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Abstract 46 

 47 

Circulating cytokines and growth factors are regulators of inflammation and have been implicated 48 

in autoimmune and metabolic diseases. In this genome-wide association study (GWAS) up to 49 

n=8,293 Finns we identified 27 loci with genome-wide association (P-value<1.2×10-9) for one or 50 

more cytokines, including 17 unidentified in previous GWASes. Fifteen of the associated SNPs had 51 

expression quantitative trait loci in whole blood. We provide strong genetic instruments to clarify 52 

the causal roles of cytokine signaling and upstream inflammation in immune-related and other 53 

chronic diseases. We further link known autoimmune disease variants including Crohn's disease, 54 

multiple sclerosis and ulcerative colitis with new inflammatory markers, which elucidate the 55 

molecular mechanisms underpinning these diseases and suggest potential drug targets. 56 

  57 
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Genome-wide association studies (GWAS) have identified multiple loci for inflammatory 58 

diseases1,2. However, the biochemical pathways underlying the link from locus to complex disease 59 

have often remained elusive. Cytokines and growth factors (hereafter cytokines) are inflammatory 60 

regulators, and therefore important intermediate phenotypes for inflammatory diseases.3 These 61 

intermediate phenotypes can be exploited in GWASes to elucidate the biochemical pathways 62 

underlying the link from locus to disease susceptibility. Cytokines have been implicated in the 63 

progression of inflammatory bowel diseases, multiple sclerosis, atherosclerosis and in various forms 64 

of cancer. Here, we studied the genetic basis for blood levels of multiple cytokines to gain insights 65 

to the molecular intermediates and causal pathways related to inflammatory diseases. 66 

The genetic basis of inflammatory diseases can inform drug development to prioritise new 67 

pharmaceutical targets. For example, an individual who has inherited a cytokine signaling 68 

disrupting allele is analogous to a participant in randomized trial receiving active drug designed to 69 

inhibit signaling via the pertinent cytokine. Cytokines are attractive targets since they exert their 70 

effects via cell surface receptors that are readily druggable. Characterization of the genetic 71 

underpinnings of cytokine signaling pathways is important for drug development, because 72 

pharmaceutical targets with human genetic support have twice the probability for eventual 73 

regulatory approval compared to non-supported targets4. Furthermore, since inflammatory diseases 74 

often share common pathology, the indications of approved drugs can often be expanded5. For 75 

example, a tumor necrosis factor alpha (TNF-α) antibody adalimumab has FDA approval for 76 

rheumatoid arthritis, juvenile idiopathic arthritis, ankylosing spondylitis, psoriatic arthritis and 77 

Crohn’s disease, although initially studied for rheumatoid arthritis6–8. Therefore, to gain insights 78 

into the molecular intermediates and causal pathways related to autoimmune and metabolic 79 

diseases, we studied the genetic basis for circulating levels of 41 cytokines. In addition to informing 80 

drug development, our results provide novel information on the genetic regulation of normal 81 

physiological variation of cytokines among healthy individuals.   82 
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Results 83 

We performed GWAS for the circulating concentrations of 41 cytokines; listed in Supplementary 84 

Table 1. The GWAS meta-analysis included up to 8,293 Finnish individuals from three 85 

independent population cohorts: the Cardiovascular Risk in Young Finns Study (YFS), 86 

FINRISK1997 and FINRISK2002. Study cohort characteristics are reported in Supplementary 87 

Table 1. On average, the YFS participants are younger than the FINRISK1997 and FINRISK2002 88 

participants (37 vs. 60 years). Correlations between the cytokine levels are shown in 89 

Supplementary Figure 1. Four cytokines (VEGF, IL12p70, IL13 and IL10) form a tightly 90 

correlated cluster. Most of the cytokines included in the study are positively correlated with each 91 

other.  92 

GWAS identifies 27 loci associated with circulating cytokines 93 

Using an additive genetic model adjusted for the ten first genetic principal components, age, sex 94 

and body mass index, we tested for univariate associations between 10.7 million genetic 95 

polymorphisms and 41 cytokine concentrations. Genotype imputation was performed based on 96 

reference haplotypes provided by the 1000 Genomes Project September 2013 release9. The meta-97 

analyses identified 27 genome-wide significant loci (P<1.2×10-9 accounting for 41 measures); 17 of 98 

which have not been associated with cytokines, C-reactive protein or white blood cell count in 99 

previous GWASes (Table 1 and Figure 1). With the aforementioned threshold for genome-wide 100 

significance and sample size, we had 84 % power to detect an association with effect size of 0.11 101 

standard deviations per one additional copy of effect allele assuming minor allele frequency (MAF) 102 

of 50%. The potential candidate genes of the 27 genetic variants are also reported in Table 1. 103 

Results from the random effect meta-analysis for heterogenic single nucleotide polymorphisms 104 

(SNPs) (HetPval < 0.1) are reported in Supplementary Table 2. Effect estimates from the random 105 

effect models were coherent with effect estimates from the fixed effect models; however, for ten of 106 
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the heterogenic loci the P-value did not reach the genome-wide significance (1.2x10-9) with the 107 

random effect model. Complete summary statistics from meta-analyses are available at 108 

(http://www.will_be_announced_later.com). Cytokine concentration means per allele in absolute 109 

concentration units for lead SNPs are reported in Supplementary Table 3 and genomic lambda 110 

values in Supplementary Table 4. The lambda values ranged from 0.98 to 1.02 indicating that 111 

there was no overall inflation in the test statistics.  112 

Novel loci with large effects included rs192989810 from 18q12.1 for TNF-related apoptosis 113 

inducing ligand (TRAIL) with β=2.2 SD at MAF of 1%. This SNP is located within MEP1B, and 114 

leukocytes from MEP1B-/- mice have been shown to have impaired migration in response to 115 

monocyte chemotactic protein-1 (MCP1) and macrophage inflammatory protein-1α (MIP1a)10. 116 

Additional low-frequency variants with large effects included rs141053179 (β=1.1 SD) for 117 

interferon gamma-induced protein 10 (IP10), rs116924815 (β=0.61 SD) for stem cell growth factor 118 

beta (SCGFb), and rs4778636 (β=-0.73 SD) for interleukin-16 (IL16). Novel common variants 119 

(MAF>5%) with large effects (β up to -0.49) included rs2070074 and rs13412535 for Cutaneous 120 

T-cell attracting (CTACK) and platelet derived growth factor BB (PDGFbb). In addition to 121 

discovering new loci, our results confirmed associations for 10 genome-wide significant loci 122 

previously identified. These include two loci with interleukin-18 (IL18) concentration (2p22.3 and 123 

11q23.1)11,12. We also replicated two loci previously associated with vascular endothelial growth 124 

factor (VEGF; 6p21.1 and 9p24.2)13 and one additional locus previously associated with monocyte 125 

chemotactic protein-1 (MCP1; 1q23.2)14. Manhattan plots, QQ-plots and detailed plots from 126 

heterogeneity for each cytokine are provided in the Supplementary note. For 6p21.1 associated 127 

with vascular endothelial growth factor (VEGF), the association signal was narrow and hereby 128 

suggested only few causal SNP candidates (Supplementary note, page 55). After conditioning on 129 

rs6921438, the subsequent lead SNP was rs12214617 which is located 46kB from rs6921438. 130 

According to Ensembl, the secondary association signal rs12214617 is located on the promoter 131 
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flanking region in various cell types including monocytes and HepG2 cells, thus suggesting a 132 

potential role in gene regulation. A previous GWAS of VEGF levels identified the same lead SNP 133 

associated with VEGF concentration in 6p21.113. Our results confirm this association but the 134 

secondary associations signal was different from ours, potentially due to different imputation 135 

reference. For some of the genetic loci associated with cytokines the association signal is much 136 

wider, which makes the identification of the potential functional variant more challenging. For 137 

instance, the signal spans approximately 600kB for IL18-associated 2p22.3. The association peak 138 

for PDGFbb in 2q36.1 is mainly formed by only two variants (rs13412535 and rs68066031) in 139 

strong linkage disequilibrium. However, after conditioning on rs13412535 the peak is lost. 140 

According to Ensembl, the rs13412535 is located in a transcription factor binding cite and DNase 141 

peak indicating accessible chromatin. Thus, rs13412535 is likely affecting to transcription factor 142 

binding and gene expression of SERPINE2.  143 

Four of the identified loci were associated with the concentration of more than one cytokine 144 

(1q23.2, 6p21.1, 3p22.1, and 10q21.3). The 1q23.2 harbors rs12075, which is genome-wide 145 

significant for three cytokines: eotaxin, MCP1 and growth-regulated oncogene-α (GROa). The lead 146 

SNP is located within DARC, which encodes a receptor for multiple cytokines and is also a human 147 

erythrocyte blood group antigen15,16. This suggests that the effect of rs12075 on the three cytokines 148 

is not directly mediated via any of the three pertinent cytokines, but rather through altering binding 149 

of these cytokines to the DARC receptor (Fig. 2a). Similarly, the effect of rs2228467 at 3p22.1 on 150 

eotaxin and MCP1 appears to be mediated via chemokine-binding protein 2 (CCBP2), rather than 151 

directly via eotaxin or MCP1 (Fig. 2b). In contrast, a variant at 6p21.1 (rs6921438) is associated 152 

with concentration of five cytokines (VEGF, IL12p70, IL7, IL10, and IL13). This locus contains a 153 

VEGFA gene encoding VEGF, which suggest that VEGF might regulate the concentration of other 154 

cytokines associated with rs6921438. To test this directional mediation, we performed Mendelian 155 

randomization analysis using a genetic score of rs6921438 and rs12214617 (variants at 6p21.1 156 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 25, 2016. ; https://doi.org/10.1101/045005doi: bioRxiv preprint 

https://doi.org/10.1101/045005


 Cytokine genetics  8 

 

independently associated with VEGF) as the instrumental variable17. The observational and causal 157 

effect estimates were matching each other, supporting the role of VEGF as an upstream regulator of 158 

IL12p70, IL7, IL10, and IL13 (Fig. 2c-d). Variants in 10q21.3 were associated with VEGF and 159 

IL12p70. The lead SNP within this locus is rs10761731, which has the smallest association test P-160 

value for VEGF. The ratio of the IL12p70 effect size divided by the effect size of VEGF remains 161 

approximately constant in both loci (6p21.1 and 10q21.3) suggesting tight regulatory effect of 162 

VEGF on IL12p70 concentration.  163 

To assess whether the genetic loci identified harbor additional independent variants, we performed 164 

conditional meta-analyses for each cytokine-lead SNP pairs. The 17q12 locus harbored five variants 165 

independently associated with macrophage inflammatory protein-1β (MIP1b) concentration 166 

(Supplementary Table 5). These five statistically independent variants together explained 34% of 167 

the variation in circulating MIP1b. The variance explained by the independent variants for each 168 

cytokine are listed in Supplementary Table 6. The SNPs independently associated with VEGF 169 

explain 15% of the variation in circulating VEGF. The MEP1B locus had a large influence on 170 

circulating TRAIL and the variants identified here explain 14% of observed variance in TRAIL 171 

concentration. In addition, GROa was shown to be under a strong genetic control as the identified 172 

SNPs explained 10% of the circulating GROa variance.  173 

Expression analyses link three SNPs, cytokine mRNA and circulating cytokine concentrations 174 

To further elucidate the molecular mechanisms underlying the genome-wide association peaks, we 175 

performed peripheral blood expression quantitative trait loci (eQTL) analyses for lead SNPs. 176 

Transcriptomic data were meta-analyzed for 2,177 participants from YFS and FINRISK2007. These 177 

analyses identified 26 significant eQTLs for 15 SNPs. The eQTLs for SNPs in Table 1 are 178 

presented in Table 2; all significant eQTLs, including SNPs not listed in Table 1, are reported in 179 

Supplementary Table 7. Three SNPs were associated with both the mRNA encoding the cytokine 180 
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and the pertinent circulating cytokine concentration. Allele rs4778636-A in IL16 was associated 181 

with decreased concentration of circulating IL16 (Table 1), but increased concentration of IL16 182 

mRNA (Fig. 3). The Ensembl’s Variant Effect Predictor suggests that the A-allele creates a splice 183 

site variant leading to nonsense-mediated decay of IL16 mRNA18. Increased IL16 mRNA 184 

concentration may therefore be a compensatory mechanism to account for missing circulating IL16. 185 

The genome-wide association of rs4778636 with circulating IL16 confirms results from a small 186 

candidate gene study19. The MIP1b-associated variant (rs113877493) is located approximately 187 

200kB away from a cluster of cytokine-coding genes in 17q21. According to our results, the 188 

MIP1b-associatied SNP is an eQTL for four of the genes (CCL4L1, CCL4L2, CCL3L1, CCL3L3) 189 

belonging to this cluster. The variant which was associated with concentration of PDGFbb and 190 

resided at a transcription factor binding site (rs13412535) was associated with expression of 191 

SERPINE2. Interestingly, rs13412535 is located within an intron of SERPINE2 within the gene 192 

sequence instead of upstream from the gene, where transcription factors have been traditionally 193 

thought to bind.   194 

Novel drug targets for celiac disease and Behcet’s disease and wider indication for IL2ra 195 

antagonists 196 

To bridge the connection between the cytokine traits and disease, we searched the GWAS catalogue 197 

for SNP-trait and SNP-disease associations within a 1Mb window from cytokine lead SNPs20 198 

(www.genome.gov/gwastudies). The search window approach was selected since many GWASes 199 

for the complex diseases have been conducted with HapMap2 and therefore missed variants present 200 

in the 1000 Genomes imputation panel21. The results for cytokine-linked SNPs previously 201 

associated with disease status are listed in Table 3; the corresponding associations for cytokine-202 

linked SNPs previously associated with quantitative traits are listed in Supplementary Table 8. 203 

The circulating interleukin-2 receptor alpha subunit (IL2ra) increasing variant (rs12722489-C) has 204 

previously been shown to increase the risk for Crohn’s disease and multiple sclerosis1,22. The 205 
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variant rs943072-G here associated with increased concentrations of VEGF and IL12p70 has 206 

previously been linked to increased risk for ulcerative colitis23. In addition, both cytokines have 207 

been shown to be increased in patients with an inflammatory bowel disease24,25. These results link 208 

the VEGF cascade depicted in Figure 2C to inflammatory bowel disease. Variant rs7616215-T here 209 

associated with increased concentration of MIP1b has previously been shown to decrease the risk 210 

for Behcet’s disease26. In addition to disease associations, the cytokine loci identified here were 211 

linked to 15 different molecular traits. For example, rs2251746 located at 1q23.2 within FCER1A 212 

and previously linked to IgE concentration was here associated with circulating concentration of 213 

GROa and MCP1.  214 
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Discussion 215 

This study identified 27 (17 novel) genetic loci contributing to circulating concentration of one or 216 

more cytokines in the general population. In three cases, the genomic analyses linked the genetic 217 

variant via mRNA to the circulating cytokine concentration, and therefore likely pinpointed the 218 

causal gene. Genetic evidence identify a potentially novel drug target for treatment of Behcet’s 219 

disease and celiac disease, since variants associated with decreased concentration of MIP1b in this 220 

study have previously been linked with increased risk of these diseases26,27. Furthermore, our results 221 

point to a novel indication for IL2ra-antagonist, since the IL2-ra variant identified in our study has 222 

previously been associated with increased risk of Crohn’s disease. The IL2ra-targeting antibody 223 

daclizumab reduces annualized relapse rate in multiple sclerosis patients by 50% compared to 224 

placebo28. Our results suggest that daclizumab might be beneficial for patients with Crohn’s disease 225 

as well. 226 

The association of one locus to multiple circulating cytokines might help to understand clustering of 227 

autoimmune diseases. For example, a person with rheumatoid arthritis has more than 160-fold risk 228 

for autoimmune thyroiditis compared to the general population5. A genetic variant in VEGFA was 229 

here associated with increased circulating VEGF and shown to have a causal cascade effect on IL7, 230 

IL10, IL13 and IL12p70 (Fig 2C-D). Axitinib, a VEGF-receptor inhibitor, has been shown to 231 

reduce IL12p70 production in cultured monocyte-derived dendritic cells29, which support our 232 

findings. Furthermore, VEGFA-transcription follows the same temporal pattern with IL7 233 

transcription during wound healing, and it has been suggested that the secretion of these two 234 

cytokines might be connected by the same pathway30. These results from prior functional studies 235 

support our genetic evidence in humans that VEGF causally regulates secretion of IL7, IL10, IL13 236 

and IL12p70 under normal physiological conditions in healthy individuals. VEGF contributes to 237 

pathogenesis of asthma by stimulating angiogenesis, edema, inflammation and airway remodeling. 238 

These effects are partly mediated via VEGF-mediated upregulation of IL1331. Most importantly, by 239 
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linking the VEGF cascade with the risk for ulcerative colitis, our results suggest that drugs targeting 240 

VEGF might have potential in treatment of ulcerative colitis23. Furthermore, variants located 530 241 

kB from rs10761731 (10q21.3; i.e. also associated VEGF like 6p21.1  ) were associated with 242 

ulcerative colitis2. The same region had suggestive association with age at diagnosis of 243 

inflammatory bowel disease in another immunochip-based study32. This is further substantiated by 244 

GWAS of inflammatory bowel diseases, where the identified loci were enriched in pathways related 245 

VEGF cascade cytokines (IL12 and IL10)2.  246 

Another result with direct implications for drug development was found for the TRAIL-associated 247 

MEP1B locus. Drugs targeting TRAIL-signaling include Conatumumab, which is currently in phase 248 

II trials for treatment of a variety of cancers (ClinicalTrials.gov Identifier: NCT01327612). The 249 

low-frequency variant here identified to have a major influence on circulating TRAIL levels could 250 

help to clarify the causality of TRAIL-signaling in the development of cancer and assess potential 251 

side-effects from TRAIL-lowering similarly as done for IL1α/β and other targets33.  252 

Plasma IL16 levels have previously been associated to HIV progression34, but the locus has not 253 

been linked to HIV-related traits in GWAS35. This might be due to the small allele frequency in 254 

Europeans or possible recessive effects. However, our results offer a possibility to examine HIV 255 

progression in human knock-outs, since the frequency of rs4778636-AA homozygote is up to 25% 256 

in the Yoruba population of Nigeria36. Circulating IL16 has been suggested to serve as a biomarker 257 

for impaired kidney transplant function, emphysema and interferon-β treatment efficacy in multiple 258 

sclerosis37–39. If IL16 is used as a biomarker, the relatively high frequency of rs4778636-AA 259 

homozygotes in African and Asian ethnicities must be accounted for.   260 

Although TNFa antibodies have been successfully used to treat various autoimmune diseases6,7, no 261 

associations with cytokine concentrations were detected within the TNF locus (encoding TNF-α) in 262 

the MHC class III region at 6p21.33. The MHC region displays a unique pattern of linkage 263 
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disequilibrium: a subset of MHC haplotypes have moderate correlation with each other whereas 264 

variants within same haplotype block form a stronger correlation structure40. This distinct linkage 265 

disequilibrium pattern may create complex epistasis to MHC locus, which might impede the 266 

association studies in this region. Furthermore, the cytokines were measured in conditions without 267 

stimulation. Measuring the cytokines concentrations after antigen stimulus might reveal additional 268 

loci contributing to circulating cytokine concentrations. 269 

Variable degree of heterogeneity was found for of the 15 genetic loci identified. For most of the 270 

heterogenic loci, another SNP with genome-wide association but no heterogeneity could be found 271 

(see Supplemental note p. 111-124). The reason for occasional heterogeneity is likely differences in 272 

stability and accuracy of the cytokine experimental assay. In the case of the association between 273 

rs12075 and MCP1, differences in blood sample processing may also contribute: heparin treatment 274 

have been shown to release significant amounts of MCP1 from DARC, and thus affect the 275 

association signal caused by altered receptor binding properties41. 276 

In conclusion, we identified 17 new loci contributing to the genetic regulation of circulating 277 

concentrations of cytokines. Improved understanding of the genetic basis of these inflammatory 278 

markers will help to clarify the causal roles of cytokine signaling and upstream inflammation in 279 

immune-related and other chronic diseases. By linking rs4778636 to undetectable concentration of 280 

IL16, these results enable studies of HIV and other inflammatory diseases in IL16 knock-out 281 

humans. In addition, we identified a potential novel drug target for treatment of Behcet’s disease 282 

and celiac disease as well as indicated a possibility to expand indication of daclizumab from 283 

multiple sclerosis to Crohn’s disease. These results provide the basis for further studies on the 284 

molecular regulation of the immune system in health and disease.  285 

 286 

 287 
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Methods 288 

Study populations 289 

The Cardiovascular Risk in Young Finns Study 290 

The Cardiovascular Risk in Young Finns Study (YFS) is a multicenter follow-up study with 291 

randomly chosen subjects from Finnish cities of Helsinki, Kuopio, Oulu, Tampere, and Turku and 292 

their rural surroundings. The study began in 1980 when 3596 children and young adults participated 293 

to first cross-sectional survey. The follow-up visits have been conducted in 1983, 1986, 1989, 2001, 294 

2007 and 2011. The present cross-sectional study includes 2,019 unrelated individuals who 295 

participated to 2007 follow-up and who had both cytokine measurements and genotype data 296 

available. In addition, gene expression data from 1,664 participants of the 2011 follow-up were 297 

analyzed for the present study. All participants gave written informed consent and the study was 298 

approved by local ethics committees42. 299 

 300 

FINRISK 301 

FINRISK surveys are population-based cross-sectional studies conducted every five years to 302 

monitor the levels of chronic disease risk factors in Finland. Each survey includes 25-74-year-old 303 

randomly chosen subjects from five geographical areas of Finland. The present study analyses 304 

cytokine data from participants of the 1997 and 2002 surveys. The study visit includes a clinical 305 

examination and semi-fasting blood sampling. For eQTL analyses, a peripheral blood sample was 306 

drawn to quantify mRNA expression profiles from a subset of 513 FINRISK2007 participants 307 

living in the Helsinki area43. 308 

 309 

Cytokine quantification 310 
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From YFS and FINRISK2002, total of 48 cytokines were measured by using Bio-Rad’s premixed 311 

Bio-Plex Pro Human Cytokine 27-plex Assay and 21-plex Assay, and Bio-Plex 200 reader with 312 

Bio-Plex 6.0 software44. The assays were performed according to manufacturer’s instructions, 313 

except, that the amount of beads, detection antibodies and streptavidin-phycoerythrin conjugate 314 

were used with 50% lower concentrations than recommended. Only measures within the cytokine-315 

specific detection range were included in the analyses. Cytokines with >90% of values missing 316 

were excluded (7 out of 48). 317 

In FINRISK1997, a total of 17 cytokines overlapped with those measured in FINRISK2002 and 318 

YFS and were thus included in the GWAS. Genome-wide and cytokine data were available from up 319 

to 4608 FINRISK1997 participants and up to 1705 FINRISK2002 participants. The cytokine 320 

quantification was performed from EDTA plasma in FINRISK1997, from heparin plasma in 321 

FINRISK2002 and from serum in YFS. 322 

 323 

Statistical analyses 324 

Subjects whose cytokine concentration were below or above of laboratory analysis detection limits 325 

were omitted from the analyses. Cytokine distributions were first normalized with inverse 326 

transformation. The transformed phenotypes were then adjusted for age, sex, body mass index and 327 

ten first genetic principal components by calculating residuals of linear regression model. 328 

Subsequently, another inverse transformation was performed for model residuals to ensure normally 329 

distributed phenotypes. All effects sizes are hereby in SD-scaled units. 330 

Genome-wide association testing were performed using Snptest2 software version 2.5beta45,46. 331 

Imputation inaccuracy was assessed with missing data likelihood score test. Allele effects were 332 

estimated from additive model (-frequentist 1). To prevent centering and scaling of phenotypes, 333 

use_raw_phenotypes option was enabled. 334 
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Meta-analyses were performed using METAL software (version 2011-03-25)47. Prior to meta-335 

analysis all markers with imputation info <0.7, model fit info <0.7 and minor allele count <10 were 336 

excluded. After filtering, 10.7 million markers were included in the meta-analysis. Each association 337 

test was weighted by sample size. Genomic control correction was used to account for population 338 

stratification and cryptic relatedness. Heterogeneity statistics based on Cochrane’s Q-test were 339 

calculated for all markers included in meta-analysis to estimate heterogeneity of effect sizes across 340 

the three cohorts. Statistical significance was set at P<1.2×10-9, i.e. dividing the established 341 

genome-wide statistical significance (P<5×10-8) by 41 (number of cytokines analyzed). Random 342 

effect meta-analyses were performed with R software. To assess whether cytokine-associated loci 343 

harbor multiple variants independently associated with cytokine concentration, the models were 344 

further adjusted with locus-specific lead SNP and the model was fitted against the concentrations of 345 

all included cytokines. All independent SNPs were used to calculate the total variance explained by 346 

the identified loci. The proportion of total variance explained by independent SNPs was calculated 347 

by following formula: 348 

�������� �	
������  �� � �2 � ����1 � ������, 349 

where β is the regression coefficient and MAF is minor allele frequency48. 350 

Instrumental variable analysis of the VEGF cascade effects were performed with two-stage least 351 

squares regression using ivreg from the R-package AER17. A weighted gene score based on the sum 352 

of cytokine-increasing alleles of the two independent variants associated with VEGF (rs6921438 353 

and rs12214617) was used as the instrument. The estimates from the three individual cohorts were 354 

combined with inverse variance weighted meta-analyses. The observational associations were 355 

calculated as linear regression between the cytokines after adjusting for age, sex, body-mass index, 356 

and the ten first genetic principal components.  357 

eQTL analyses 358 
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Gene expression data from peripheral blood leukocytes were available from 1,664 participants from 359 

the YFS 30-year follow-up survey in 2011. After preprocessing the expression levels were analyzed 360 

with an Illumina HumanHT-12 version 4 Expression BeadChip. Raw Illumina probe data was 361 

exported from Beadstudio and analysed in R using the Bioconductor packages. The HT-12 v4 362 

BeadChip contains 47,231 expression probes. Probes expressed by <5% of the participants were 363 

excluded, resulting in 19,637 probes49.    364 

Gene expression data from peripheral blood leukocytes were analyzed for 518 individuals from 365 

FINRISK2007 with Illumina HumanHT-12 version 3 Expression BeadChips. Probes which were 366 

not autosomal, were complementary to cDNA from erythrocyte globin components and mapped to 367 

more than one genomic position were excluded. The filtering resulted to total of 35,419 probes 368 

included in the analyses43.  369 

Linear regression with probe as a dependent variable was used to test associations between 370 

cytokine-associated SNPs and transcripts. Age and sex were used as covariates. Genotype dosage 371 

was calculated for each included SNP with Qctool software50. Probes with P-value <0.05 in both 372 

YFS and FINRISK07 were included in the eQTL meta-analyses. The eQTL results were combined 373 

by inverse variance weighted meta-analysis.  374 

Database searches 375 

To assess whether cytokine concentration could contribute to disease pathogenesis, we searched the 376 

GWAS catalogue for complex trait -associated SNPs within 1Mb window from the cytokine lead 377 

SNPs20. The catalogue was downloaded on July 6, 2015 and catalogue SNPs with P<5×10-8 were 378 

selected for further analyses. The statistical significance for SNP-cytokine association was inferred 379 

at P < 1.2×10-9.  380 

  381 
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Table 1 All loci associated with the concentration of at least one of the studied cytokines 

Cytokine Rs-id Gene Locus Position A1 A2 MAF Info Beta SE P-value HetPVal 

MCP1 rs12075 DARC 1q23.2 159175354 G A 0.47 1.00 0.219 0.015 1.44×10-44 8.76×10-78 
SCGFb rs4656185 F5 1q24.2 169476326 G A 0.29 1.00 0.205 0.026 1.16×10-15 7.37×10-6 
IL18 rs385076 NLRC4 2p22.3 32489851 T C 0.34 0.97 0.243 0.025 1.66×10-22 0.07 
PDGFbb rs13412535 SERPINE2 2q36.1 224874874 G A 0.19 0.87 0.335 0.021 2.46×10-55 1.86×10-10 
Eotaxin rs 2228467 CCBP2 3p22.1 42906116 T C 0.07 1.00 0.416 0.029 2.27×10-46 0.02 
MIP1b rs113010081 CCRL2 3p21.31 46457412 T C 0.13 0.89 0.595 0.024 3.85×10-140 0.33 
IL17 rs1530455 PDIA5 3q21.1 122854899 T C 0.36 0.95 -0.108 0.017 4.71×10-10 0.81 
TRAIL esv2656942 TNFSF10 3q26.31 172274209 A - 0.04 0.98 -0.431 0.041 1.74×10-25 0.74 
HGF rs3748034 HGFAC 4p16.3 3446091 G T 0.12 0.97 0.150 0.023 1.79×10-10 0.50 
GROa rs508977 CXCL1 4q13.3 74762383 T G 0.24 1.00 0.380 0.028 7.56×10-42 0.03 
IP10 rs141053179 CXCL10 4q21.1 77589911 C G 0.01 0.99 1.103 0.140 2.81×10-15 0.97 
IL18 rs17229943 OCLN 5q13.2 68682536 A C 0.08 0.84 0.312 0.046 1.62×10-11 0.98 
VEGF rs6921438 VEGFA 6p21.1 43925607 G A 0.47 0.98 -0.490 0.018 2.09×10-171 2.19×10-47 
HGF rs5745687 HGF 7q21.11 81359051 C T 0.04 1.00 -0.307 0.041 2.71×10-14 0.29 
VEGF rs7030781 VLDLR 9p24.2 2686273 A T 0.42 0.98 -0.137 0.017 2.57×10-15 0.01 
CTACK rs2070074 IL11RA 9p13.3 34649442 A G 0.11 1.00 -0.447 0.037 1.79×10-32 5.55×10-5 
IL2ra rs12722497 IL2RA 10p15.1 6095928 C A 0.06 0.99 0.628 0.049 1.57×10-38 0.18 
VEGF rs10761731 JMJD1C 10q21.3 65027610 A T 0.36 0.99 0.119 0.017 1.01×10-11 0.54 
IL18 rs71478720 IL18 11q23.1 112009605 C T 0.24 0.99 -0.267 0.028 3.71×10-22 0.59 
SCGFb rs187503377 STAB2 12q23.3 104261835 C T 0.02 0.93 0.965 0.097 1.34×10-23 0.07 
IL16 rs4778636 IL16 15q25.1 81591639 G A 0.04 1.00 -0.727 0.063 1.11×10-30 0.22 
PDGFbb rs4965869 PCSK6 15q26.3 101990320 C T 0.26 1.00 0.184 0.018 5.66×10-24 7.2×10-3 
MIP1b rs113877493 CCL4L1 17q12 34812273 C T 0.17 0.92 -0.612 0.022 1.62×10-173 3.58×10-7 
TRAIL rs192989810 MEP1B 18q12.1 29783353 C T 0.01 0.96 2.221 0.078 8.40×10-175 5.92×10-3 
SCGFb rs116924815 CLEC11A 19q13.33 51230733 C T 0.03 0.97 0.608 0.074 1.74×10-16 0.03 
MIF rs2330634 MIF 22q11.23 24250795 C G 0.37 0.99 -0.156 0.025 4.53×10-10 0.11 
CTACK rs201003839 PPARA 22q13.31 46534944 A ACGGGC 0.27 0.99 0.190 0.027 2.42×10-12 1.36×10-3 
The same locus is occasionally associated with more than one cytokine but only the strongest trait-association is reported in the table. Allele 2 is the 
effect allele. Beta and SE are in SD-units. All positions refer to human genome build 37. Info column reports the imputation quality metric 
calculated by the Impute2 software. HetPVal reports the effect size heterogeneity statistics between the cohorts. 
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Table 2 Results from eQTL analyses for locus specific lead SNPs 

SNP locus SNP Probe Probe locus Gene 
Other 
allele 

Effect 
allele Beta SE P-value HetPval 

1q23.2 rs12075 ILMN_1723684 1q23.2 DARC G A 0.111 0.017 6.95×10-11 1.00 
2q36.1 rs13412535 ILMN_1655595 2q36.1 SERPINE2 G A -0.309 0.018 9.65×10-63 1.00 
3p21.31 rs113010081 ILMN_1763322 3p21.31 CCR3 T C 0.372 0.031 4.80×10-33 0.87 
4q13.3 rs508977 ILMN_1745522 4q13.3 PF4V1 T G 0.257 0.031 7.54×10-17 0.66 
5q13.2 rs17229943 ILMN_1679620 5q13.2 LOC728519 A C 0.342 0.036 6.72×10-22 0.35 
5q13.2 rs17229943 ILMN_1760189 5q13.2 NAIP A C 0.256 0.031 3.05×10-16 0.36 
5q13.2 rs17229943 ILMN_2260082 5q13.2 NAIP A C 0.228 0.032 8.09×10-13 0.79 
5q13.2 rs17229943 ILMN_1767377 5q13.2 LOC153561 A C 0.226 0.037 6.88×10-10 0.25 
9p13.3 rs2070074 ILMN_1664912 9p13.3 IL11RA* A G 0.192 0.018 2.07×10-26 0.36 
9p13.3 rs2070074 ILMN_1720024 9p13.3 IL11RA* A G 0.081 0.013 8.30×10-10 1.00 
9p13.3 rs2070074 ILMN_1657475 9p13.3 GALT A G -0.155 0.016 2.70×10-21 0.90 
15q25.1 rs4778636 ILMN_2290628 15q25.1 IL16* G A 0.636 0.023 2.70×10-161 1.00 
17q12 rs113877493 ILMN_2100209 17q12 CCL4L1 C T -0.389 0.020 2.14×10-87 1.00 
17q12 rs113877493 ILMN_2105573 17q12 CCL3L3 C T -0.391 0.039 4.51×10-23 0.47 
17q12 rs113877493 ILMN_2218856 17q12 CCL3L1 C T -0.180 0.021 1.72×10-18 0.70 
17q12 rs113877493 ILMN_1716276 17q12 CCL4L2 C T -0.164 0.021 1.27×10-14 0.15 
19q13.33 rs116924815 ILMN_1807359 19q13.33 CLEC11A* C T 0.450 0.023 1.99×10-85 1.00 
22q11.23 rs2330634 ILMN_1690982 22q11.23 DDT C G 0.196 0.006 4.75×10-211 0.77 
Probe IDs are from Illumina HumanHT-12 v.4 Expression BeadChip. * = The SNP is associated with cytokine concentration and with 
mRNA coding the cytokine. CTACK is also known as IL11RA and stem cell growth factor beta (SCGFb) as CLEC11A.  
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Table 3 SNPs previously associated with disease and here found to be associated with cytokine concentrations. 

Locus Rs-id Disease Cytokine 
Other 
allele 

Effect allele / Disease 
risk increasing allele EAF Beta StdErr P-value 

3p21.31 rs7616215 Behcet's disease MIP1b T C 0.40 -0.142 0.016 4.8×10-19 
3p21.31 rs13096142 Celiac disease MIP1b C T 0.29 -0.163 0.017 4.8×10-21 
6p21.1 rs943072 Ulcerative colitis IL12p70 T G 0.11 0.155 0.025 3.3×10-10 
6p21.1 rs943072 Ulcerative colitis VEGF T G 0.11 0.176 0.027 2.0×10-11 

10p15.1 rs12722489 
Crohn's disease & Multiple 
sclerosis  IL2ra 

T C 
0.87 0.325 0.034 4.1×10-21 

10p15.1 rs12722515 Inflammatory bowel disease IL2ra A C 0.87 0.328 0.034 1.6×10-21 
Each SNP reported in the table have been previously associated with corresponding disease or trait. P-values denote the SNP-cytokine 
association. EAF = Effect allele frequency. 
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Figure 1 Combined Manhattan plot of meta-analysis results from the GWAS of 41 circulating 

cytokines. Loci not previously associated with cytokine concentration in GWAS are bolded. The 

horizontal dashed line indicates the genome-wide significance threshold (P<1.2×10-9) accounting 

for the number of cytokines tested in the study. 

 

Figure 2 SNPs genome-widely associated with more than one cytokine. Variant rs12075-A is 

associated with increased concentrations of eotaxin, monocyte chemotactic protein-1 (MCP1) and 

growth regulated oncogene-α (GROa). In addition, rs12075-A is associated with increased DARC 

mRNA. Since DARC is a cell surface receptor,  the cluster effect on the three cytokines is unlikely 

to be mediated (in a cascade) through any of the three cytokines associated with rs12075 (Panel a). 

Similarly, effect of rs2228467 is mediated through a cell surface receptor (CCBP2) (Panel b). 

Variant rs6921438 in 6p21.1 is located near VEGFA. This suggests that VEGF is causally 

regulating the concentrations of IL7, IL10, IL12p70, and IL13 (Panel c). Instrumental variable 

analyses indicate that the inter-correlations between the cytokines match the causal effect estimates; 

this suggests a causal role of VEGF in mediating a cascade effect on IL7, IL10, IL12p70, and IL13 

(Panel d).  

 

Figure 3 Boxplots of interleukin-16 (IL16) cytokine and IL16 mRNA concentrations. The mRNA 

and circulating cytokine concentration are depicted by the dark grey and white boxes, respectively. 

Variant rs4778636 is located within IL16 gene. The asterisk indicates undetectable concentration of 

circulating IL16. The A-allele of rs4778636 leads to non-sense mediated decay of IL16 mRNA and 

thus circulating concentration of IL16 is undetectable in rs4778636-AA homozygotes.  
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Supplementary Figure 1 Pearson correlations between the circulating concentrations of different 

cytokines. The correlations are based on inverse transformed values and are adjusted for age, sex, 

ten first genetic principal components, and body mass index.  
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Figure 3
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