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Proteogenomic integration reveals CXCL10 as a potentially downstream causal
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ABSTRACT

Background: Genetic and experimental studies support a causal involvement of
interleukin-6 (IL-6) signaling in atheroprogression. While trials targeting IL-6 signaling
are underway, any benefits must be balanced against an impaired host immune
response. Dissecting the mechanisms that mediate the effects of IL-6 signaling on
atherosclerosis could offer insights about novel drug targets with more specific effects.
Methods: Leveraging data from 522,681 individuals, we constructed a genetic
instrument of 26 variants in the gene encoding the IL-6 receptor (IL-6R) that proxied for
pharmacological IL-6R inhibition. Using Mendelian randomization (MR), we assessed its
effects on 3,281 plasma proteins quantified with an aptamer-based assay in the
INTERVAL cohort (n=3,301). Using mediation MR, we explored proteomic mediators of
the effects of genetically proxied IL-6 signaling on coronary artery disease (CAD), large
artery atherosclerotic stroke (LAAS), and peripheral artery disease (PAD). For
significant mediators, we tested associations of their circulating levels with incident
cardiovascular events in a population-based study (n=1,704) and explored the
histological, transcriptomic, and cellular phenotypes correlated with their expression
levels in samples from human atherosclerotic lesions.

Results: We found significant effects of genetically proxied IL-6 signaling on 70
circulating proteins involved in cytokine production/regulation and immune cell
recruitment/differentiation, which correlated with the proteomic effects of
pharmacological IL-6R inhibition in a clinical trial. Among the 70 significant proteins,
genetically proxied circulating levels of CXCL10 were associated with risk of CAD,
LAAS, and PAD with up to 67% of the effects of genetically downregulated IL-6

signaling on these endpoints mediated by decreases in CXCL10. Higher midlife
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circulating CXCL10 levels were associated with a larger number of cardiovascular
events over 20 years, whereas higher CXCL10 expression in human atherosclerotic
lesions correlated with a larger lipid core and a transcriptomic profile reflecting immune
cell infiltration, adaptive immune system activation, and cytokine signaling.

Conclusions: Integrating multiomics data, we found a proteomic signature of IL-6
signaling activation and mediators of its effects on cardiovascular disease. Our analyses
suggest the interferon-y-inducible chemokine CXCL10 to be a potentially causal

mediator for atherosclerosis in three vascular compartments and as such could serve as

a promising drug target for atheroprotection.
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Non-standard Abbreviations and Acronyms

CABG
CAD
CANTOS
CBS
CHARGE
Cl

CRP
CXCL10
CXCR3
EHR
FDR

GO

HR
IFN-y
IL- 6
IL-1
IL6-R
IP-10
IVW
LAAS
LD

MR
NSTEMI
PAD

SD

SE
sIL6R
SLE
STARNET
TNF-a

Coronary artery bypass grafting

Coronary artery disease

Canakinumab Anti-Inflammatory Thrombosis Outcomes Study
Cystathionine Beta-Synthase

Cohorts for heart and aging research in genomic epidemiology
Confidence interval

C-reactive protein

C-X-C motif chemokine ligand 10

C-X-C motif chemokine receptor 3

Electronic health records

False discovery rate

Gene ontology

Hazard ratio

Interferon gamma

Interleukin-6

Interleukin 1

Interleukin-6 receptor alpha chain

Interferon-y-induced protein 10)

Inverse variance weighted

Large artery atherosclerotic stroke

Linkage disequilibrium

Mendelian randomization

non-ST-segment—elevation MI

Peripheral artery disease

Standard deviation

Standard error

Soluble IL-6R

Systemic lupus erythematosus

Stockholm-Tartu atherosclerosis reverse networks engineering task
Tumor necrosis factor-a


https://doi.org/10.1101/2023.03.24.23287543
http://creativecommons.org/licenses/by-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2023.03.24.23287543; this version posted March 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-ND 4.0 International license .

INTRODUCTION

Anti-inflammatory treatments have emerged as a promising approach for lowering risk
of atherosclerotic cardiovascular disease.! The interleukin-6 (IL-6) pathway has
attracted major attention due to converging evidence supporting its relevance in
atherosclerosis.? First, pharmacological inhibition of IL-6 or its receptor (IL-6R) leads to
reductions in atherosclerotic lesion formation in mouse models of atherosclerosis.**
Second, prospective cohort studies have consistently found circulating levels of IL-6 to
be associated with manifestations of atherosclerotic disease including coronary artery
disease® and ischemic stroke.® Third, human genetic studies have shown that
polymorphisms in the gene encoding the IL-6 receptor (IL-6R) resulting in
downregulated IL-6 signaling activity are associated with a lower lifetime risk of
coronary artery disease,’ atherosclerotic ischemic stroke,® peripheral artery disease,’

and abdominal aortic aneurysm,*® as well as a favorable cardiometabolic profile.**

In line with these results, the Canakinumab Anti-Inflammatory Thrombosis Outcomes
Study (CANTOS) that tested a monoclonal antibody targeting IL-13, which is an
upstream regulator of IL-6 signaling, showed considerable reductions in major adverse
cardiovascular events among patients with a recent history of myocardial infarction.*?
Interestingly, post hoc analyses of CANTOS showed that canakinumab was particularly
protective among patients achieving substantial decreases in IL-6 levels, thus providing
indirect evidence that interfering with IL-6 signaling could reduce cardiovascular risk.*?
On the basis of these findings, a recent phase 2 trial (RESCUE) tested ziltivekimab, a
monoclonal antibody that is directed against IL-6, and found that it effectively and safely

reduces biomarkers of inflammation and thrombosis among patients with chronic kidney
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disease and evidence of inflammation (high-sensitivity C-reactive protein (CRP) levels >
2 mg/L).** The cardiovascular benefit of this approach remains unknown as an ongoing

large-scale phase 3 cardiovascular outcomes trial testing ziltivekimab will not be

completed before 2025.%

However, any benefits from anti-IL-6 treatments would need to be balanced against an
impaired host response. Canakinumab has been associated with a higher risk of fatal
infections®? and genetic analyses support that downregulation of IL-6 signaling is indeed
associated with a higher risk of bacterial infections.™* To this end, IL-6 is known as a key
component of the host innate immune defense system®®. As such, while trials directly
targeting IL-6 signaling are ongoing, it would be useful to identify alternative drug
targets in the same signaling pathway that might mediate the atheroprotective effects of
IL-6 inhibition. Such molecules might be more specific and thus better anti-inflammatory

treatment targets for atherosclerotic cardiovascular disease.

We previously leveraged genetic data from large-scale population-based studies and
detected 26 variants in the gene encoding IL-6R that mimic the effects of
pharmacologically inhibiting this protein.'”*® Here, we expand these analyses to blood
proteomic data derived from the INTERVAL study (n=3,301) in order to explore: (i) the
causal circulating signature of interfering with IL-6 signaling that could inform the
discovery of biomarker signatures of drug response to IL-6 inhibitors, and (ii) potential
mediators of the favorable cardiovascular effects of IL-6 inhibition that could serve as
alternative and perhaps more selective drug targets. Following-up on our findings, we
compare our results to those of clinical trials applying pharmacological inhibition of I1L-6

signaling. Triangulating the evidence, we explore in observational studies associations
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between circulating levels of potential protein drug targets and incident cardiovascular

disease as well as the histological, transcriptomic, and cellular profile of atherosclerotic

lesions associated with these targets.

METHODS
Genetic instrument selection

To construct an instrument for IL-6R-mediated signaling,'® we used variants within the
IL6R gene or a region 300 kB upstream or downstream of it. In accordance with an
approach that we previously described,*’*® we selected variants associated in a GWAS
meta-analysis of 522,681 individuals with circulating levels of C-reactive protein (CRP),
a downstream biomarker of IL-6 signaling’ that was used as a functional readout for IL-
6 signaling activity. The methodology and criteria used to obtain this instrument are
outlined in the Supplementary Methods and the comprising genetic variants are listed
in Supplementary Table S1. As previously described, this genetic instrument is
associated with circulating IL-6, CRP, and fibrinogen levels, consistent with results of
clinical trials testing tocilizumab, a monoclonal antibody against IL-6R, as has been

previously described.*’

Proteome-wide Mendelian randomization analyses

To detect the downstream proteomic effects of genetically proxied IL-6 signaling, we
applied a proteome-wide two-sample Mendelian randomization approach using plasma

data from the INTERVAL study (n=3,301 with SOMAscan® aptamer-based proteomics),
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more information on which is available in the Supplementary Methods. Using these
data, we applied two-sample MR analysis applying the inverse-variance weighted (IVW)
method as our primary approach. As a measure of pleiotropy, heterogeneity was
quantified with the I* and significance was tested with the Cochran Q statistic (p<0.05
was considered significant).?’ To correct for multiple comparisons across the proteome,
we corrected the p-values derived from the IVW approach using the false discovery rate
(FDR) method.”* P values<0.05 were considered statistically significant. In order to
validate our results against bias arising from horizontal pleiotropy, for significant
proteins, we also applied the weighted median approach,? which is more robust to the
use of pleiotropic instruments. Furthermore, for significant proteins, we applied a
colocalization analysis, in order to ensure that the same genetic signal influencing IL-6
signaling also influences protein levels and that the detected association was not the
result of pleiotropic effects of variants in LD with the selected instruments.”® We applied
a Bayesian framework for pairwise colocalization, within 300 kB of the IL6R gene using
the coloc package in R and tested competing models (HO: the genomic region does not
include any variant influencing either the exposure or the outcome; H1: the genomic
region includes a variant influencing only the exposure; H2: the genomic region includes
a variant influencing only the outcome; H3: the genomic region includes separate
variants influencing the exposure and the outcome; H4: the genomic region includes a
variant that influences both the exposure and the outcome).?* The prior probability of
any random variant being associated with both traits was set at 10°. A posterior
probability of association of 0.8 or higher for the last model (H4) was defined as
providing evidence of colocalization. The effects of the selected genetic variants on

proteins were extracted from the PhenoScanner database through the phenoscanner
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function in R® and MR analyses were performed in R using the TwoSampleMR

package.?® Pooling the significant proteins, we explored enrichment in biological

pathways using the Gene Ontology (GO) resource.?’

Comparisons of the proteomic effects of genetically proxied IL-6 signaling

downregulation with the pharmacological effects of IL-6R inhibition

To test the validity of our approach for detecting the downstream proteomic signature of
a signaling pathway with proteome-wide MR, we aimed to correlate the effects derived
from our MR approach with the effects derived from pharmacological IL-6R inhibition.
We used data from a follow-up study of The Norwegian tocilizumab non—ST-segment—
elevation Ml (NSTEMI) trial, which tested IL-6 blockade with tocilizumab in patients with
NSTEMI. In the original randomized control trial patients with NSTEMI received a single
intravenous dose of tocilizumab 280mg or placebo (n=117).% In a follow-up analysis,
the proteomic profile of serum samples was quantified at baseline and four days post-
treatment among a subgroup of 48 patients from the tocilizumab arm using the
SOMAscan® aptamer-based proteomics assay.?’ After matching the proteins available
in both datasets, we quantified the Pearson’s r correlation between the MR effects and

the pharmacological effects across the proteome.

Associations with clinical endpoints in mediation MR analyses

After detecting proteins significantly associated with genetically proxied IL6 signaling,
we then explored associations between genetically proxied levels of these proteins and

the three primary manifestations of atherosclerosis in order to identify which of these

10
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proteins could mediate the effects of IL-6 signaling on clinical endpoints. Clinical
outcomes included coronary artery disease (CAD), peripheral artery disease (PAD) and
large-artery atherosclerotic stroke (LAAS). For CAD, we used data from 63,746 CAD
cases and 130,681 controls of predominantly European ancestry (about 80%) from the
CARDIoGRAMplusC4D Consortium.*® For PAD, we used summary statistics from the
Million Veteran Program cohort, a longitudinal cohort study containing electronic health
records and genetic data across 50 Veterans facilities in the US. This cohort includes
31,307 cases and 211,753 controls of European, African and Hispanic ancestry.®* For
LAS we leveraged data from the MEGASTROKE consortium of primarily individuals of

European ancestry, consisting of 6,688 stroke cases and 245,201 controls from 29

studies.®

Again, we applied two-sample IVW MR analyses using as instruments genetic variants
associated with the proteins that were significantly associated with genetically proxied
IL-6 signaling in the previous step. To avoid overlap in the used datasets, for this step,
we used data from the deCODE study in the Icelandic population.®® This study explored
the genetic architecture of 4,907 circulating proteins quantified with the aptamer-based
SOMAScan® approach among 35,559 Icelanders.®® For the proteins significantly
associated with genetically proxied IL-6 signaling, we selected genetic variants
throughout the genome associated with the levels of these proteins at a p<5x10® and
clumped at an r’<0.01. For all proteins, beyond the IVW approach, we applied the MR-
Egger and the weighted median methods. Furthermore, for significant proteins, we
applied cis-MR analyses, selecting genetic variants associated with the proteins within

or 300 kB upstream and downstream of the genes encoding these proteins at p<10®
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after clumping at r’<0.1. Significant results were screened based on an FDR-corrected

p <0.05.

For proteins showing significant associations with both genetically proxied IL-6 signaling
and risk of cardiovascular endpoints, we then applied two-step mediation MR analyses®*
to explore whether any of the effects of IL-6 signaling on the outcomes could be
explained by changes in circulating protein levels. We first performed multivariable MR
exploring associations of genetic proxies for significant proteins on the risk of the
cardiovascular endpoints adjusting for the effects of the respective genetic instruments
on sIL6R concentration. Then, by multiplying the effects of the genetic proxies for IL-6
signaling on the protein levels with the multivariable MR association estimates between
genetically proxied protein levels and the cardiovascular outcomes, we obtained the
indirect effects of the genetic proxies for IL-6 signaling on the outcomes mediated
through the tested protein.®* We divided these estimates by the total effects of the
genetic proxies of IL-6 signaling on risk of CAD, PAD, and LAS and obtained the

proportions of the effects mediated through the tested proteins.

Replication in an observational population-based setting

CXCL10/interferon-y inducing protein 10 (IP-10) showed particularly promising
associations as a potential mediator of genetically proxied IL-6 signaling on all tested
atherosclerotic outcomes (as shown in the Results section). To replicate these
associations in an observational setting, we used data from the population-based
MONICA/KORA Cohort,®* a prospective population-based study of inhabitants of

Augsburg, Germany, aged 25-74 years at baseline (1984-1995) followed-up until 2016.
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Further information on the study design, outcome assessment, the characteristics of the

selected study participants and the CXCL10 measurement methodology can be found in

the Supplementary Methods.

To explore associations between baseline CXCL10 levels with risk of future
cardiovascular events (stroke or CAD), we applied a Cox proportional hazards model
adjusting for age, sex, baseline survey (model 1), and additionally for vascular risk
factors (body mass index (1 kg/m? increment), smoking (current vs. non-current),
estimated glomerular filtration rate (1 mL/min/1.73 m?2 increment), history of CAD,
diabetes mellitus, total cholesterol, HDL cholesterol, and hypertension defined as blood
pressure >140/90 mmHg or use of antihypertensive medications if participants were
aware of having hypertension) (model 2). Based on the assumption that CXCL10 is a
downstream effector of IL-6 signaling on atherosclerosis, we explored correlations
between baseline IL-6 and CXCL10 levels, and in sensitivity analyses included IL-6,
CXCL10, or both in our models to see how the effects of each cytokine on

cardiovascular events changed after adjusting for the other.

Analyses in human atherosclerotic samples

We used data from the Athero-EXPRESS study, a biobank of carotid endarterectomy
samples, where the expression levels of CXCL10 have been quantified in transcriptomic
analyses, to assess associations with histological features of plaque vulnerability. For
700 samples, RNA was isolated and libraries were prepared for sequencing as
previously described.®*® We tested associations between the normalized expression

values of CXCL10 and standard histological features of plaque vulnerability (large lipid

13
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core, intraplague hemorrhage, extensive collagen content, and plaque calcification), as
determined in sections from the plaque segment with the highest atherosclerosis
burden. Methods for the evaluation of the histological images have been previously

described in detail %’

To explore the changes in atherosclerotic plaque associated with higher expression of
CXCL10, we used data from the Stockholm-Tartu Atherosclerosis Reverse Networks
Engineering Task (STARNET). We used transcriptomics data from atherosclerotic aortic
root samples obtained with informed consent during coronary artery bypass grafting
(CABG) from 514 individuals with CAD.*® We explored genes co-expressed with
CXCL10 by estimating Spearman correlations with the expression of 16,214 genes in
this tissue. Genes significantly co-expressed with CXCL10 were moved forward to
pathway analyses in Reactome.* To explore the cell landscape of the transcriptomic
profile associated with upregulated CXCL10 expression, we then used publicly available
single nuclei transcriptomic data from aortic tissue and tested which of the identified cell

groups were enriched for these genes.*

Data availability and ethical approval

Details for access to summary statistics used for the current analyses are provided in
the Supplementary Methods. All included studies have received ethical approval from
the respective institutional review boards and all participants have provided informed

consent, as detailed in the Supplementary Methods.
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RESULTS
Effects of genetically proxied IL-6 sighaling on circulating proteins

The overall study design is presented in Fig. 1. The 26 CRP-lowering genetic variants
within or close to the gene encoding IL-6R that were used as proxies for IL-6 signaling
downregulation are presented in Supplementary Table S1. First, we explored
associations between genetically proxied IL-6R-mediated signaling as captured by
these variants, with proteomic changes across 3,281 plasma proteins quantified with the
aptamer-based SOMAScan assay among 3,301 participants of the INTERVAL study, as
illustrated in Fig. 2a. A detailed list of the associations as derived from IVW MR
analyses is provided in Supplementary Table S2. After correction for multiple
comparisons (FDR-adjusted p-value<0.05), we found that genetically proxied
downregulation of the IL-6 signaling pathway is associated with lower levels of 43 and
higher levels of 27 circulating proteins (Fig. 2b and Supplementary Table S3). Of
those proteins, 54 also showed evidence of colocalization, as determined by a
PPA>0.80 for at least one common genetic variant in the examined genomic region
influencing both sIL6r and the respective protein levels. Among these proteins, 48 also
showed significant and directionally consistent associations in the weighted median
approach. Of those, only one showed minimal evidence of heterogeneity (MYOS6,

1°=27%, Supplementary Table S3).

Among the 70 proteins, there were well-known components of the pathway, such as IL-
6 itself or downstream mediators and effectors, such as CRP and the fibrinogen C-
domain-containing protein-1 (Fig. 2b and Supplementary Table S3). A GO pathway

enrichment analysis with the significant proteins (Fig. 2c and Supplementary Table
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S4) showed enrichment in several cytokine production pathways, such as regulation of
IL-12 and IL-1p production and regulation of the IFN-y pathway, as well as in immune
cell trafficking pathways, such as myeloid cell differentiation and mononuclear cell or
leukocyte proliferation. Furthermore, there was enrichment in tyrosine phosphorylation

of STAT in line with the known signaling transduction pathway of IL-6R activation.**

Correlation between MR-derived proteomic and pharmacological effects

We compared the proteomic effects derived from a genetically proxied downregulation
of IL-6 signaling in MR analyses with the effects of pharmacological IL-6 signaling
inhibition on the same proteins. Leveraging data from 48 patients with NSTEMI from the
Norwegian tocilizumab NSTEMI study (24 who underwent treatment with tocilizumab
and 24 in the control arm),? we obtained differences between tocilizumab and placebo
across 1074 proteins also assessed with a different version of the aptamer-based
SOMAScan assay within 48 hours post-randomization and treatment. Matching the
available proteins with the proteins available in the INTERVAL study, we were able to
explore correlations across 785 proteins between the MR and the trial effects
(Supplementary Table S5). We found a significant correlation across the proteome
(Pearson’s r 0.16, p=1.1x10", Fig. 2d). This correlation was even stronger when
restricting the analysis to the 44 proteins reaching a p<0.05 in the trial analysis (r=0.48,

p=8x10).

Effects of significant proteins on cardiovascular endpoints and mediation analysis
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Given the well-established associations of genetically downregulated IL-6 signaling with
CAD, PAD, and ischemic stroke,®°!" we next explored to what extent the 70 proteins
associated with genetically proxied IL-6 signaling are also associated with these
cardiovascular endpoints. We proxied the levels of 58 of these proteins in the deCODE
proteogenomic database from 35,559 Icelanders, where 4,907 circulating proteins were
also quantified with the aptamer-based SOMAScan assay.** Across these 58 proteins,
we found the genetically proxied circulating levels of four of them to be associated with
the examined cardiovascular outcomes in IVW MR analyses following correction for
multiple comparisons (FDR-corrected p-value<0.05). Genetically proxied levels of
CXCL10 were associated with all three atherosclerosis endpoints, whereas

cystathionine B-synthase (CBS), CRP, and interleukin-23 receptor (IL-23R) showed

significant associations only with CAD only (Fig. 3a and Supplementary Table S6).

To minimize the risk of pleiotropic effects, we next performed a sensitivity analysis
based solely on cis-acting variants for these proteins. Using genetic variants in minimal
LD (r’<0.1) associated with the circulating levels of these proteins at p<10™ and within
300 kB upstream or downstream of the encoding genes, we confirmed the association
between genetically proxied CXCL10 levels and odds for PAD (Supplementary Table
S7). Fig. 3b illustrates the colocalization of the genomic signals between circulating
SIL6R and CXCL10 around the same genetic variants at the IL6R locus. Given the
emergence of CXCL10 as the most promising mediator in the examined associations,
we performed mediation MR analyses. We found changes in circulating CXCL10 levels
to mediate 39%, 67%, and 25% of the effects of genetically proxied IL-6 signaling on

PAD, LAAS, and CAD, respectively (all p<0.05) (Fig. 3c).
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Circulating CXCL10 levels and risk of cardiovascular events in population-based

prospective cohort study

Following-up on the signal for CXCL10, we used data from the population-based
MONICA/KORA study,* where circulating levels of CXCL10 have been quantified with
a Luminex cytokine multiplex assay at midlife in 1,704 individuals (47% females; median
age: 53 years [interquartile range: 44-61]) without overt cardiovascular disease at
baseline. The baseline characteristics of the study participants are presented in
Supplementary Table S8. There was a significant positive correlation between serum
IL-6 and CXCL10 levels among study participants (r=0.19, p=1.2x10**, Fig. 4a). Next,
we tested associations of circulating CXCL10 levels with the risk of a composite
endpoint of stroke and CAD over a median follow-up of 20.9 years (interquartile range:
12.9-26.1). Following adjustments for age, sex, and baseline survey (Model 1) in a Cox
regression model, we found circulating CXCL10 levels to be associated with a higher
risk of the composite endpoint (HR per SD increment in log-transformed CXCL10 levels:
1.20, 95%CI: 1.05-1.36, Fig. 4b and 4c). These results remained significant in a model
further adjusting for common vascular risk factors at baseline (Model 2), as well as
when including both circulating CXCL10 and IL-6 levels in the same model (Model 3,

Fig. 4c and Supplementary Table S9).

CXCL10 expression in atherosclerotic tissue associated with plaque vulnerability
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To explore whether CXCL10 expression in human atherosclerotic lesions is associated
with plaque vulnerability, we used data from 623 individuals from the Athero-EXPRESS
Biobank in Utrecht, Netherlands, who underwent carotid endarterectomy due to
symptomatic or asymptomatic stenosis and for whom both transcriptomic and
histological analyses were available (Supplementary Table S10 and Fig. 5a).
Following adjustments for age and sex, we found that higher normalized CXCL10
expression in carotid atherosclerotic plaques was associated with a larger lipid core

(OR: 1.19, 95%CI: 1.02-1.40, p=0.01, Fig. 5b). No associations were detected with

intraplaque hemorrhage, extensive collagen content, or plaque calcification (Fig. 5b).

To test in more depth the phenotypic plaque profile associated with elevated CXCL10
expression, we used transcriptomic data from atherosclerotic aortic root tissue from 514
samples from patients with CAD in the STARNET network and explored in a co-
expression analysis the genes that were correlated with the expression of CXCL10. A
total of 98 genes were positively correlated with CXCL10 expression and 6 negatively
with CXCL10 expression (Fig. 5¢ and Supplementary Table S11). The positively
correlated genes were enriched in immune system pathways, as captured by
Reactome, and included CXCL9 and CXCL11, which are also ligands of the CXCRS,
the main CXCL10 receptor.** These pathways included cytokine signaling pathways,
and particularly the interferon and interleukin pathways, such as IFN-y, IL-6 and IL-1
signaling, as well as pathways related to the adaptive immune system (Fig. 5d and
Supplementary Table S12). As a final step, we explored whether specific cell types, as
captured by single-nuclei RNA sequencing from aortic tissue,® are enriched for
expressing the top genes positively co-expressed with CXCL10 (r>0.3), in order to infer

the cellular landscape associated with higher CXCL10 expression. According to these
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data, endothelial cells, lymphocytes, and macrophages were the cell types primarily
expressing these genes (PARP14 and STAT1 most strongly enriched in endothelial
cells, NLRC5 and PARP14 most strongly enriched in lymphocytes, PARP14 and TYMP

most strongly enriched in macrophages, Fig. 5e and Supplementary Table S13).

DISCUSSION

Integrating data from large-scale genomic and proteomic studies, we explored the
downstream effects of genetic downregulation of the IL-6R-mediated signaling on the
blood proteome and their mediating role in lowering the risk of atherosclerotic
cardiovascular disease. We found changes in circulating levels of 70 proteins involved
in regulation of cytokine production and immune cell trafficking, which were consistent
with the proteomic effects of the pharmacological inhibition of IL-6R with tocilizumab in a
clinical trial. Across these proteins, genetically proxied levels of the chemokine CXCL10
were associated with risk of CAD, LAAS, and PAD and changes in CXCL10 levels
mediated a significant proportion of the effects of IL-6 signaling on these endpoints. In
follow-up analyses, we found circulating CXCL10 levels at midlife in a population-based
setting to be associated with the long-term risk of CAD or stroke. Higher expression of
CXCL10 in human atherosclerotic plaques was correlated with a larger lipid core and a
transcriptomic profile consistent with macrophage and lymphocyte infiltration, as well as

activation of the adaptive immune system and cytokine signaling.

Our results linking CXCL10 levels with risk of atherosclerotic disease are consistent with
experimental data showing a key role for this chemokine in atherogenesis and

atheroprogression. The administration of a monoclonal antibody against CXCL10
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produced a histologically more stable atherosclerotic plaque phenotype with increased
collagen and smooth muscle cell content and a smaller necrotic lipid core in the
common carotid arteries of atheroprone Apoe™ mice fed a high-fat diet.** This is in line
with our results suggesting an association of higher intraplaque CXCL10 expression
with a larger lipid core, a hallmark of unstable plaques. In another model, Cxcl10” Apoe’
" mice exhibited significantly smaller atherosclerotic lesion areas across the aortic arch,
thoracic and abdominal aorta, both sexes, and different durations of treatment.** The
atheroprotective effect of CXCL10 blockade in translational experiments is further
corroborated by evidence of decreased atherosclerotic burden in the aortic arches and
carotid arteries of Ldlr”™ mice after pharmacological targeting of CXCR3, the receptor of
CXCL10, with a specific small molecule antagonist*® and a CXCR3/CCR5 dual
inhibitor.*® Furthermore, experimental data also suggest that IL-6 and particularly IL-6
trans-signaling via STAT3 exerts an effect on T-cell immigration via directly regulation
chemokine secretion including CXCL10.*” CXCL10/CXCR3 interaction induces Tyl cell
differentiation and migration into the atherosclerotic lesion where they release tumor
necrosis factor-a (TNF-a) and IFN-y thus contributing towards a proinflammatory lesion
environment.*® Collectively, current evidence indicates that CXCL10 binding to CXCR3
drives atherosclerotic plaque progression through differentiation and homing of
proinflammatory T lymphocyte subsets. More specifically, two isoforms (CXCR3-A and
CXCR3-B) of this receptor have been identified in humans which lead to different
downstream effects. Through binding to the CXCR3-A receptor CXCL10 has
chemoattractant properties and induces the migration, proliferation and survival of

leukocytes. The CXCR3B isoform of the receptor, on the other hand, has antiangiogenic
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properties and inhibits cell proliferation and migration while also stimulating apoptosis.*

It should be noted that CXCR3 also binds the chemokines CXCL9 and CXCL11.%2

Beyond detecting mediators of the effects of IL-6 signaling on atherosclerosis, our
findings also provide evidence for a downstream proteomic signature of genetic IL-6
signaling that could be correlated with trial data from pharmacological IL-6R inhibition.
This finding has important implications for a more widespread use of a proteome-wide
MR analysis in the context of detecting the downstream proteomic consequences of
perturbing drug targets. Proteomic signatures detected with this approach could be
used as potential biomarkers of response to drugs targeting the upstream targets. While
such response biomarkers are well-established for drugs targeting the IL-6 signaling
cascade, our approach provides proof-of-concept for the use of the method for
identifying response biomarkers for drugs under earlier development. Future studies
should systematically explore how proteomic alterations detected in clinical trials
correlate with those detected from MR analyses.

Using MR to integrate multi-omics data is an increasingly used method for bridging data
from different omics layers and detecting causal relationships between them.***°
Scaling-up mediation analyses to be integrated to this approach allows explorations of
associations with clinically relevant outcomes, and as such the discovery of novel
therapeutic targets. Furthermore, this approach enables the dissection of pathways
leading from genomic alterations to cardiovascular disease, thus providing novel
insights into pathophysiology. Expanding the focus of the approach to other omics
layers beyond proteomics, to more drug targets and more outcomes could provide novel

insights in future explorations.

22


https://doi.org/10.1101/2023.03.24.23287543
http://creativecommons.org/licenses/by-nd/4.0/

T SR S 5 ot 1o 1 0 o, e AN s ense i ey e g Ry
It is made available under a CC-BY-ND 4.0 International license .
Our study has limitations. First, despite leveraging the largest available samples, such
integrating approaches are characterized by decreasing power when moving
downstream across omics layers.>* As such, several of our analyses, especially for the
outcome of LAS, might have been relatively underpowered, highlighting the need to
repeat the analyses with increasing sample sizes. Second, although the proteomic
analyses across all studies were done with the SOMAscan aptamer-based assay, there
were considerable differences in proteins available in the INTERVAL study, deCODE,
and the Norwegian tocilizumab NSTEMI trial, which led to an incomplete overlap
between the studies. Comparisons with alternative proteomic platforms, like the
proximity extension assay-based Olink assay should be performed in future studies.
Third, the majority of individuals explored in current analyses were of European
ancestry and as such our results may not be generalizable to individuals of other
ancestries. Fourth, data from deCODE were derived from an Icelandic population which
has substantial differences to European populations. While integration of data from
deCODE with data from European datasets has been extensively used in the past
providing important insights into disease pathogenesis, we cannot exclude the
introduction of population stratification that could bias our MR analyses in the second
step (Fig. 2) of our approach. Fifth, an additional caveat to our study is that we used
proxies of IL-6R inhibition as genetic instruments, meaning that proteins found upstream
would be upregulated as a result of positive feedback while downstream molecules
would be downregulated. This could create confusion as to the directionality of the
levels of these proteins in real-life clinical trials. Sixth, to proxy IL-6 signaling we used
CRP levels, which increase in response to the activation of the IL-6 cascade. However,

IL-6 signaling is a complex cascade with a classical component, exerted through the
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membrane-bound IL-6R, and a trans-signaling component exerted through the soluble
form of IL-6R. The two sub-pathways exert unique actions,'®®? but disentangling them
with genetic instruments goes probably beyond the limits of MR. Seventh, by design,

MR analyses assess the effects of lifetime downregulated IL-6 signaling, which might

differ from a shorter pharmacological inhibition with IL6-R blockade.

In conclusion, integrating genomic and proteomic data, we found a proteomic signature
of IL-6 signaling activation and mediators of its effect on cardiovascular disease. Our
analyses suggest CXCL10 to be a potentially causal mediator for atherosclerotic
endpoints in three different vascular beds and as such might serve as a promising drug

target for atheroprotection that should be further explored in clinical trials.
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Figure 1. Study overview. Overview of major analytical approaches and data sources used in the
current study to identify proteins up- or downregulated by genetically proxied IL-6 signaling as well

as mediators of its effect on atherosclerotic disease.
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Figure 2. Plasma proteomic changes in association with genetically proxied IL-6 signaling. (a)
Schematic representation of the study design and data sources. (b) Volcano plot of the associations
of genetically downregulated IL-6 signaling with plasma proteins in the INTERVAL study (n=3,301).
The results are derived from random-effects inverse-variance weighted Mendelian randomization
analyses. The dotted line corresponds to a false discovery rate (FDR)-corrected p-value<0.05. (c)
Significant (FDR-corrected p-value<0.05) Gene Ontology (GO) Pathway enrichment analysis for
significant proteins. (d) Correlation between Mendelian randomization estimates for proteins
associated with genetically downregulated signaling and estimates from linear regression for
pharmacological IL-6R inhibition among 24 individuals treated with tocilizumab versus 24 individuals
treated with placebo in the Norwegian tocilizumab NSTEMI study (the blue and red dots correspond
to proteins that were found to be down- and upregulated, respectively in the genetic analysis of

panel B).
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Figure 3. Genetically proxied levels of proteins associated with genetically downregulated IL-

6 signaling and atherosclerotic cardiovascular disease. (a) Associations of genetically proxied

levels of proteins associated with genetically downregulated IL-6 signaling with peripheral artery

disease (PAD), large artery atherosclerotic stroke (LAS), and coronary artery disease (CAD), as

derived from inverse-variance weighted Mendelian randomization analyses. The stars indicate

significant associations at an FDR-corrected p<0.05, whereas the box around significant

associations highlights associations that were also significant in cis-MR analyses. (b) Regional

association plots at the IL-6R locus for associations with soluble IL-6 receptor levels (upper part) and

CXCL10 levels (lower part) demonstrating colocalization of the signal. (c) Mediation Mendelian

randomization analysis for the total effects of genetically downregulated IL-6 signaling on PAD, LAS,

and CAD, as well as the indirect effects mediated through changes in CXCL10 levels.
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Figure 4. Circulating CXCL10 levels in association with circulating IL-6 and major adverse

cardiovascular events in the population-based MONICA/KORA cohort. (a) Correlations between
circulating IL-6 and CXCL10 levels among 1,704 participants of the MONICA/KORA cohort. (b)

Kaplan-Meier curve of the associations between baseline circulating CXCL10 levels and risk of CAD

or stroke over a follow-up period extending up to 30 years. (c) Hazard ratios of the associations of

circulating IL-6 and CXCL10 levels with risk of CAD or stroke in models adjusted for age, sex, and

baseline survey (Model 1), models adjusted for age, sex, baseline survey, and vascular risk factors

(Model 2), and a model adjusted for all variables of Model 2 and both proteins simultaneously

included (Model 3).
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Figure 5. Expression of CXCL10 within atherosclerotic lesions. (a) Schematic representation of
CXCL10 mRNA guantification among 623 carotid atherosclerotic plaques from patients with carotid
stenosis in the Athero-EXPRESS Biobank, who underwent endarterectomy. (b) Associations of plaque
CXCL10 expression with histological features of plague vulnerability. (c) Co-expression of CXCL10 with
16,214 other genes in atherosclerotic aortic root tissue from 514 participants in the STARNET network.

(d) Pathway enrichment analysis of genes co-expressed with CXCL10, as derived from Reactome. (e)
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Cell-specific expression of top 42 genes co-expressed with CXCL10 at an r>0.3 in aortic tissue, as

derived from single-nuclei RNA sequencing analysis in human aorta samples.
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