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Purpose: Emerging evidence suggests a potential role of interleukin-6
pathways—trans-signaling with soluble interleukin-6 receptors—in the asthma
pathobiology. Despite the evidence for their associations with asthma, the causal
role of soluble interleukin-6 receptors remains uncertain. We investigated the relations
of soluble interleukin-6 receptors with asthma and its major phenotypes.

Methods: We conducted a two-sample Mendelian randomization study. As genetic
instruments, we selected 33 independent cis-acting variants strongly associated with
the level of plasma soluble interleukin-6 receptor in the INTERVAL study. To investigate
the association of variants with asthma and its phenotypes, we used genome-wide
association study data from the UK Biobank. We combined variant-specific causal
estimates by the inverse-variance weighted method for each outcome.

Results: Genetically-instrumented soluble interleukin-6 receptor level was associated
with a significantly higher risk of overall asthma (OR per one standard deviation increment
in inverse-rank normalized soluble interleukin-6 receptor level, 1.02; 95%Cl, 1.01-1.03;
P = 0.004). Sensitivity analyses demonstrated consistent results and indicated no
directional pleiotropy—e.g., MR-Egger (OR, 1.03; 95%CI, 1.01-1.05; P = 0.002;
Pintercept =0.37). In the stratified analysis, the significant association persisted across
asthma phenotypes—e.g., childhood asthma (OR, 1.05; 95%Cl, 1.02-1.08; P < 0.001)
and obese asthma (OR, 1.02; 95%CI 1.01-1.03; P = 0.007). Sensitivity analysis using
16 variants selected with different thresholds also demonstrated significant associations
with overall asthma and its phenotypes.

Conclusion: Genetically-instrumented soluble interleukin-6 receptor level was causally
associated with modestly but significantly higher risks of asthma and its phenotypes. Our
observations support further investigations into identifying specific endotypes in which
interleukin-6 pathways may play major roles.

Study. Front. Med. 8:665057. Keywords: interleukin-6, soluble interleukin-6 receptor, trans-signaling pathway, asthma, Mendelian
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INTRODUCTION

Among many immune components involved in the pathobiology
of asthma, recent research has suggested a potential role of
interleukin-6 (IL-6) signaling—the classic and trans-signaling
pathways (1). The trans-signaling pathway starts with coupling
with IL-6 and soluble IL-6 receptor (sIL-6R), and formation
of a complex with the ubiquitously expressed membrane-
bound glycoprotein 130, thereby activating downstream pro-
inflammatory cascades—e.g., Janus kinase-signal transducer and
activator of transcription (JAK-STAT) pathway (1). This IL-
6 trans-signaling pathway plays major roles in a range of
inflammatory conditions (e.g., rheumatic diseases, inflammatory
bowel diseases, obesity), and is the target of anti-IL-6 therapies
(e.g., tocilizumab) (1).

Epidemiologic studies have found associations of an increased
IL-6 level in the serum, sputum, and bronchoalveolar lavage
fluid with asthma prevalence and its severity (2-4). Genome-
wide association studies (GWAS) have also reported that the
single nucleotide polymorphism (SNP) rs2228145 (Asp**® Ala)—
a variant in JL6R that increases IL-6R shedding and promotes
IL-6 trans-signaling—is associated with asthma prevalence,
asthma severity, and lower pulmonary function (5, 6). Moreover,
rs4129267—which has a perfect linkage disequilibrium with
rs2228145 above in European subjects—is also known as an
asthma susceptibility locus (7). Despite the evidence on these
associations which may suffer from unmeasured confounding,
the causal role of sIL-6R in asthma (and hence the potential
role of anti-IL-6R therapies) remains uncertain. To address the
knowledge gap in the literature, we performed an instrumental
variable analysis with genetic instruments (i.e., Mendelian
randomization) to examine the effect of sIL-6R on asthma and
its major phenotypes.

METHODS

This is a two-sample Mendelian randomization study using
GWAS summary statistics from two large cohort studies—
the INTERVAL study (8) and UK Biobank (9-12). Detailed
Methods can be found in the Supplementary Material. In brief,
Mendelian randomization can provide unbiased causal estimates
in an observation study because the genetic polymorphisms
associated with the exposure (sIL-6R levels) are allocated
randomly at conception and its causal inference is less susceptible
to confounding and reverse causation (13).

DATA SUMMARY

The Interval Study

The INTERVAL study is a prospective cohort study that recruited
approximately 50,000 blood donors aged >18 years. For the
proteomic profiling, randomly selected two non-overlapping
sub-cohorts of 2,731 and 831 participants of European ancestry
were enrolled. The levels of 2,994 plasma proteins were measured
by the use of SomaLogic assays. A genome-wide protein
quantitative trait loci (pQTL) analysis of 2,994 plasma proteins
in 3,301 healthy adults of European ancestry was conducted

(8). Overall, 1,927 significant (Pgwas <1.5% 10~ associations
between 764 genomic regions and 1,478 proteins were identified.
The summary statistics data are publicly available at http://www.
phpc.cam.ac.uk/ceu/proteins/.

The UK Biobank

The UK Biobank is a prospective cohort study that enrolled
approximately 500,000 adults (aged 40-69 years at enrollment in
2006-2010), and collected comprehensive phenotypic data and
performed genome-wide genotyping (9). The current analysis
restricted the sample to 394,256 subjects of European ancestry
to minimize population stratification (46,799 cases with asthma
and 347,457 controls). In the current study, the primary
outcome was (overall) asthma (n = 46,799). The secondary
outcomes were six major asthma phenotypes: (1) childhood
asthma (defined as age of onset <12 years; n = 9,676) (12),
(2) adult-onset asthma (defined as age of onset >26 years; n
= 22,294) (12), (3) allergic asthma (defined as asthma with
an allergic disease—eczema, food allergy, and/or allergy rhinitis
[identified by data fields 6152, 20002, 41202, 41204]; n =
23,183) (10, 11), (4) non-allergic asthma (defined as asthma
without any allergic disease; n = 23,616), (5) obese asthma
(defined as BMI of >30 kg/mz; n = 13,550), and (6) non-
obese asthma (defined as BMI of <30 kg/mz; n = 33,095).
We also identified shared controls (n = 347,457) with high-
quality genotyping and complete phenotype and covariate data
for GWAS association analysis. All participants from this study
provided UK Biobank-acquired informed consent and provided
data according to the UK Biobank protocol. The institutional
review board of Harvard University and Massachusetts General
Hospital approved the study.

Statistical Analysis

As the genetic instruments, we identified 33 independent
cis-acting variants strongly associated with plasma sIL-6R
levels (Pgwas <5x107° 7>  <0.1, 250kb from IL6R;
Supplementary Table 1) in the INTERVAL study (mean age,
44 vyears; female, 49%) (8). All variants had an F-statistic of
>10, without a significant association with major confounders
(such as education status, smoking, and physical activity;
Supplementary Table 1) nor a known pleiotropy in Ensembl,
GWAS catalog, and PhenoScanner. Separately, using the UK
Biobank data, we computed the GWAS statistics for asthma and
six major asthma phenotypes, as previously described (10-12).

To investigate the association of variants with outcomes, we
used GWAS summary statistics of the UK Biobank. We weighted
the magnitude of association of each variant with outcomes
by that with sIL-6R, and combined causal estimates of sIL-
6R on each outcome by the inverse-variance weighted meta-
analysis method with a random-effects model (14, 15) by using
MendelianRandomization package (16).

In the sensitivity analyses, we first applied MR-Egger
regression (17), MR Pleiotropy RESidual Sum and Outlier (MR-
PRESSO) test (18), and MR weighted median method (19). MR-
Egger regression detects pleiotropy based on the assumption that
the pleiotropic associations are independent from the genetic
associations with the exposure (i.e., the instrument strength
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independent of direct effect [InSIDE] assumption) and provides
corrected estimates. MR-PRESSO test (18) detects violation of the
restriction exclusion criterion assumption and provides corrected
estimates by removing variants which exhibit pleiotropy. MR
weighted median method provides consistent estimates even
when 50% of the information comes from invalid variants. We
conducted MR-Egger regression and weighted median method
using MendelianRandomization package (16) and MR-PRESSO
using MRPRESSO package (18). Second, we also used more-
stringent Pgwas (Pgwas <5x1078) and linkage disequilibrium
(r* <0.02) thresholds to select genetic instruments in order to
examine the robustness of the inferences. We analyzed the data
using R version 3.6.3 (R foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Higher genetically-instrumented sIL-6R levels were associated
with a modestly but significantly increased risk of overall
asthma (OR per one standard deviation increment in inverse-
rank normalized sIL-6R level, 1.02; 95%CI, 1.01-1.03; P =
0.004; Figure 1) with the use of inverse-variance weighted meta-
analysis method. Of the 33 genetic instruments, rs4129267—
an asthma susceptibility locus’ with a linkage disequilibrium
of r» =1 with rs2228145 (Asp>*8Ala) (6)—had the largest
weight on the Mendelian randomization estimate. The sensitivity
analysis (Table 1) not only demonstrated consistent results—
MR-Egger (OR, 1.03; 95%CI, 1.01-1.05 P = 0.002), MR-
PRESSOcorrected (OR, 1.03; 95%CI, 1.02-1.04; P < 0.001), and
MR weighted median (OR, 1.03; 95%CI, 1.02-1.04; P < 0.001),
but also indicated no directional pleiotropy in MR-Egger test
(Pintercept =0.37). Although the sensitivity analyses using MR-
PRESSO suggested potential pleiotropy (Pglopay =0.02), the
corrected MR-PRESSO yielded an estimate that is consistent with

the primary analysis (OR, 1.03; 95%CI, 1.02-1.04; P < 0.001)
after removing variants with potential pleiotropy.

In the stratified analysis, the significant association persisted
across the asthma phenotypes (Figure2)—e.g., childhood
asthma (OR, 1.05; 95%CI, 1.02-1.08; P < 0.001) and obese
asthma (OR, 1.02; 95%CI, 1.01-1.03; P = 0.007). Likewise,
the sensitivity analysis also demonstrated consistent results
(Table 1)—e.g., MR-Egger for childhood asthma (OR, 1.04;
95%CI, 1.00-1.08; P = 0.04), MR-PRESSO for obese asthma (OR,
1.02; 95%CI, 1.00-1.03; P = 0.001), and MR weighted median
for childhood asthma (OR, 1.04; 95%CI, 1.02-1.07; P < 0.001).
Although the sensitivity analyses using MR-PRESSO suggested
potential pleiotropy for allergic asthma (Pgloha =0.02) and
non-obese asthma (Pgjoby =0.004), the corrected MR-PRESSO
yielded an estimate that is consistent with the primary analysis—
allergic asthma (OR, 1.03; 95%CI, 1.02-1.05; P < 0.001) and non-
obese asthma (OR, 1.03; 95%CI, 1.02-1.04; P < 0.001)—after
removing variants with potential pleiotropy.

Lastly, the sensitivity analysis using 16 variants selected by the
use of more stringent thresholds—Pgwas <5x 10~8 and linkage
disequilibrium  (? < 0.02)—also  demonstrated significant
associations with overall asthma (OR, 1.03; 95%CI, 1.02-1.04;
P < 0.001; Supplementary Figure 1) and its phenotypes—e.g.,
childhood asthma (OR, 1.05; 1.01-1.09; P = 0.01) and obese
asthma (OR, 1.03; 95%CI, 1.01-1.05; P = 0.01; Figure 3).

DISCUSSION

In this two-sample Mendelian randomization study, we
demonstrated that higher genetically-instrumented sIL-6R levels
were associated with a modestly but significantly increased
risk of overall asthma. The sensitivity analyses also showed
consistent results. Our results are in line with recent findings
that higher circulating IL-6 levels are associated with a greater

Asthma outcomes Cases Odds ratio (95% Cl) P-value
Asthma (overall) 46799 1.02 (1.01-1.03) 0.004 e
Asthma phenotypes
Childhood asthma 9676 1.05 (1.02-1.08) <0.001 [ + |
Adult-onset asthma 22294 1.01 (1.00-1.03) 0.01 —e—
Allergic asthma 23183 1.03 (1.01-1.04) 0.004 I * i
Non-allergic asthma 23616 1.02 (1.01-1.03) 0.006 F—e—
Obese asthma 13550 1.02 (1.01-1.03) 0.007 e
Non-obese asthma 33095 1.02 (1.00-1.04) 0.03 k + i
f T T T T T 1
0.98 1.0 1.02 1.04 1.06 1.08 1.1
Odds ratio (95%Cl)
FIGURE 1 | Mendelian randomization estimates for the effect of soluble interleukin-6 receptors on overall asthma outcome. The size of the squares is proportional to
the weight of the Mendelian randomization estimate for each variant, with the horizontal lines indicating their 95% confidence intervals. The center of the diamond
represents the combined Mendelian randomization point estimate with the lateral tips indicating its 95% confidence interval, estimated by the inverse variance
weighted method. The odds ratios were estimated per one standard deviation increment in the inverse-rank normalized sIL-6R level. Cl, confidence interval; IVW,
inverse variance weighted.
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Variant Weight Odds ratio (95%Cl)
rs61806853 2.98 1.09 (1.02-1.16
rs3103309 1.81 0.99 (0.91-1.08
rs12145000 1.39 1.00 (0.90-1.11
rs12727865 2.20 1.04 (0.96-1.12
rs147889978 2.42 1.04 (0.97-1.12
rs2297607 1.72 1.12 (1.02-1.22
rs79438587 4.39 1.07 (1.02-1.12 —_—
rs9803896 3.42 0.94 (0.88-0.99 _—
rs7525477 4.89 0.98 (0.94-1.02 —
rs145262901 1.57 0.93 (0.84-1.02
rs116037345 2.49 0.99 (0.92-1.06
rs79778789 2.70 1.02 (0.96-1.09
rs79219014 3.55 1.02 (0.97-1.08
rs116141616 1.68 1.07 (0.97-1.17
rs139952834 1.53 0.97 (0.88-1.07
rs113580743 2.61 0.94 (0.88-1.01
rs4129267 8.56 1.03 (1.02-1.04 i+
rs7555748 2.92 1.00 (0.94-1.07
rs41269913 3.90 1.01 (0.96-1.06
rs140615642 1.67 1.12 (1.02-1.23
rs116059394 3.87 1.02 (0.97-1.08
rs77994623 6.33 1.04 (1.01-1.07 ——
rs139564096 1.17 0.99 (0.88-1.11
rs147830103 2.53 1.03 (0.96-1.11
rs76289529 3.61 1.04 (0.99-1.10 —_
rs149551556 2.01 0.99 (0.91-1.08
rs138398618 1.03 1.06 (0.94-1.20
rs11264224 4.98 1.04 (1.00-1.08 —
rs3766924 4.61 1.01 (0.97-1.06 o
rs188727323 4.37 1.03 (0.98-1.08
rs78042851 1.70 1.05 (0.96-1.15
rs9427116 3.43 0.97 (0.92-1.03
Ir%IE‘S;\’rIZGSSO 1.95 1.02 (0.94-1.11
estimate
1.02 (1.01-1.03 o _d
Asthma (overall) ( ) T T 1 T T 1
0.80 0.90 1.0 1.1 1.20 1.3

Odds ratio (95%Cl)

FIGURE 2 | Mendelian randomization estimates for the effect of soluble interleukin-6 receptors on asthma and its phenotypes. By using the inverse variance weighted
method, the combined causal effect of sIL-6R on the asthma (overall) outcome and six asthma phenotypes was estimated. The odds ratios were estimated per one
standard deviation increment in the inverse-rank normalized sIL-6R level. Cl, confidence interval.

Asthma outcomes Cases Odds ratio (95%CIl) P-value

Asthma (overall) 46799 1.03 (1.02-1.04) <0.001 ——e—
Asthma phenotypes
Childhood asthma 9676 1.05 (1.01-1.09) 0.01 k * {
Adult-onset asthma 22294 1.01 (0.999-1.03) 0.06 e
Allergic asthma 23183 1.03 (0.993-1.06) 0.13 t + i
Non-allergic asthma 23616 1.02 (1.00-1.03) 0.02 —e—
Obese asthma 13550 1.03 (1.01-1.05) 0.01 I * {
Non-obese asthma 33095 1.01 (0.990-1.04) 0.23 t + i
I T T 1 1 T 1
0.98 1.0 1.02 1.04 1.06 1.08 14
Odds ratio (95%Cl)

FIGURE 3 | Mendelian randomization estimates for the effect of soluble interleukin-6 receptors on asthma and its phenotypes using different thresholds. This
sensitivity analysis used 16 variants selected with the use of more-stringent Pawas (Pawas <5 x 1078) and linkage disequilibrium (2 < 0.02) thresholds. By using the
inverse variance weighted method, the combined causal effect of sIL-6R on the asthma (overall) outcome and six asthma phenotypes was estimated. The odds ratios
were estimated per one standard deviation increment in the inverse-rank normalized slIL-6R level. Cl, confidence interval.

small sample size of patients with moderate-to-severe asthma  bias is possible. However, participants from the INTERVAL
precluded us from robustly examining this specific group  study (mean age, 44 years) and UK Biobank (mean age,
that may benefit more from anti-IL-6 therapies. Third, as 57 years) were not in age ranges where survivor bias
with any Mendelian randomization study, survivor (selection)  imposes a substantial impact. Fourth, the current study design
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using summary statistics precluded us from evaluating a
potential non-linear relationship of sIL-6R with the asthma
outcomes. Fourth, the influence of genetic instruments may be
abated or buffered by feedback mechanisms or developmental
processes. Yet, such mechanisms would have diminished the
genetic effects, thereby biasing the inferences toward the
null. Lastly, to minimize the population stratification bias, we
restricted the study sample to individuals of European ancestry.
Therefore, the inferences may not be generalizable to other
racial/ethnic populations.

In conclusion, the current Mendelian randomization
study using two large cohort data demonstrated that
higher genetically-instrumented sIL-6R levels are associated
with a significantly but modestly increased risk of overall
asthma. The observation was consistent across the asthma
phenotypes and different assumptions. Our inferences
support further research into delineating the roles of IL-6
pathways in the asthma pathobiology and identifying patients
with a distinct endotype who would benefit most from
anti-IL-6 therapies.
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