housekeeping gene GAPDH. Beta estimates were calculated in a linear mixed model and refer to the change in deltaCt for each T allele of 
rs385076 and the change in log(IL-18), respectively. Therefore, a negative beta implies an increase in gene expression. N refers to the number of 
individuals with non-missing values used for a test.

4 Including exon 2 5.1±1.4 0.305 0.047 2.0×10-10 1,175 0.009 0.00000888 0.0.0 252525444 1,1,1

3 Exclclludududiing exexon 2 5.2±0.8 -0.103 0.030 7.4×10-4 1,171 0.02020277 0.014 0.049 1,

3,33 444 Total NLRC444 mmmRNAAA 3.2±±±11..3 0.13444 0.0005000 6.9×1000-33 1,18000 0.0001444 0.008 000.009092 1,

ssion lellevevevelslsls oofff mRNANANA aarere rrepepreresese tntnted as deded ltltltaCaCaCt valuess (((dededellltaCaCCtt(trananscsc iriri tptpt) ) == CtCtCt((t(traansnsnsccript) – CCtCt(GAGAGAPDPDPDHHH))) , whwhhicicichhh aare noormrm lalaliizizededd ffforor ttthhhHHHH
keeping gene GAPDH. Beetatata eeeststs imimatess wwwererree e calcl ulatedd in a lineear mixixxedede  model aandndnd rrrefefere  to the chchananangegege in n deltaCt for each T HH allele of 
076 and the change in log(I(IILLL-1888),),), rrresesespepep ctctc ivvvelelelyy.y. TTTheheherererefofoforerere,,, aa a nenenegagaatititiveveve bbbetetetaaa imimimpplieees s ananan iiincncncrerereasasase e e ininn gggennne exexexprprresesesssision. N refers to the numbe
duals with non-missing va uluueseses uuuseseseddd ffofor rr aaa tetetesstst.



DOI: 10.1161/CIRCGENETICS.115.001079

27

Figure Legends:

Figure 1: Results from the GWAS meta-analysis of IL-18 concentrations in GHS I, GHS II, 

FHS and KORA F4. The Manhattan plot shows the associations between allele dosages of 1000-

Genomes imputed variants and loge-transformed IL-18 concentrations for all autosomes. The 

horizontal line indicates the genome-wide significance level (P<5x10-8).

Figure 2: Regional plot for the NLRC4 locus (A) and the IL18 locus (B). P-values of SNPs from 

loge IL-18 meta-analysis were plotted as –log10 values against their physical position on 

chromsome 2 (NLRC4) and chromosome 11 (IL18), respectively (NCBI build 37). (A) The lead 

SNP rs385076 on chromsome 2 is represented by a blue diamond and lies within the 5’ region of 

NLRC4. (B) The lead SNP rs11606049 on chromsome 11 is represented by a blue diamond and 

lies within an intronic region of the IL18 gene. The color code for the pairwise linkage 

disequilibirum structure is based on 1,000-Genomes 2012 EUR. 

Figure 3: In silico functional analyses for rs385076 within the NLRC4 gene region. Co-

localization of IL-18 associated variants and regulatory and epigenetic features were investigated 

in the UCSC Genome Browser (genome-euro.ucsc.edu) using genome release hg19. Only SNPs 

with P-values <5x10-8 for the association with circulating IL-18 levels are shown (green track). 

Tracks showing histone modifications and PU.1 binding sites were uploaded into the UCSC 

Genome Browser from an external study22 (red tracks). The PU.1 track represents binding sites 

of the transcription factor PU.1 in monocytes from a CHIP-seq experiment. The H3K27ac track 

shows histone modification by acetylation from CHIP-seq experiments in monocytes, which can 

chromsome 2 (N(( LRC4NN ) and chromosome 11 (IL18(( ), respectively (NCBI build 3777).). (A(A(A) ) ) ThThThe e e lelelead 

SNP rss3838507676 on n chromsome 2 is represented by y a a blb ue diamond and liees s within the 5’ region of

NLNLNLRRRC4. (B) ThThThee e leleleaddd SSSNPNPNP rrrs1161616060606040404999 onoo ccchrhrhromoo soommme 111111 isisis rrreprerereseeentntntededd bbby a blblblueueue dddiaiai momomondndnd aaandndnd 

iiiesese wwwithin an intttrooonic reeegionnn ooof f the ILILI 1118 gennne... Theee cccolololorr r coodeee forrr tttheh  paaairrrwisisse ee linkagagageee

disequilibirum struccctututurerer  is baasesesed dd ono  1,0000-Genommmeses 2012 2 EUEUEUR. 
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be considered as a mark for active enhancers26. The H3K4me1 mark shows regions undergoing 

histone methylation, which are likely to reflect cell-type specific regulation of a gene27. Enhancer 

regions are highlighted by DNaseI hypersensitivity clusters from the ENCODE project21. In the 

bottom track, CHIP-seq results for transcription factors (TF) from the ENCODE project are 

shown, indicating TF binding regions. rs385076 falls into the 5‘UTR exon of NLRC4 and a 

binding region of PU.1. DNase hypersensitivity clusters around rs385076 suggest a good DNA 

accessibility in monocytes and histone modification data highlights the region as an enhancer.  

Figure 4: Allele-specific NLRC4 isoform expression in relation to the rs385076 genotype. Box 

plots show the distribution of different isoform usage, which is defined as proportion of isoform 

expression on overall NLRC4 gene expression, for each allele of rs385076. All transcripts were 

quantified by qPCR and normalized for Ct values of the housekeeping gene GAPDH. Isoforms 

including 5’UTR exon (isoforms 2 and 4) are marked red, others (isoforms 1 and 3) are marked 

green. We can observe a switch in isoform usage with a higher number of T alleles leading to a 

higher proportion of transcripts, which do not include 5’UTR exon.  

Figure 5: PU.1 overexpression increases NLRC4 gene expression in relation to the rs385076 C 

allele. HEK293A cells were transfected with pGL4.10[luc2] plasmid, containing either rs385076 

C (shown in red) or T allele (shown in green) and the putative PU.1 binding site, as well as the 

pVITRO2-PU.1 plasmid. Expression of yellow fluorescent protein after transfection of an empty 

pEYFP-N1 plasmid was used to control for transfection efficiency. PU.1 overexpression 

significantly increased luciferase activity of the rs385076 C allele but not the T allele in the 

plasmids. Without PU.1 overexpression, there was no significant difference between C and T 

plots show the distribution of different isoform usage, which is defined as proporrrtitiionoo ooof f f isisisofofoforoo m

expressisiono  on n ovvererall NLRC4 gene expression, for r eae ch allele of rs3850776.6  All transcripts were 

quququananantified by yy qPqPqPCRCRC aaandndnd nnnororormamaalililizezezed d d fofofor r r CtCC vvvalalalueuu s offf theee hhhououousess keeeepepepinining g gegegenenn GGAPAPAPDHDHDH. IsIsIsofofofororormsmsms 

nnnclclcluduu ing 5’UTRRR eeexonnn (((isofooormmms 2 aaandndn 444) areee mmmarkkkeeed rrrededed, ootthhhers (issoformsmm 111 aaandnn  3) ) ararare mammarkededed 

green. We can obseervrvrveee a a swittchchch in isoforo m usagge wiwiw th a hhigigighehh r numbbererer ooof T alleles leading to a 

hihighghg erer ppproropopop rtrtioion n ofof ttraransnscrcripipptsts,,, whwhicich h dodo nnotot iincncluludede 55’UUTRTR eexoxon.n. 



DOI: 10.1161/CIRCGENETICS.115.001079

29

alleles. Cells with 0.125 μg/mL (4.24-fold, P=3×10-4), 0.25 μg/mL (3.34-fold, P=3×10-4) and 0.5 

μg/mL (3.5-fold, P=5×10-4) of the pVITRO2-PU.1 plasmid showed significant increases of 

luciferase activity for the C allele compared to the T allele. ns = not significant, *** P <0.001; 

n=4. 














