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Beijing Institute of Brain Disorders, Laboratory of Brain Disorders, Ministry of Science and Technology, Collaborative Innovation Center for Brain
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ABSTRACT

Background: A recent Mendelian randomization (MR) did not support an effect of the lead interleukin-6
receptor (IL-6 R) variant on risk of pulmonary arterial hypertension (PAH). Thus, we used two sets of
genetic instrumental variants (IVs) and publicly available PAH genome-wide association studies (GWAS)
to reassess the genetic causal link between IL-6 signaling and PAH.

Methods: Six independent IL-6 signaling and 34 independent soluble IL-6 receptor (sIL-6 R) genetic IVs
from recent MR reports and PAH GWAS including 162,962 European individuals were used to perform this
two-sample MR study.

Results: We found that as IL-6 signaling genetically increased, the risk of PAH reduced using IVW (odds
ratio [OR] = 0.023, 95% confidence interval [Cl]: 0.0013-0.393; p = .0093) and weighted median
(OR = 0.033, 95% Cl: 0.0024-0.467; p = .0116). Otherwise, as sIL-6 R genetically increased, the risk of
PAH increased using IVW (OR = 1.34, 95% CI: 1.16-1.56; p = .0001), weighted median (OR = 1.36, 95% Cl:
1.10-1.68; p = .005), MR-Egger (OR = 1.43, 95% Cl: 1.05-1.94; p = .03), and weighted mode (OR = 1.35, 95%
Cl for OR: 1.12-1.63; p = .0035).

Conclusion: Our analysis suggested the causal link between genetically increased sIL-6 R and increased
risk of PAH and between genetically increased IL-6 signaling and reduced risk of PAH. Thus, higher sIL-6 R
levels may be a risk factor for patients with PAH, whereas higher IL-6 signaling may be a protective factor
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for patients with PAH.

Introduction

Pulmonary arterial hypertension (PAH) is a complex disease
characterized by a progressive obliterative vasculopathy of the
distal pulmonary arterial circulation (1). PAH leads to pro-
gressive increases in pulmonary vascular resistance, right heart
failure, and death if untreated (2). Patients with PAH are
associated with significant morbidity and mortality (3).
Despite the availability over the past 15 years of multiple
drugs interfering with the endothelin, nitric oxide and prosta-
cyclin pathways, PAH remains a severe clinical condition (4).

Perivascular inflammation is a prominent pathologic feature
in patients with PAH and animal models (5). Inflammation has
been highlighted as a key factor in PAH development, particu-
larly interleukin-6 (IL-6) (6). Thus, classical IL-6 signaling may
be a promising therapeutic target for PAH (7). Isolated case
reports have suggested regression of PAH with tocilizumab (a
monoclonal antibody targeting IL-6 receptor) in associated sys-
temic lupus erythematosus, mixed connective tissue diseases
and Castleman’s disease (8,9). However, one proof-of-concept
open-label clinical trial demonstrated no significant effect of
tocilizumab in prevalent group 1 PAH (10). The lack of efficacy
in this trial would seem to contradict the extensive data in
preclinical cell and animal models for an important potentially
causal role for IL-6 (1,5,7,10,11).

Many factors including reverse causation and confounding
bias observational studies and result in the absence of high-
quality RCTs. Based on the principle that genetic variants are
randomly allocated at meiosis, Mendelian randomization
(MR) study is independent of many factors that bias observa-
tional studies and has been widely used to identify the causal
link between an exposure and an outcome (12-18). However,
a recent Mendelian randomization (MR) did not support an
effect of IL-6 on PAH risk using a genetic variant in IL6R,
rs7529229 and PAH genome-wide association studies (GWAS)
including 11,744 European individuals (10). Thus, we used two
sets of genetic instrumental variants (IVs) including six inde-
pendent IL-6 signaling and 34 independent soluble IL-6 recep-
tor (sIL-6 R) genetic IVs from recent MR reports and publicly
available PAH GWAS including 162,962 European individuals
to identify the genetic causal link between IL-6 signaling
and PAH.

Materials and methods
Ethics approval and consent to participate

Our study was approved by the Ethics Committee of Beijing
Institute of Brain Disorders in Capital Medical University.
This article contains human participants collected by several
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previous studies to report the large-scale GWAS. All partici-
pants gave informed consent in all the corresponding original
studies, as described in the Methods.

IL-6 signaling and sIL-6 R genetic instrumental
variants (IVs)

Based on recent MR reports (19-22), IL-6 signaling and sIL-
6 R genetic IVs were chosen. IL-6 signaling and sIL-6 R genetic
IVs have been used to identify the causal link between IL-6 and
autoimmune arthritis (19), ischemic stroke and other cardio-
vascular outcomes (22), depressive symptoms (21), cardiovas-
cular diseases, immune-related disorders and longevity (20).
Six IL-6 signaling and 34 sIL6R genetic IVs were generated
from a meta-analysis of a large-scale chronic inflammation
GWAS of 204,402 European individuals (23) and plasma pro-
teome GWAS of 3,301 European individuals (24), respectively.
“IL6 signaling” referred to IL-6 R genetic instruments and
weighted by the level of CRP (21) and plasma sIL6R with
sgp130 forms an inhibitory receptor to suppress IL-6 signaling
(25). The Linkage disequilibrium (LD) matrix Tool was used to
determine LD levels of SNPs (https://ldlink.nci.nih.gov/?tab=
ldmatrix, CEU; r* < 0.1). Six potential IL-6 signaling genetic

Table 1. IL-6-signaling and sIL-6 R genetic instrumental variants (IVs).

IVs and 34 potential sIL-6 R genetic IVs were shown in
Table 1.

Pulmonary arterial hypertension (PAH) GWAS

To date, the largest PAH GWAS summary statistics was pro-
vided by ieu open GWAS project in 2021. This PAH GWAS
consists of 125 PAH cases and 162,837 healthy controls from
European ancestry. The summary statistics of pulmonary
arterial hypertension (PAH) GWAS is available on ieu open
GWAS project at https://gwas.mrcieu.ac.uk/datasets/finn-
b-I9_HYPTENSPUL. The summary information about the
largest PAH GWAS is shown in Table 2.

Association of IL-6 signaling and sIL-6 R genetic
instrumental variants (IVs) in pulmonary arterial
hypertension (PAH) GWAS

The LD proxy tool was used to identify potential proxy SNPs
(r* > 0.8) when IL-6 signaling and sIL-6 R IVs could not be
found in PAH summary statistics. All six independent IL-6
signaling genetic IVs were successively extracted from this
PAH GWAS summary statistics. Of 34 independent sIL-6 R

Exposure SNP EA NEA Beta SE p val Gene
IL-6-signaling rs73026617 T C 0.0474 0.0068 3.16E-12 IL6R
rs12083537 A G 0.0643 0.0053 7.14E-34 IL6R
rs4556348 T C 0.0541 0.0067 6.77E-16 IL6R
rs2228145 A C 0.0899 0.0042 1.21E-101 IL6R
rs11264224 A C 0.0465 0.0057 3.41E-16 ADAR
rs12059682 T C -0.0441 0.0049 2.26E-19 ADAR
sIL-6 R rs61806853 T C -0.4957 0.0573 5.01E-18 TPM3
rs181862028 A T -0.4133 0.1042 7.24E-05 HAX1
rs3103309 T C 0.16 0.0261 8.51E-10 HAX1
rs2297607 A G 0.1756 0.0291 1.66E-09 ATP8B2
rs56258967 T C 0.4718 0.1151 4.17E-05 ATP8B2
rs116568035 A G -0.3112 0.0696 7.76E-06 ATP8B2
rs79438587 T C 0.405 0.0338 4.07E-33 ATP8B2
rs35717427 A G 0.5238 0.036 5.62E-48 IL6R
17525477 A G -0.3502 0.0261 4.79E-41 IL6R
rs79778789 A G -0.7852 0.0887 8.32E-19 IL6R
rs79219014 T G 0.7582 0.0767 4.57E-23 IL6R
rs139952834 T C -0.6506 0.1072 1.29E-09 IL6R
rs113580743 A G -0.5141 0.0605 1.95E-17 IL6R
rs4129267 T C 1.1148 0.0157 1.00E-200 IL6R
rs142712385 A T -0.2782 0.0534 1.91E-07 IL6R
rs77741705 @ G 0.5205 0.0941 3.16E-08 IL6R
r1s79925547 T C 0.752 0.1155 7.41E-11 IL6R
rs147700711 T G -0.4972 0.119 2.95E-05 IL6R
rs76518735 A C 0.5646 0.0924 1.00E-09 SHE
rs41269913 T @ 0.6983 0.0599 1.95E-31 SHE
rs77994623 T C -0.6184 0.0307 2.75E-90 TDRD10
rs4633282 T C 0.6124 0.0286 6.31E-102 TDRD10
rs116805289 A C 0.6267 0.0822 2.51E-14 TDRD10
rs76289529 T C 0.6656 0.0678 9.77E-23 TDRD10
rs115697580 A G -0.4684 0.0967 1.26E-06 TDRD10
rs149551556 T C -0.6651 0.0947 2.19E-12 UBE2Q1
rs67860750 C G 0.3985 0.0353 1.41E-29 CHRNB2
rs138398618 A G -0.5044 0.1027 9.12E-07 CHRNB2
r1s3766925 A T 0.184 0.0294 3.89E-10 ADAR
rs11264224 A C -0.4576 0.0336 3.89E-42 ADAR
r1s3766924 T C -0.3863 0.03 7.94E-38 ADAR
rs115880387 A G -0.6209 0.1388 7.59E-06 ADAR
rs147745605 T C 0.5012 0.1034 1.26E-06 ADAR
rs10752605 A G -0.3349 0.0374 3.63E-19 ADAR

IL-6: interleukin-6; sIL-6 R: soluble IL-6 receptor; IVs: instrumental variants; SNP: single-nucleotide polymorphism; EA: effect allele; NEA: non-effect allele;
Beta: the regression coefficient based on the IL-6-signaling or sIL-6 R raising effect allele; SE: standard error.
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Table 2. Pulmonary arterial hypertension (PAH) genome-wide association study (GWAS).

GWAS ID Year Trait

ncase

ncontrol nsnp Population Sex

finn-b-19_HYPTENSPUL 2021 Hypertension, Pulmonary Arterial

125

162,837 16,380,163 European Males and Females

PAH: pulmonary arterial hypertension; GWAS: genome-wide association study; GWAS ID: GWAS identity; ncase: the number of patients with PAH; ncontrol: the number

of healthy controls; nsnp: the number of single-nucleotide polymorphism.

genetic IVs, 33 were successively extracted from this PAH
GWAS summary statistics. The association of IL-6 signaling
and sIL-6 R genetic IVs within PAH GWAS datasets was
shown in Table 3.

Pleiotropy test

MR-Egger intercept and MR-pleiotropy residual sum and out-
lier (MR-PRESSO) tests have previously been described to test
the pleiotropy (26). MR-Egger is based on the same regression
model with inverse variance weighted (IVW), but allows and
accounts for the potential pleiotropy using the MR-Egger
intercept test (26-28). If the selected genetic variants are not
pleiotropic, then the MR-Egger intercept term should tend to
zero as the sample size increases (28). MR-PRESSO could
detect and correct for the horizontal pleiotropy via outlier

removal (the MR-PRESSO outlier test) (26). R Packages
‘Mendelian Randomization’ (29) and “MR-PRESSO” (26)
was used to complete the statistical tests. Both MR-Egger
intercept and MR-PRESSO methods were used to test the
pleiotropy of independent IL-6 signaling or sIL-6 R genetic
IVs in PAH GWAS dataset. The results about pleiotropy test
were shown in Table 4. p >.05 represents no pleiotropy of
independent IL-6 signaling or sIL-6 R genetic IVs in PAH
GWAS.

Heterogeneity test

MR-Egger and inverse variance weighted (IVW) in Cochran’s
Q statistic have been broadly used to examine the heterogene-
ity (30,31). Cochran’s Q statistic could provide evidence of
heterogeneity due to pleiotropy or other causes (30).

Table 3. Association of IL-6-signaling and sIL-6 R genetic instrumental variants (IVs) with pulmonary arterial hypertension (PAH) GWAS.

Exposure (IL-6 or sIL-6 R)

Outcome (PAH)

Exposure SNP Beta SE p val Beta SE p val
IL-6-signaling rs11264224 0.047 0.006 3.41E-16 -0.565 0.192 0.003
rs12059682 -0.044 0.005 2.26E-19 0.255 0.156 0.102
rs12083537 0.064 0.005 7.14E-34 0.027 0.153 0.862
152228145 0.090 0.004 1.21E-101 -0.340 0.139 0.015
rs4556348 0.054 0.007 6.77E-16 -0.091 0.168 0.588
173026617 0.047 0.007 3.16E-12 -0.413 0.186 0.026
sIL-6 R rs10752605 -0.335 0.037 3.63E-19 -0.042 0.208 0.841
rs11264224 -0.458 0.034 3.89E-42 -0.565 0.192 0.003
rs113580743 -0.514 0.061 1.95E-17 -0.012 0.195 0.951
rs115697580 -0.468 0.097 1.26E-06 -0.621 0.367 0.091
rs115880387 -0.621 0.139 7.59E-06 -1.763 1.246 0.157
rs116568035 -0.311 0.070 7.76E-06 -0.054 0.354 0.880
rs116805289 0.627 0.082 251E-14 0.079 0.352 0.822
rs138398618 -0.504 0.103 9.12E-07 -0.250 0.438 0.567
rs139952834 -0.651 0.107 1.29E-09 0.037 0.370 0.920
142712385 -0.278 0.053 1.91E-07 -0.008 0.234 0.971
rs147700711 -0.497 0.119 2.95E-05 0.980 1.004 0.329
147745605 0.501 0.103 1.26E-06 0.133 0.616 0.829
rs149551556 -0.665 0.095 2.19E-12 0.610 0.756 0.420
12297607 0.176 0.029 1.66E-09 0.063 0.135 0.642
rs3103309 0.160 0.026 8.51E-10 -0.024 0.142 0.864
rs35717427 0.524 0.036 5.62E-48 0.175 0.197 0.374
153766924 -0.386 0.030 7.94E-38 -0.255 0.156 0.102
1s3766925 0.184 0.029 3.89E-10 0.029 0.145 0.844
rs41269913 0.698 0.060 1.95E-31 -0.620 0.435 0.154
14129267 1.115 0.016 1.00E-200 0.342 0.139 0.014
rs4633282 0.612 0.029 6.31E-102 0.189 0.135 0.162
rs56258967 0.472 0.115 4.17E-05 0.193 1.135 0.865
rs61806853 -0.496 0.057 5.01E-18 0.215 0.371 0.562
rs67860750 0.399 0.035 1.41E-29 0.044 0.181 0.808
157525477 -0.350 0.026 4.79E-41 0.089 0.129 0.489
rs76289529 0.666 0.068 9.77E-23 1377 0.691 0.046
rs76518735 0.565 0.092 1.00E-09 0.083 0.348 0.811
rs77741705 0.521 0.094 3.16E-08 0.515 0.719 0.474
1577994623 -0.618 0.031 2.75E-90 -0.283 0.192 0.139
rs79219014 0.758 0.077 4.57E-23 -0.236 0.883 0.789
rs79438587 0.405 0.034 4.07E-33 0.127 0.186 0.495
rs79778789 -0.785 0.089 8.32E-19 -0.546 0.355 0.125
rs79925547 0.752 0.116 741E-11 -0.881 1.338 0.510

IL-6: interleukin-6; sIL-6 R: soluble IL-6 receptor; IVs: instrumental variants; PAH: pulmonary arterial hypertension; GWAS: genome wide association
study; SNP: single-nucleotide polymorphism; Beta: the regression coefficient based on IL-6-signaling or sIL-6 R raising effect allele; SE: standard error.
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Table 4. Pleiotropy and heterogeneity test of IL-6-signaling and sIL-6 R genetic instrumental variants (IVs) in pulmonary arterial hypertension (PAH) GWAS.

Pleiotropy test

Heterogeneity test

MR_Egger PRESSO MR Egger VW
Exposure Intercept SE p val p val Q Q_df Q_pval Q Q_df Q_p val
IL-6-signaling -0.304 0.342 0.425 0.177 8.011 4 0.091 9.589 5 0.088
sIL-6 R -0.037 0.081 0.646 0.827 25.098 31 0.763 25313 32 0.793

IL-6: interleukin-6; sIL-6 R: soluble IL-6 receptor; IVs: instrumental variants; PAH: pulmonary arterial hypertension; GWAS: genome wide association study; [IVW: inverse
variance weighted; SE: standard error. p val > 0.05 represent no significant pleiotropy. Q_p val > 0.05 represents no significant heterogeneity.

R Packages ‘Mendelian Randomization’ (29) was used to com-
plete the statistical tests. Both MR-Egger and Inverse variance
weighted (IVW) in Cochran’s Q statistic were used to test the
heterogeneity of independent IL-6 signaling or sIL-6 R genetic
IVs in PAH GWAS dataset. The results about heterogeneity
test were shown in Table 4. Q_p val > 0.05 represents no
heterogeneity of independent IL-6 signaling or sIL-6 R genetic
IVs in PAH GWAS.

MR analysis

The IVW was selected as the main MR analysis method to
combine the variant-specific Wald estimators by taking the
inverse of their approximate variances as the corresponding

weights (28). In addition, we also selected the weighted median
that could produce consistent estimates even up to 50% of
selected genetic variants are not valid (26-28). R Packages
‘Mendelian Randomization’ (29) was used to complete all the
statistical tests in MR analysis. Four MR analysis methods
including MR-Egger, weighted median, IVW, and weighted
mode were used to analyze the causal association of IL-6
signaling or sIL-6 R levels with PAH. The results about MR
analysis were shown in Table 5. p <.05 represents the causal
association of IL-6 signaling or sIL-6 R levels with PAH. To
analyze the single SNP effect, individual causal effect of and
single effect size of IL-6 signaling or sIL-6 R-associated SNPs
on PAH were analyzed and shown in Figure 1 and Figure 2,
respectively.

Table 5. The causal association of IL-6-signaling and sIL-6 R with pulmonary arterial hypertension (PAH).

Exposure Method nsnp Beta SE p val Beta_Ici95 Beta_uci95 OR OR_lci95 OR_uci95

IL-6-signaling VW 6 -3.79 1.46 0.0093 -6.653 -0.935 0.023 0.0013 0.393
Weighted median 6 -3.41 1.35 0.0116 -6.051 -0.762 0.033 0.0024 0.467

sIL-6 R VW 33 0.29 0.08 0.0001 0.146 0.444 1.343 1.1569 1.5588
Weighted median 33 0.31 0.11 0.0049 0.093 0.521 1.360 1.0975 1.6844
MR Egger 33 0.36 0.16 0.0286 0.052 0.664 1.430 1.0538 1.9416
Weighted mode 33 0.30 0.10 0.0035 0.114 0.488 1.351 1.1203 1.6293

IL-6: interleukin-6; sIL-6 R: soluble IL-6 receptor; PAH: pulmonary arterial hypertension. IVW: inverse variance weighted; nsnp: the number of single-nucleotide
polymorphism; Beta: the regression coefficient based on IL-6-signaling or sIL-6 R raising effect allele; SE: standard error; p < 0.05 represents the causal association of
the increased levels of IL-6-signaling or sIL-6 R with PAH; Beta_lci95: Lower limit of 95% confidence interval for beta; Beta_uci95: Upper limit of 95% confidence
interval for beta; OR: Odds ratio; OR_Ici95: Lower limit of 95% confidence interval for OR; OR_uci95: Upper limit of 95% confidence interval for OR.
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Figure 2. Forest plot of IL-6 signaling and its negative regulator sIL-6 R-associated SNPs with the risk of pulmonary arterial hypertension (PAH). The x-axis shows the MR
effect size for six IL-6 signaling (A) or 33 sIL-6 R (B) associated SNPs on PAH. The y-axis shows the analysis for each and the total of six IL-6 signaling (A) or 33 sIL-6 R (B)
associated SNPs using IVW methods. Dark dots: the single SNP effect (beta value). Red dot: the total SNP effect (beta value). Horizontal cross lines: standard error (SE).

Vertical dotted line denotes the beta of 0.

Leave-one-out effect analysis

We examined the potential impact of outlying and pleiotropic
SNPs on causal estimates adopting a leave-one-out strategy,
under the IVW (random effects) model (32). This method as
the sensitivity analysis methods performs the MR analysis but
leaves out each SNP in turn to identify whether a single SNP is
driving the association (32). Leave-one-out effect of IL-6 sig-
naling or sIL-6 R-associated SNPs on PAH was shown in
Figure 3.

(2)

rs11264224 -

rs73026617

rs12059682 -

rs2228145 -

rs4556348 -

rs12083537 -

All-

! ! ! ) i
-8 -6 -4 -2 0
MR leave-one-out sensitivity analysis for IL-6-signaling on PAH

Results
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pulmonary arterial hypertension (PAH) GWAS

Six independent IL-6 signaling genetic IVs and 34 independent
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Figure 3. MR leave-one-out sensitivity analysis for the effect of IL-6 signaling and its negative regulator sIL-6 R SNPs on pulmonary arterial hypertension (PAH). The
x-axis shows the MR leave-one-out sensitivity analysis for six IL-6 signaling (A) or 33 sIL-6 R (B) associated SNPs on PAH. The y-axis shows the analysis for the effect of
leave-one-out and the total of six IL-6 signaling (A) or 33 sIL-6 R (B) associated SNPs on PAH using IVW methods. Dark dots: the single SNP effect (beta value). Red dot:
the total SNP effect (beta value). Horizontal cross lines: standard error (SE). Vertical dotted line denotes the beta of 0.
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independent IL-6 signaling genetic IVs and 33 independent
sIL-6 R genetic IVs in PAH GWAS is shown in Table 3. We
found no pleiotropy or heterogeneity of six independent IL-6
signaling genetic IVs and 33 independent sIL-6 R genetic IVs
in PAH GWAS dataset (Table 4). Thus, all selected IL-6 sig-
naling and sIL-6 R genetic variants can be taken as the effective
IVs in our MR study.

IL-6 signaling genetically reduces pulmonary arterial
hypertension (PAH) risk

As IL-6 signaling levels genetically increased, the risk of PAH
reduced using IVW (Beta = -3.79, 95% CI for beta: -6.653—
-0.935; OR = 0.023, 95% CI for OR: 0.0013-0.393; p = .0093)
and weighted median (Beta = -3.41, 95% CI for beta: -6.051-
-0.762; OR = 0.033, 95% CI for OR: 0.0024-0.467; p = .0116)
(Table 5). The individual MR estimates of the causal effect
demonstrated that as the effect of single SNP on IL-6 signaling
increased, the suppressive effect of single SNP increased on
PAH using IVW and weighted median (Figure 1A). Each effect
size analysis suggested that each effect of six IL-6 signaling-
associated SNPs on PAH was similar and there was no lead IV's
(Figure 2A). MR leave-one-out sensitivity analysis showed that
removing a specific SNP of six IL-6 signaling-associated SNPs
did not change the results (Figure 3A). Collectively, our data
suggested the causal association of genetically increased IL-6
signaling levels with reduced risk of PAH.

slL-6 R genetically promotes pulmonary arterial
hypertension (PAH) risk

As sIL-6 R levels genetically increased, the risk of PAH
increased using IVW (Beta = 0.29, 95% CI for beta: 0.146-
0.444; OR = 1.343, 95% CI for OR: 1.1569-1.5588; p = .0001),
weighted median (Beta = 0.31, 95% CI for beta: 0.093-0.521;
OR = 1.360, 95% CI for OR: 1.0975-1.6844; p = .0049), MR-
Egger (Beta = 0.36, 95% CI for beta: 0.052-0.664; OR = 1.430,
95% CI for OR: 1.0538-1.9416; p = .0286), and weighted mode
(Beta = 0.30, 95% CI for beta: 0.114-0.488; OR = 1.351, 95% CI
for OR: 1.1203-1.6293; p = .0035) (Table 5). The individual
MR estimates of the causal effect demonstrated that as the
effect of single SNP on sIL-6 R levels increased, the promoting
effect of single SNP increased on PAH using IVW, weighted
median, MR-Egger, and weighted mode (Figure 1B). Each
effect size analysis suggested that each effect of 33 sIL-
6 R-associated SNPs on PAH were similar and there was not
lead IVs (Figure 2B). MR leave-one-out sensitivity analysis
showed that removing a specific SNP of 33 sIL-6 R-signaling-
associated SNPs did not change the results (Figure 3B).
Collectively, our data suggested the causal association of
genetically increased sIL-6 R levels with increased risk of PAH.

Discussion

The present MR study demonstrated the causal link between
genetically increased sIL-6 R levels and increased risk of PAH
and between genetically increased IL-6 signaling and reduced
risk of PAH. Thus, genetic predisposition to a higher sIL-6 R
or lower IL-6 signaling level may be genetically associated with

higher risk of PAH, whereas higher IL-6 signaling may be
genetically associated with lower risk of PAH. Our findings
showed corroborating evidence that the overactive IL-6 signal
pathway led to the reduced risk of PAH, whereas its negative
regulator sIL-6 R levels genetically increased the risk of PAH.

Toshner et al. recently found that the lead IL-6 R variant
had no effect on risk of PAH using MR study (10). They used
a genetic variant in IL6R, rs7529229 and total sample size
(11,744). Low statistical power is a major limitation in MR
study (33). To improve the statistical power, we used two sets
of genetic instrumental variants (IVs) including six indepen-
dent IL-6 signaling and 34 independent sIL-6 R genetic IVs
and, to date, the largest PAH genome-wide association studies
(GWAS) with total sample size (162,962 European indivi-
duals). Because of a higher statistical power, we found this
causal association of genetically increased sIL-6 R levels with
increased risk of PAH and genetically increased IL-6 signaling
with reduced risk of PAH.

sIL-6 R also binds with IL-6 (“trans-signaling”) to suppress
the effect of IL-6 such as IL-6-induced inflammation (34). sIL-
6 R concentrations [69.7 (IQR 60.4-84.4) vs 45.7 (IQR 34.6-
70.3) ng/ml, p = .0036] increased in patients with PAH com-
pared to control subjects (35). Thus, IL-6 trans-signaling is
enhanced in PAH (35). Elevated concentration of sIL-6 R
suggests its potential unfavorable role in systemic amplifica-
tion of IL-6 signaling in PAH (35). IL-6 trans-signaling con-
tributes to chronic hypoxia-induced pulmonary hypertension
(36). Consistent with these studies, our study suggests a causal
association of genetically increased sIL-6 R levels with
increased risk of PAH. Thus, sIL-6 R may be a risk factor
for PAH.

In PAH, with the exception of targeting proliferation with
imatinib (37), no new hypothesis has survived through to
phase 3 of drug development in the last 20 years (38).
Increases in lung and serum IL-6 have been associated with
PAH (39). Many studies have shown a rapid rise in lung IL-6
mRNA levels following exposure of mice to hypoxia, peaking
at 24 h and remaining elevated for one week (40,41). These
studies emphasize the importance of IL-6 as therapeutic target
for treatment of PAH. Isolated case reports have suggested that
tocilizumab has an effect in PAH associated systemic lupus
erythematosus, mixed connective tissue diseases and
Castleman’s disease (8,9). However, a phase 2 open-label clin-
ical trial demonstrated no significant effect of tocilizumab in
idiopathic or heritable PAH and PAH associated with CTD
excluding SLE, RA and mixed CTD (10). Consistent with this
phase 2 open-label clinical trial, our analytical study also does
not support IL-6 signaling may be a promising therapeutic
target for PAH.

IL-6 concentrations were increased in pulmonary artery
smooth muscle cells (PASMCs), but not endothelial cells,
suggesting PASMCs may be a source of increased IL-6 (42).
Whether local vascular and autocrine production of IL-6 is
more important than inflammatory cells is an unanswered
question but the repeated demonstration of PASMC does at
the very least suggest a mechanism whereby IL-6 signaling
locally could be uncoupled from classical pro-inflammatory
cytokines (38). The classical pathway of IL-6 signaling
mediated T cell-driven immune responses via membrane-



bound IL-6 Ra (mIL-6 Ra), whereas its trans-signaling con-
tributes only at the local site, that is, in the affected tissues via
sIL-6 Ra (43). Thus, local sIL-6 Ra induced perivascular
inflammation that is a prominent pathologic feature in most
animal models of pulmonary hypertension (PH) as well as in
pulmonary arterial hypertension (PAH) patients (5).
Consistent with these studies, a previous study pointed out
that the role of IL-6 in homeostasis is mediated through the
classic-signaling pathway, whereas pathology-associated
responses are mediated by IL-6 trans-signaling (36,44). It
may have clinical implications when specific inhibition of IL-
6 trans-signaling should only block the pro-inflammatory
effects of IL-6 without inhibiting its important homeostatic
properties (36).

IL-6 has context-dependent anti-inflammatory properties
(44). IL-6 protects against fatal lung pathology (45). IL-6 also
induces expression of the IL-1 receptor antagonist and the
soluble p55 receptor for tumor-necrosis factor (44,46). These
findings are consistent with the ability of IL-6 to promote an
alternatively activated macrophage phenotype associated with
wound healing and its ability to inhibit the microbicidal activ-
ities of macrophages and the production of pro-inflammatory
cytokines (44,47,48). In addition, IL-6 promotes the produc-
tion of IL-10 by T cells, which would restrict many inflamma-
tory processes (49,50). These studies suggest anti-
inflammatory effects of IL-6. Consistent with anti-
inflammatory role of IL-6, our study suggests a causal associa-
tion of genetically increased IL-6 signaling with reduced risk of
PAH. IL-6 signals through mIL-6 Ra to induce anti-
inflammatory responses (36). Thus, future studies need to
consider the complex role of IL-6 classical pathway via mIL-
6 Ra and its trans-signaling via IL-6 Ra in the PAH disease
process might be worthwhile.

This study has several strengths. First, six independent
IL-6 signaling and 34 independent sIL-6 R genetic IVs were
chosen from a previously reported large-scale IL-6 signaling
GWAS of 204,402 European individuals (23) and plasma
proteome (sIL-6 R) GWAS of 3,301 European individuals
(24) and have broadly used in recent MR reports (19-22).
Second, all six independent IL-6 signaling and 33 of 34
independent sIL-6 R genetic IVs were successively extracted
from PAH GWAS. Third, we used four different MR analy-
sis methods demonstrated no significant pleiotropy or het-
erogeneity of IL-6 signaling and sIL-6 R genetic IVs as the
effective IVs. Fourth, two MR analysis methods including
IVW and weighted median proved the causal link between
genetically increased IL-6 signaling and reduced risk of PAH
and four MR analysis including IVW, weighted median,
MR-Egger, and weighted mode proved the causal link
between genetically increased sIL-6 R levels and increased
risk of PAH. Fifth, all three methods demonstrated that each
effect of IL-6 signaling and sIL-6 R SNPs on PAH was no
obvious bias. Finally, we used IL-6 signaling levels and its
negative regulator sIL-6 R and critically, they showed the
opposite result.

This study has several limitations. First, our IL-6 signaling
and sIL-6 R IVs and PAH GWAS datasets are from European
ancestry. Therefore, our results need be proven in other ances-
tries. Second, randomized controlled trials are required to
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clarify whether blockade of IL-6 signaling or sIL-6 R could is
effective in some subsets of PAH. Third, the underlying
mechanism by which IL-6 signaling or sIL-6 R genetically
affects the risk of PAH is still unclear and worth to explore
in the future.

In summary, our results suggested the causal association of
genetically increased sIL-6 R levels with increased risk of PAH
and genetically increased IL-6 signaling with reduced risk of
PAH. Thus, a higher sIL-6 R levels may be a risk factor for
patients with PAH, whereas a higher IL-6 signaling may be
a protective factor for patients with PAH.
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ble IL-6 receptor; GWAS: Genome-wide association study; MR:
Mendelian randomization; SNP: Single nucleotide polymorphism; IVW:
Inverse variance weighted.

Acknowledgments

We thank ieu open gwas project (https://gwas.mrcieu.ac.uk/datasets/) for
providing summary results data for these analyses.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by grants from R&D Program of Beijing
Municipal Education Commission [Grant no: KZ202210025035];
National Natural Science Foundation of China [Grant no: 82071758 and
32270933].

ORCID

Renxi Wang ([2) http://orcid.org/0000-0003-4130-3334

Authors’ contributions

RW conceived and initiated the project. SZ and GZ analyzed the data and
wrote the manuscript. All authors contributed to the interpretation of the
results and critical revision of the manuscript, and approved the final version
of the manuscript. All authors read and approved the final manuscript.

Data availablity statement

The summary statistics of pulmonary arterial hypertension (PAH) GWAS
(GWAS ID: finn-b-I9_HYPTENSPUL) is available on ieu open gwas
project at https://gwas.mrcieu.ac.uk/datasets/. The MR analysis code can
be found at https://mrcieu.github.io/TwoSampleMR/articles/index.html.

Ethics statement

The study was reviewed and approved by the Ethics Committee of Beijing
Institute of Brain Disorders in Capital Medical University.


https://gwas.mrcieu.ac.uk/datasets/
https://gwas.mrcieu.ac.uk/datasets/
https://mrcieu.github.io/TwoSampleMR/articles/index.html

8 M. ZHANG ET AL.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Vazquez ZGS, Klinger JR.Guidelines for the treatment of pulmon-
ary arterial hypertension. Lung. 2020;198(4):581-96. doi:10.1007/
$00408-020-00375-w.

. Coons JC, Pogue K, Kolodziej AR, Hirsch GA, George MP.

Pulmonary arterial hypertension: a pharmacotherapeutic
update. Curr Cardiol Rep. 2019;21(11):141. doi:10.1007/s11886-
019-1235-4.

. Ivy DD, Abman SH, Barst R], Berger RM, Bonnet D, Fleming TR,

Haworth SG, Raj JU, Rosenzweig EB, Schulze Neick I, et al.
Pediatric pulmonary hypertension. ] Am Coll Cardiol. 2013;62
(25 Suppl):D117-26. doi:10.1016/j.jacc.2013.10.028.

. Galie N, Channick RN, Frantz RP, Grunig E, Jing ZC, Moiseeva O,

Preston IR, Pulido T, Safdar Z, Tamura Y, et al. Risk stratification
and medical therapy of pulmonary arterial hypertension. Eur
Respir J. 2019;53(1):1. doi:10.1183/13993003.01889-2018.

. Hu Y, Chi L, Kuebler WM, Goldenberg NM, et al. Perivascular

inflammation in pulmonary arterial hypertension. Cells. 2020;9:11.
doi:10.3390/cells9112338.

. Durham GA, Palmer TM.Is there a role for prostanoid-mediated

inhibition of IL-6 trans-signalling in the management of pulmon-
ary arterial hypertension? Biochem Soc Trans. 2019;47
(4):1143-56.d0i:10.1042/BST20190046.

. Pullamsetti SS, Seeger W, Classical SR.IL-6 signaling: a promising

therapeutic target for pulmonary arterial hypertension. J Clin
Invest. 2018;128(5):1720-23. doi:10.1172/JCI120415.

. Arita Y, Sakata Y, Sudo T, Maeda T, Matsuoka K, Tamai K,

Higuchi K, Shioyama W, Nakaoka Y, Kanakura Y, et al. The
efficacy of tocilizumab in a patient with pulmonary arterial hyper-
tension associated with Castleman’s disease. Heart Vessels.
2010;25(5):444-47. doi:10.1007/s00380-009-1215-5.

. Furuya Y, Satoh T, Kuwana M, et. al. Interleukin-6 as a potential

therapeutic target for pulmonary arterial hypertension.
Int ] Rheumatol. 2010;2010:720305.d0i:10.1155/2010/720305.
Toshner M, Church C, Harbaum L, Rhodes C, Villar Moreschi SS,
Liley J, Jones R, Arora A, Batai K, Desai AA, et al. Mendelian
randomisation and experimental medicine approaches to
interleukin-6 as a drug target in pulmonary arterial hypertension.
Eur Respir J. 2022;59:3.

Hashimoto-Kataoka T, Hosen N, Sonobe T, Arita Y, Yasui T,
Masaki T, Minami M, Inagaki T, Miyagawa S, Sawa Y, et al.
Interleukin-6/interleukin-21 signaling axis is critical in the patho-
genesis of pulmonary arterial hypertension. Proc Natl Acad Sci
U S A. 2015;112(20):E2677-86. doi:10.1073/pnas.1424774112.
Gao R, Xu Y, Zhu G, Zhou S, Li H, Han G, Su W, Wang R, et al.
Genetic variation associated with COVID-19 is also associated
with endometrial cancer. J Infect. 2022;84(5):e85-€6.d0i:10.1016/
jjinf.2022.01.026.

Wang R.Mendelian randomization study updates the effect of
25-hydroxyvitamin D levels on the risk of multiple sclerosis.
J Transl Med. 2022;20(1):3. d0i:10.1186/s12967-021-03205-6.
Wang R.Genetic variation of interleukin-1 receptor type 1 is asso-
ciated with severity of COVID-19 disease. ] Infect. 2022;84(2):e19-
e21. doi:10.1016/j.jinf.2021.12.010.

Xu 'Y, Gao R, Zhu G, Zhou S, Li H, Su W, Han G, Wang R, et al.
Genetic variation of allergic disease is associated with the suscept-
ibility to COVID-19. ] Infect. 2022;84(5):e92-e3. doi:10.1016/j.jinf.
2022.01.015.

Zhou S, Zhu G, Xu Y, Gao R, Li H, Han G, et al. Mendelian
randomization study on the putative causal effects of Omega-3
fatty acids on low back pain. Front Nutr. 2022;9:819635.

Zhu G, Zhou S, Xu Y, Gao R, Li H, Su W, et al. Mendelian
randomization study on the causal effects of COVID-19 on child-
hood intelligence. ] Med Virol. 2022;94(7):3233-39. doi:10.1002/
jmv.27736.

Zhu G, Zhou S, Xu Y, Gao R, Li H, Zhai B, Liu X, He Y, Wang X,
Han G, et al. Mendelian randomization study on the causal effects
of omega-3 fatty acids on rheumatoid arthritis. Clin Rheumatol.
2022;41(5):1305-12. doi:10.1007/s10067-022-06052-y.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

HongJ, QuZ,JiX, Li C, Zhang G, Jin C, Wang ], Zhang Y, Shen Y,
Meng J, et al. Genetic associations between IL-6 and the develop-
ment of autoimmune arthritis are gender-specific. Front Immunol.
2021;12:707617.

Rosa M, Chignon A, Li Z, Boulanger MC, Arsenault BJ, Bosse Y,
Thériault S, Mathieu P, et al. A Mendelian randomization study of
IL6 signaling in cardiovascular diseases, immune-related disorders
and longevity. NP] Genom Med. 2019;4:23.

Kappelmann N, Arloth ], Georgakis MK, Czamara D, Rost N,
Ligthart S, Khandaker GM, Binder EB, et al. Dissecting the asso-
ciation between inflammation, metabolic dysregulation, and spe-
cific depressive symptoms: A genetic correlation and 2-sample
mendelian randomization study. JAMA Psychiatry. 2021;78
(2):161-70. doi:10.1001/jamapsychiatry.2020.3436.

Georgakis MK, Malik R, Gill D, Franceschini N, Sudlow A,
Cathie LM, Dichgans M, Lindstrom S, Wang L, Smith EN, et al.
Interleukin-6 signaling effects on ischemic stroke and other cardi-
ovascular outcomes: A mendelian randomization study.
Circulation: Genomic and Precision Medicine. 2020;13(3):
€002872. d0i:10.1161/CIRCGEN.119.002872.

Ligthart S, Vaez A, Vosa U, Stathopoulou MG, de Vries PS,
Prins BP, Van der Most PJ, Tanaka T, Naderi E, Rose LM, et al.
Genome Analyses of >200,000 Individuals Identify 58 Loci for
Chronic Inflammation and Highlight Pathways that Link
Inflammation and Complex Disorders. Am ] Hum Genet.
2018;103(5):691-706. doi:10.1016/j.ajhg.2018.09.009.

Sun BB, Maranville JC, Peters JE, Stacey D, Staley JR, Blackshaw J,
Burgess S, Jiang T, Paige E, Surendran P, et al. Genomic atlas of the
human plasma proteome. Nature. 2018;558(7708):73-79. doi:10.
1038/541586-018-0175-2.

Jostock T, Mullberg J, Ozbek S, Atreya R, Blinn G, Voltz N,
Fischer M, Neurath MF, Rose-John S, et al. Soluble gp130 is the
natural inhibitor of soluble interleukin-6 receptor transsignaling
responses. Eur ] Biochem. 2001;268(1):160-67. doi:10.1046/j.1432-
1327.2001.01867 x.

Verbanck M, Chen CY, Neale B, Do R.Detection of widespread
horizontal pleiotropy in causal relationships inferred from
Mendelian randomization between complex traits and diseases.
Nat Genet. 2018;50(5):693-98. doi:10.1038/541588-018-0099-7.
Bowden J, Davey Smith G, Haycock PC, Burgess S.Consistent
estimation in mendelian randomization with some invalid instru-
ments using a weighted median estimator. Genet Epidemiol.
2016;40(4):304-14. doi:10.1002/gepi.21965.

Burgess S, Thompson SG.Interpreting findings from Mendelian
randomization using the MR-Egger method. Eur J Epidemiol.
2017;32(5):377-89. d0i:10.1007/s10654-017-0255-x.

Yavorska OO, Burgess S.Mendelian randomization: an R package
for performing Mendelian randomization analyses using summar-
ized data. Int J Epidemiol. 2017;46(6):1734-39. do0i:10.1093/ije/
dyx034.

Greco MF, Minelli C, Sheehan NA, Thompson JR.Detecting pleio-
tropy in Mendelian randomisation studies with summary data and
a continuous outcome. Stat Med. 2015;34(21):2926-40.doi:10.
1002/sim.6522.

Liu G, Zhang S, Cai Z, Ma G, Zhang L, Jiang Y, Feng R, Liao M,
Chen Z, Zhao B, et al. PICALM gene rs3851179 polymorphism
contributes to Alzheimer’s disease in an Asian population.
Neuromolecular Med. 2013;15(2):384-88. d0i:10.1007/s12017-
013-8225-2.

Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D,
et al. The MR-Base platform supports systematic causal inference
across the human phenome. In: Elife. 2018;7:€34408. doi:10.7554/
eLife.34408.

Harroud A, Richards JB.Mendelian randomization in multiple
sclerosis: A causal role for vitamin D and obesity? Mult Scler.
2018;24(1):80-85. doi:10.1177/1352458517737373.

Mihara M, Hashizume M, Yoshida H, Suzuki M, Shiina M.IL-6/IL-
6 receptor system and its role in physiological and pathological
conditions. Clin Sci (Lond). 2012;122(4):143-59. doi:10.1042/
CS20110340.


https://doi.org/10.1007/s00408-020-00375-w
https://doi.org/10.1007/s00408-020-00375-w
https://doi.org/10.1007/s11886-019-1235-4
https://doi.org/10.1007/s11886-019-1235-4
https://doi.org/10.1016/j.jacc.2013.10.028
https://doi.org/10.1183/13993003.01889-2018
https://doi.org/10.3390/cells9112338
https://doi.org/10.1042/BST20190046
https://doi.org/10.1172/JCI120415
https://doi.org/10.1007/s00380-009-1215-5
https://doi.org/10.1155/2010/720305
https://doi.org/10.1073/pnas.1424774112
https://doi.org/10.1016/j.jinf.2022.01.026
https://doi.org/10.1016/j.jinf.2022.01.026
https://doi.org/10.1186/s12967-021-03205-6
https://doi.org/10.1016/j.jinf.2021.12.010
https://doi.org/10.1016/j.jinf.2022.01.015
https://doi.org/10.1016/j.jinf.2022.01.015
https://doi.org/10.1002/jmv.27736
https://doi.org/10.1002/jmv.27736
https://doi.org/10.1007/s10067-022-06052-y
https://doi.org/10.1001/jamapsychiatry.2020.3436
https://doi.org/10.1161/CIRCGEN.119.002872
https://doi.org/10.1016/j.ajhg.2018.09.009
https://doi.org/10.1038/s41586-018-0175-2
https://doi.org/10.1038/s41586-018-0175-2
https://doi.org/10.1046/j.1432-1327.2001.01867.x
https://doi.org/10.1046/j.1432-1327.2001.01867.x
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1002/sim.6522
https://doi.org/10.1002/sim.6522
https://doi.org/10.1007/s12017-013-8225-2
https://doi.org/10.1007/s12017-013-8225-2
https://doi.org/10.7554/eLife.34408
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1177/1352458517737373
https://doi.org/10.1042/CS20110340
https://doi.org/10.1042/CS20110340

35.

36.

37.

38.

39.

40.

41.

42.

Jasiewicz M, Knapp M, Waszkiewicz E, Ptaszynska-
Kopczynska K, Szpakowicz A, Sobkowicz B, Musial WJ,
Kaminski KA, et al. Enhanced IL-6 trans-signaling in pulmon-
ary arterial hypertension and its potential role in
disease-related systemic damage. Cytokine. 2015;76(2):187-92.
doi:10.1016/j.cyt0.2015.06.018.

Maston LD, Jones DT, Giermakowska W, Resta TC, Ramiro-
Diaz J, Howard TA, Jernigan NL, Herbert L, Maurice AA,
Gonzalez Bosc LV, et al. Interleukin-6 trans-signaling contributes
to chronic hypoxia-induced pulmonary hypertension. Pulm Circ.
2018;8(3):2045894018780734. doi:10.1177/2045894018780734.
Ghofrani HA, Morrell NW, Hoeper MM, Olschewski H,
Peacock AJ, Barst R], Shapiro S, Golpon H, Toshner M,
Grimminger F, et al. Imatinib in pulmonary arterial hypertension
patients with inadequate response to established therapy. Am
J Respir Crit Care Med. 2010;182(9):1171-77. doi:10.1164/rccm.
201001-01230C.

Toshner M, Rothman AIL-6, et al. in pulmonary hypertension:
why novel is not always best. Eur Respir J. 2020;55:4. doi:10.1183/
13993003.00314-2020.

Humbert M, Monti G, Brenot F, Sitbon O, Portier A, Grangeot-
Keros L, Duroux P, Galanaud P, Simonneau G, Emilie D, et al.
Increased interleukin-1 and interleukin-6 serum concentrations in
severe primary pulmonary hypertension. Am J Respir Crit Care
Med. 1995;151(5):1628-31. doi:10.1164/ajrccm.151.5.7735624.
Maston LD, Jones DT, Giermakowska W, Howard TA, Cannon JL,
Wang W, Wei Y, Xuan W, Resta TC, Gonzalez Bosc LV, et al.
Central role of T helper 17 cells in chronic hypoxia-induced
pulmonary hypertension. Am ] Physiol Lung Cell Mol Physiol.
2017;312(5):L609-124. doi:10.1152/ajplung.00531.2016.

Savale L, Tu L, Rideau D, Izziki M, Maitre B, Adnot S, Eddahibi S,
et al. Impact of interleukin-6 on hypoxia-induced pulmonary
hypertension and lung inflammation in mice. Respir Res.
2009;10(1):6. doi:10.1186/1465-9921-10-6.

Davies R], Holmes AM, Deighton J, Long L, Yang X, Barker L,
Walker C, Budd DC, Upton PD, Morrell NW, et al. BMP type II
receptor deficiency confers resistance to growth inhibition bTGF-{3
in pulmonary artery smooth muscle cells: role of proinflammatory

43.

44.

45.

46.

47.

48.

49.

50.

CLINICAL AND EXPERIMENTAL HYPERTENSION e 9

cytokines. Am J Physiol Lung Cell Mol Physiol. 2012;302(6):L604—
15. doi:10.1152/jplung.00309.2011.

Lissilaa R, Buatois V, Magistrelli G, Williams AS, Jones GW,
Herren S, Shang L, Malinge P, Guilhot F, Chatel L, et al.
Although IL-Trans -Signaling Is Sufficient To Drive Local
Immune Responses, Classical IL-6 Signaling Is Obligate for the
Induction of T Cell-Mediated Autoimmunity. ] Immunol.
2010;185(9):5512-21. doi:10.4049/jimmunol.1002015.

Hunter CA, Jones SAIL-6.IL-6 as a keystone cytokine in health and
disease. Nat Immunol. 2015;16(5):448-57.d0i:10.1038/ni.3153.
Lauder SN, Jones E, Smart K, Bloom A, Williams AS, Hindley JP,
Ondondo B, Taylor PR, Clement M, Fielding C, et al. Interleukin-6
limits influenza-induced inflammation and protects against fatal
lung pathology. Eur ] Immunol. 2013;43(10):2613-25. doi:10.
1002/€ji.201243018.

Tilg H, Trehu E, Atkins MB, Dinarello CA, Mier JW Interleukin-6
(IL-6) as an anti-inflammatory cytokine: induction of circulating
IL-1 receptor antagonist and soluble tumor necrosis factor receptor
p55. Blood. 1994;83(1):113-18. doi:10.1182/blood.V83.1.113.113.
Beaman MH, Hunter CA, Remington JS.Enhancement of intracel-
lular replication of Toxoplasma gondii by IL-6 Interactions with
IFN-gamma and TNF-alpha. ] Immunol 1994;153(10):4583-87.
Nagabhushanam V, Solache A, Ting L-M, Escaron CJ, Zhang JY,
Ernst JD, Nagabhushanam V, Solache A, LM T, Cj E, et al.Innate
Inhibition of Adaptive Immunity: Mycobacterium tuberculosis -
Induced IL-6 Inhibits Macrophage Responses to IFN-y.
J Immunol. 2003;171(9):4750-57. doi:10.4049/jimmunol.171.9.
4750.

Stumhofer JS, Silver JS, Laurence A, Porrett PM, Harris TH,
Turka LA, Ernst M, Saris CJM, O’Shea JJ, Hunter CA, et al.
Interleukins 27 and 6 induce STAT3-mediated T cell production
of interleukin 10. Nat Immunol. 2007;8(12):1363-71.d0i:10.1038/
nil537.

McGeachy M]J, Bak-Jensen KS, Chen Y, Tato CM,
Blumenschein W, McClanahan T, Cua DJ, et al. TGF-beta and
IL-6 drive the production of IL-17 and IL-10 by T cells and restrain
T(H)-17 cell-mediated pathology. Nat Immunol. 2007;8
(12):1390-97. d0i:10.1038/ni1539.


https://doi.org/10.1016/j.cyto.2015.06.018
https://doi.org/10.1177/2045894018780734
https://doi.org/10.1164/rccm.201001-0123OC
https://doi.org/10.1164/rccm.201001-0123OC
https://doi.org/10.1183/13993003.00314-2020
https://doi.org/10.1183/13993003.00314-2020
https://doi.org/10.1164/ajrccm.151.5.7735624
https://doi.org/10.1152/ajplung.00531.2016
https://doi.org/10.1186/1465-9921-10-6
https://doi.org/10.1152/ajplung.00309.2011
https://doi.org/10.4049/jimmunol.1002015
https://doi.org/10.1038/ni.3153
https://doi.org/10.1002/eji.201243018
https://doi.org/10.1002/eji.201243018
https://doi.org/10.1182/blood.V83.1.113.113
https://doi.org/10.4049/jimmunol.171.9.4750
https://doi.org/10.4049/jimmunol.171.9.4750
https://doi.org/10.1038/ni1537
https://doi.org/10.1038/ni1537
https://doi.org/10.1038/ni1539

	Abstract
	Introduction
	Materials and methods
	Ethics approval and consent to participate

	IL-6 signaling and sIL-6 R genetic instrumental variants (IVs)
	Pulmonary arterial hypertension (PAH) GWAS
	Association of IL-6 signaling and sIL-6 R genetic instrumental variants (IVs) in pulmonary arterial hypertension (PAH) GWAS

	Pleiotropy test
	Heterogeneity test
	MR analysis
	Leave-one-out effect analysis
	Results
	IL-6 signaling and sIL-6 R genetic instrumental variants (IVs) have no significant pleiotropy or heterogeneity in pulmonary arterial hypertension (PAH) GWAS

	IL-6 signaling genetically reduces pulmonary arterial hypertension (PAH) risk
	sIL-6 R genetically promotes pulmonary arterial hypertension (PAH) risk
	Discussion
	Abbreviations
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Authors’ contributions
	Data availablity statement
	Ethics statement
	References

