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A B S T R A C T

Objectives: To assess the causality of the associations between interleukins (ILs) and rheumatoid arthritis (RA)
using Mendelian randomization (MR) design.
Methods: Genetic instruments and summary-level data for ten ILs were obtained from three genome-wide
association meta-analyses. Corresponding data on RA were obtained from a meta-analysis of 22 genome-
wide association studies (14,361 cases and 43,923 controls) and the FinnGen consortium (6236 cases, 4596
seropositive cases, 1937 seronegative cases, and 172,834 controls). Forward and reverse MR analyses were
performed.
Results: The odds ratios (ORs) of RA were 2.08 (95% confidence interval (CI), 1.56-2.77; p<0.001), 2.14 (95% CI,
1.85-2.49; p<0.001), and 0.95 (95% CI, 0.92-0.97; p<0.001) for one standard deviation increase in genetically
predicted IL-1b, IL-6 and IL-6 receptor antagonist (IL-6ra) levels, respectively. There were suggestive associa-
tions of genetically predicted IL-1 receptor antagonist (IL-1ra) (OR, 0.85, 95% CI, 0.76, 0.96; p=0.010) and IL-
18 (OR, 1.07, 95% CI, 1.00, 1.15; p=0.043) levels with RA risk. Subtype-specific associations were observed for
seropositive RA (IL-1b, IL-1ra, and IL-6) and seronegative RA (IL-2 receptor alpha subunit, IL-8, and IL-18).
Reverse MR analysis found a suggestive association between genetic liability to RA and IL-6 receptor antago-
nist (change 0.015; 95% CI, 0.003-0.028; p=0.015).
Conclusions: This MR study suggests that long-term IL-1 and IL-6 inhibition may reduce the risk of RA, partic-
ularly seropositive RA. Upregulations of ILs involved in IL-6 signaling pathways appears to be downstream
effects of RA, which supports the blocking IL-6 treatment for RA.

© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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Introduction

Rheumatoid arthritis (RA) is a systemic auto-immune disease
affecting approximately 2 to 3 out of 100 individuals and causing a
heavy disease burden globally, especially in North America andWest-
ern Europe [1]. It has been well established that the interplay of cells
(T cells, B cells, plasma cells, mast cells, and macrophages) and cyto-
kines in the transition from autoimmunity to inflammation plays an
important role in the development of RA and initiation of bone dam-
age [2]. As indispensable members of cytokines, interleukins (ILs), in
particular IL-1 and IL-6, have been thoroughly studied in RA treat-
ment and its complication management [3,4]. For example, the
efficacy and toxicity of Anakinra targeting IL-1 receptor and Tocilizu-
mab targeting IL-6 receptor a protein have been examined in ran-
domized controlled trials and corresponding drugs have been
licensed for the treatment of RA. Meanwhile, the roles of ILs in the
onset of RA have also been investigated in population-based observa-
tional studies where IL-1b and IL-6 have been consistently associated
with RA risk and identified as possible predictors for the disease
[5�8]. However, the causality of these associations and the associa-
tions of other ILs with RA remains unestablished due to potential lim-
itations of observational studies (e.g., residual confounding and
reverse causality) and lack of high-quality data from randomized tri-
als.

Utilizing genetic variants as instrumental variables to mimic bio-
logical effects of a biomarker (e.g., IL-6), Mendelian randomization
analysis is an epidemiological approach that can strengthen the
casual inference [9]. The approach has two major merits including
minimization of confounding and elimination of the reverse causality
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because the genetic variants are randomly assorted at conception
(therefore unrelated to important confounder, like environmental
and self-adopted factors) and the germline genotype cannot be modi-
fied by the onset and progression of the disease [9]. A previous MR
study including 453,411 participants found that the odds of RA signif-
icantly decreased with additional IL-1ra-raising (IL-1 receptor antag-
onist) alleles of two common variants located upstream of IL1RN
gene region (rs6743376 and rs1542176) [10]. However, the associa-
tions of other ILs with RA risk have been scarcely explored using the
MR design. Here, we conducted a wide-ranged MR study to deter-
mine the associations of ten ILs with risk of RA and its two seroposi-
tive and seronegative subtypes as well as the possible downstream
effects of RA on associated ILs.
Methods

Study design

The study was based on the publicly available summary-level data
on ILs and RA from published genome-wide association studies
(GWASs) and the FinnGen consortium (Supplementary Table 1). We
firstly conducted forward MR analyses to investigate the effects of
ten ILs on RA risk using data. The associations were further examined
by seropositive and seronegative subtypes of RA. For ILs nominally
associated with RA (p<0.05), we performed reverse MR analyses to
examine whether genetic liability to RA influences levels of these ILs.
Data sources for interleukins

Single nucleotide polymorphisms (SNPs) strongly associated with
ten ILs levels (p <5£10�8) were obtained from published GWASs
[11�13]. After excluding SNPs in linkage disequilibrium (r2 >0.01),
one SNP was selected as an instrumental variable for IL-1b from a
GWAS including up to 13,577 individuals of European ancestry [11].
Likewise, four SNPs for IL-1ra, two for IL-6, four for IL-6 receptor
antagonist (IL-6ra), two for IL-8, eight for IL-16, eight for IL-18, and
eleven for IL-27 were used as instrumental variables from a GWAS
with over 30,000 individuals of European descent [12]. For IL-2
receptor alpha subunit (IL-2ra) and IL-17, each was instrumented by
one SNP with data on the genetic association from a GWAS compris-
ing up to 8,293 individuals of European ancestry [13]. Detailed infor-
mation on used SNPs for ILs is presented in Supplementary Table 2.
Summary-level data for these ILs were also obtained from above cor-
responding GWASs.
Data sources for rheumatoid arthritis

Two datasets, including Okada et al GWAS data [14] and the Finn-
Gen consortium (R5) [15], were used to extract the summary-level
statistics on the associations of IL-associated SNPs with RA. The
Okada et al study included 14,361 RA cases and 43,923 controls from
22 studies of European populations where cases were defined by
1987 criteria of the American College of Rheumatology for RA diagno-
sis or professional rheumatologist [14]. The R5 release of the FinnGen
consortium included 6236 RA cases, 4596 seropositive RA cases, 1937
seronegative RA cases, and up to 172,834 controls. In FinnGen, RA
cases were defined by International Classification of Disease-8, -9
and -10 codes with diagnostic information from nationwide registries
(Supplementary Table 3). Genetic variants associated with RA at the
genome-wide significance level (p <5£10�8) were selected from
Okada et al GWAS analysis on RA in European populations [14]. After
pruning SNPs in linkage disequilibrium (r2 >0.01), 76 SNPs were
selected as instrumental variables used in reverse MR analyses (Sup-
plementary Table 4).
Statistical analysis

The F statistic was calculated to assess the strength of instruments
(Supplementary Table 5). Instruments that were unavailable in out-
come data were replaced by proxy SNPs in high linkage disequilib-
rium (r2 �0.8). The inverse variance weighted method was used to
estimate the associations between ILs and RA. For ILs proxied by one
or two SNPs, the inverse variance weighted method with fixed effects
was used. For the MR analysis based on �3 SNPs, the method with
multiplicative random effects was employed. Estimates based on
Okada et al GWAS and FinnGen data for each IL were combined using
the fixed-effects meta-analysis method. Several sensitivity analyses,
including the weighted median, MR-Egger, and MR-PRESSO methods,
were conducted to examine the consistency of results and horizontal
pleiotropy. The weighted median method can generate consistent
causal estimates if more than half of used instrumental variables are
valid [16]. MR-Egger regression can detect horizontal pleiotropy by
its intercept test as well as provide pleiotropy-corrected estimates;
however, the analysis is usually underpowered [17]. MR-PRESSO
analysis can detect potential outlying SNPs and provide causal esti-
mates after removal of outliers [18]. Cochrane’s Q value was used to
assess the heterogeneity among estimates of SNPs in one analysis.
We searched ILs-associated SNPs associated traits at the genome-
wide significance level in PhenoScanner V2 (a database of human
genotype-phenotype associations) to detect possible pleiotropy [19].
A sensitivity analysis excluding possible pleiotropic SNPs was per-
formed. Power was estimated using a web tool (Supplementary
Table 6) [20]. Bonferroni correction method was used to account for
multiple testing. Associations with p value <0.005 (0.05/ 10 ILs) were
deemed significant, and those with p value between <0.05 and
�0.005 were regarded as suggestive associations. All tests were two-
sided and performed using the TwoSampleMR [21] and MR-PRESSO
[18] packages in the R software (version 4.0.2).

Results

Two SNPs were unavailable and without suitable proxies for the
analysis of IL-16. One SNP was missing for the analysis of IL-18 in
Okada et al GWAS data. F statistics for all instruments were >10
(Supplementary Table 5).

Forward MR analysis

Genetically predicted levels of three out of ten ILs were associated
with risk of RA after multiple testing correction (Figure 1). The odds
ratios (ORs) of RA were 2.08 (95% confidence interval (CI), 1.56, 2.77;
p<0.001), 2.14 (95% CI, 1.85, 2.49; p<0.001), and 0.95 (95% CI, 0.92,
0.97; p<0.001) for one standard deviation (SD) increase in genetically
predicted IL-1b, IL-6 and IL-6ra levels, respectively. There were sug-
gestive associations of genetically predicted IL-1ra (OR, 0.85, 95% CI,
0.76, 0.96; p=0.010) and IL-18 (OR, 1.07, 95% CI, 1.00, 1.15; p=0.043)
levels with RA risk. Genetically predicted levels of the other studied
ILs were not associated with RA risk.

In analyses of subtypes of RA, higher genetically predicted IL-6
levels were associated with an increased risk of seropositive RA (OR,
1.66, 95% CI, 1.29, 2.15; p<0.001) (Figure 2). There were suggestive
associations of genetically predicted levels of IL-1b (OR, 2.11, 95% CI,
1.00, 4.14; p=0.049) and IL-1ra (OR, 0.82, 95% CI, 0.69, 0.98; p=0.025)
with seropositive RA. Genetically predicted levels of IL-2ra (OR, 0.77,
95% CI, 0.63, 0.95; p=0.012), IL-8 (OR, 2.13, 95% CI, 1.10, 4.12;
p=0.025) and IL-18 (OR, 1.18, 95% CI, 1.02, 1.36; p=0.030) were sug-
gestively associated with risk of seronegative RA (Figure 2).

The associations were consistent in sensitivity analyses (Supple-
mentary Table 7). We observed high heterogeneity in analyses of IL-
6 and the associations for IL-6 were mainly driven by rs4959106
located in HLA-DQA1 gene region in both datasets. No indications of



Figure 1. Associations of genetically predicted circulating interleukin levels with rheumatoid arthritis. CI, confidence interval; IL, interleukin; IL-1b, IL-1 beta; IL-1ra, IL-1 receptor
antagonist; IL-2ra, IL-2 receptor alpha subunit; IL-6ra, IL-6 receptor subunit alpha; OR, odds ratio.
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horizontal pleiotropy were detected by MR-Egger intercept test
(p>0.1) and no outliers were detected in MR-PRESSO analyses (Sup-
plementary Table 7).

A few SNPs (rs6734238 for IL-1ra, rs4959106 for IL-6, rs12126142
for IL-6ra, and rs10774624 for IL-27) were associated with other phe-
notypes at the genome-wide significance level, including different
white blood cells, fibrinogen levels, other autoimmune diseases,
height, and body mass (Supplementary Table 8). With exception for
body mass (rs4959106 for IL-6 and rs10774624 for IL-27) [22,23],
other traits were unlikely to exert pleiotropic effects on the observed
associations between genetically predicted IL levels and RA risk.
The association for IL-27 but not for IL-6 remained consistent in
the sensitivity analysis excluding these possible pleiotropic SNPs
(not shown).



Figure 2. Associations of genetically predicted circulating interleukin levels with subtypes of rheumatoid arthritis in FinnGen consortium. CI, confidence interval; IL, interleukin; IL-
1b, IL-1 beta; IL-1ra, IL-1 receptor antagonist; IL-2ra, IL-2 receptor alpha subunit; IL-6ra, IL-6 receptor subunit alpha; OR, odds ratio; RA, rheumatoid arthritis.
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Reverse MR analysis

Genetic liability to RA showed no associations with studied ILs at
that Bonferroni-corrected significance level (Figure 3). There was a
suggestive positive association between genetic liability to RA and IL-
6ra (change 0.015; 95% CI, 0.003, 0.028; p=0.015). The association
remained directionally consistent in sensitivity analyses. In addition,
genetic liability to RA was suggestively associated with IL-6 (change
0.037; 95% CI, 0.009, 0.064; p=0.010) and IL-18 (change 0.027; 95% CI,
0.002, 0.051; p=0.032) levels in the weighted median analysis (Sup-
plementary Table 9). Mild heterogeneity and no horizontal pleiot-
ropy (p for MR-Egger intercept >0.3) were detected (Supplementary
Table 9) in these analyses.
Discussion

This MR study found that genetically predicted IL-1b, IL-6, and IL-
6ra, and possibly IL-1ra and IL-18 levels were associated with risk of
RA. The associations for genetically predicted levels of certain studied
ILs, including IL-1b, IL-1ra, IL-2ra, IL-6, IL-8, and IL-18, appeared to be
different between seropositive and seronegative RAs. Reverse MR
analyses found that genetic predisposition to RA was possibly associ-
ated with levels of IL-6ra as well as IL-6 and IL-18.

Our findings on the role of IL-1 signaling pathways in the RA
development are generally in line with previous observational and
MR studies. Two case-controls studies found higher levels of IL-1b in
pre-patients and RA patients compared to controls [5, 6]. Our study



Figure 3. Association of genetic liability to rheumatoid arthritis with interleukin levels. CI, confidence interval; IL, interleukin; IL-1b, IL-1 beta; IL-1ra, IL-1 receptor antagonist; IL-
6ra, IL-6 receptor subunit alpha.
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using MR technique and data from two independent populations
confirmed this potentially causal positive association. However, with
regard to IL-1ra, our finding was inconsistent with results from a
case-control study with 154 RA cases and 254 controls where IL-1ra
levels were higher in pre-patients compared to controls [5]. In a
nested case-control study with 49 RA patients and 245 matched con-
trols, although levels of IL-1ra were insignificantly higher in sera
from �5 years before the diagnosis of RA compared to control sera,
this association was predominantly observed in post-diagnostic sera
[8]. This finding indicated that the association between IL-1ra and RA
risk observed in case-control studies might be biased by reverse cau-
sality. This hypothesis was partly supported by the consistent results
in a previous and the current MR studies [10]. The increase in IL-1ra-
increasing alleles of two SNPs located upstream of IL1RN, the gene
encoding the IL-1ra, was associated with a reduced risk of RA in
14,361 RA cases and 43,923 controls [10]. Our study further found
that the protective effect of IL-1 inhibition was mainly observed for
seropositive subtype.

Even though we found that genetically predicted IL6 levels were
positively associated with RA risk, a finding being consistent with
previous observational studies [5-7,24], this association was driven
by the SNP in HLA-DQA1 instead of IL6R gene region. A phenome-
wide MR on IL6 proxied by 7 SNPs in IL6R did not observe an associa-
tion with RA [25]. In addition, the HLA-DQA1 in MHC region has been
identified as a strong genetic risk for seropositive RA [26,27]. Thus,
the analysis for IL6 levels in this study might violate the third
assumption of MR (the genetic variant directly influences the risk of
outcome) and therefore be biased. However, the association for
genetically predicted IL-6ra supported that IL-6 signaling pathway
was likely to play a role in the development of RA given that
rs12126142 in IL6R region explaining the largest variance among 4
SNPs associated with IL-6ra contributed most to this association.
Reverse MR analysis found that genetic liability to RA was associated
with levels of IL-6 and IL-ra, which indicates that RA per se might
upregulate these ILs. These findings suggest that IL-6 signaling path-
way has upstream and downstream features of RA and rationalize IL-
6 inhibition treatment for RA from the perspective of human gene.

One SNP (rs360722) but no other SNPs associated with IL-18 was
revealed to be associated with RA susceptibility in a meta-analysis
including 2944 patients with RA and 2377 controls from 7 studies
[28]. Our study used more SNPs and strengthened the possible role of
IL-18 in RA development, although the association was merely
observed in the FinnGen population. Several associations of ILs with
RA appeared to be specific to seronegative RA, such as the associa-
tions for IL-2ra, IL-8, and IL-18. Given that seronegative RA is a less
prevalent subtype of RA compared to seropositive RA, there were a
few studies focused on the associations between ILs and the outcome
and therefore our findings are novel and need verification.

Several mechanisms have been proposed to explain the roles of
IL-1 and IL-6 pathways in pathogenesis of RA. For IL-1 pathways, IL-
1a and IL-1b binding to the type 1 IL-1 receptor can up-regulate
expression of adhesion molecules on endothelial cells, enhance the
migration of leukocytes from the blood into the inflamed joint, facili-
tate the growth of new blood vessels that characterizes rheumatoid
synovitis, mediate the tissue destruction in the rheumatoid joint, as
well as contribute to inflammation, increased muscle metabolism,
and bone marrow suppression [29]. IL-1ra competitively binding to
the type 1 IL-1 receptor fails to stimulate the target cells and thus
may generate no harmful effects on RA [29]. IL-6 plays a vital role in
inflammation at the joint [30]. It helps the development of immuno-
globulin M and G rheumatoid factors along with antibodies to citrulli-
nated peptides [30]. IL-6 can also promote synovitis development
and joint destruction [31]. IL-1 and IL-6 together help the periarticu-
lar osteopenia formation and the synthesis of acute-phase proteins
[29].

There are strengths of this study, including the MR design, a
comprehensive investigation of ten ILs proxied by instruments
with good strength, a large number of RA cases, analyses by sub-
types of RA, reverse MR analyses, and replication in an indepen-
dent population. Limitations need to be assessed when
interpreting our results. Even though we performed several sensi-
tivity analyses and the associations remained consistent in these
analyses, horizontal pleiotropy might be an issue hindering causal
inference, especially for ILs proxied by a few SNPs. By checking
possible pleiotropic effects of ILs-associated SNPs in PhenoScan-
ner, the effect of rs4959106 for IL-6 and rs10774624 for IL-27 on
body mass might generate pleiotropic bias on the associations
between genetically predicted IL levels and RA [22,23]. The null
finding for IL-27 should be robust since the association remained
consistent in the analysis excluding the pleiotropic SNP. However,
whether the positive association between IL-6 and RA was causal
should be assessed in the future study given that the association
did not persist after excluding rs4959106 that explains a large
proportion of phenotypic variance in IL-6 levels. The population
confinement to individuals of European descent minimized the
population structure bias; however, this might limit the gener-
alizability of our findings to other populations. Statistical power
might be inadequate for certain analyses of ILs instrumented by
SNPs that explain a small phenotypic variance as well as for the
analyses of seronegative RA with a few cases. There might be
interaction effects between ILs on RA development. However,
these interaction effects could not be assessed in this MR analysis
based on summary-level data [32]. Although most associations
were consistent between two data sources, certain associations
varied possibly due to the uncertainty of the association per se,
the difference in population features (e.g., levels of ILs), and the
varying outcome definitions.

In conclusion, this MR study suggests that long-term IL-1 and IL-6
inhibition may reduce the risk of development of RA, majorly sero-
positive RA. Meanwhile, upregulations of interleukins involved in IL-
6 and possibly IL-18 signaling pathways appears to be downstream
effects of RA, which supports the blocking IL-6 treatment for RA. The
associations of IL-2ra, IL-8, and IL-18 with seronegative RA warrants
more study.
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