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ORIGINAL ARTICLE

System Genetics Including Causal Inference 
Identify Immune Targets for Coronary Artery 
Disease and the Lifespan
Valentin Bon-Baret , MSc; Arnaud Chignon, MSc; Marie-Chloé Boulanger , PhD; Zhonglin Li , MSc;  
Deborah Argaud , MSc; Benoit J. Arsenault , PhD; Sébastien Thériault , MD, MSc; Yohan Bossé , PhD;  
Patrick Mathieu , MD, MSc

BACKGROUND: Randomized clinical trials indicate that the immune response plays a significant role in coronary artery disease 
(CAD), a disorder impacting the lifespan potential. However, the identification of targets critical to the immune response in 
atheroma is still hampered by a lack of solid inference.

METHODS: Herein, we implemented a system genetics approach to identify causally associated immune targets implicated 
in atheroma. We leveraged genome-wide association studies to perform mapping and Mendelian randomization to assess 
causal associations between gene expression in blood cells with CAD and the lifespan. Expressed genes (eGenes) were 
prioritized in network and in single-cell expression derived from plaque immune cells.

RESULTS: Among 840 CAD-associated blood eGenes, 37 were predicted causally associated with CAD and 6 were also 
associated with the parental lifespan in Mendelian randomization. In multivariable Mendelian randomization, the impact of 
eGenes on the lifespan potential was mediated by the CAD risk. Predicted causal eGenes were central in network. FLT1 and 
CCR5 were identified as targets of approved drugs, whereas 22 eGenes were deemed tractable for the development of small 
molecules and antibodies. Analyses of plaque immune single-cell expression identified predicted causal eGenes enriched in 
macrophages (GPX1, C4orf3) and involved in ligand-receptor interactions (CCR5).

CONCLUSIONS: We identified 37 blood eGenes predicted causally associated with CAD. The predicted expression for 6 
eGenes impacted the lifespan potential through the risk of CAD. Prioritization based on network, annotations, and single-cell 
expression identified targets deemed tractable for the development of drugs and for drug repurposing.
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Coronary artery disease (CAD) is a leading cause of 
morbidity and mortality worldwide1 and thus impacts 
the lifespan potential. There is evidence that the 

immune response is involved in the development of 
plaque and clinical events.2 Randomized clinical trials 
including CANTOS (Canakinumab Anti-inflammatory 
Thrombosis Outcomes Study) and COLCOT (Colchi-
cine Cardiovascular Outcomes Trial), which administered 
an anti-IL1B (interleukin-1β) antibody and colchicine 

respectively, showed modest but significant reduction 
of cardiovascular events in at-risk patients.3 Post hoc 
analysis of CANTOS suggested that anti-IL1B therapy 
may provide a benefit through the reduction of circulat-
ing IL6 (interleukin 6).4 These data are supported by 
Mendelian randomization (MR) analysis showing that 
IL6 signaling is associated with different cardiovascular 
outcomes.5 Colchicine, an antimitotic agent used to treat 
gout, has anti-inflammatory properties including among 
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other proposed mechanisms the blockade of the NLRP3 
inflammasome.6 On the contrary, the CIRT trial (Car-
diovascular Inflammation Reduction Trial), which tested 
low-dose methotrexate, an adenosine-dependent immu-
nomodulatory agent used to treat rheumatoid arthritis, 
did not reduce major adverse cardiovascular events.7 
Hence, these randomized clinical trials provided some 
evidence that the immune response is causally associ-
ated with CAD and cardiovascular events.2 However, tar-
geting the immune response in CAD is compounded by 
several factors such as the risk of serious infections as 
observed in CANTOS and target selection. The failure of 
methotrexate to reduce cardiovascular events illustrates 
that the design of trials should rely on validated disease-
related targets.

Genome-wide association studies (GWAS) have iden-
tified thousands of risk variants that are associated with 
different traits/disorders. For CAD, 159 risk loci have 
been associated at a genome-wide level.8 Growing evi-
dence suggests that genetically supported targets have 
a higher chance of success in randomized clinical tri-
als.9 System genetics and MR provide powerful agnostic 
inference and integrative tools to identify underpinning 
molecular processes involved in complex trait disorders.10 
System genetics is a holistic approach, which integrates 
multidimensional genomic data (eg, genome-wide gene 
expression, chromatin contacts in 3D genome, single-
cell expression) and uses the graph theory to interrogate 
biologic and disease-perturbed networks.10 In network, 
proteins (nodes) that interact together (edges) pro-
vide information about the function of the system and 
allow the identification of nodes acting as hub (elevated 

number of edges) and or bottleneck (shortest path 
in the network), 2 metrics linked to prominence in the 
network and enriched in drug targets.11 Gene variants 
related to the expression of genes explains a significant 
proportion of the heritability for disorders.12 Gene vari-
ants associated with quantitative traits such as gene 
expression (expression quantitative trait loci [eQTL]) can 
be leveraged for causal inference using MR technique. 
In MR, inherited alleles driving the expression of genes 
(eGenes; exposure) are used to infer causality for the 
risk of disorders (outcome) while limiting the impact 
of confounders.13 MR is a powerful approach but may 
be subject to an inflation of type 1 error rate if it is not 
appropriately controlled for instrumental variables (IVs; 
gene variants) with horizontal pleiotropy (ie, IVs related 
to the outcome through an alternative pathway). Statis-
tical detection of horizontal pleiotropy by the Cochran 
Q test provides robust causal inference. Also, MR with 
the weighted median allow causal inference with up to 
50% of the IVs that are invalid and is thus another strat-
egy to assess causal inference while minimizing the risk 
of horizontal pleiotropy.14 Single-cell expression is new 
among the armamentarium of system genetics and pro-
vides inference in a cell- and disease-relevant context.15 
Herein, we implemented a multimodal approach includ-
ing eQTL from blood cells, MR, network prioritization, 
and the modeling of single-cell gene expression derived 
from plaques to identify CAD-related immune molecules. 
Overall, in MR, 37 blood eGenes were associated with 
CAD and included druggable genes as well as targets 
of approved drugs with a strong potential for drug repur-
posing. We also identified 6 blood eGenes predicted to 
impact the lifespan potential through their effect on the 
CAD risk.

METHODS
All materials and methods are available in the Data Supplement.

The authors declare that all supporting data are available 
within the article and in the Data Supplement. We performed 
analyses based on publicly available data. As all analyses 
were based on publicly available data, no ethical approval was 
required.

RESULTS
Mapping and Identification of eGenes 
Associated With CAD
Figure 1A illustrates our pipeline of analyses. We lever-
aged blood eQTLs derived from 31 684 samples16 to 
map eGenes associated with CAD by using a GWAS8 
totaling 547 261 individuals. In 159 CAD risk loci, we 
identified the individual significant single nucleotide poly-
morphism (SNPs; PGWAS

<5×10−8, r2<0.6) and variants in 
linkage disequilibrium (methods) associated with blood 

Nonstandard Abbreviations and Acronyms

CAD coronary artery disease
CCL C-C motif chemokine ligand
CCR5 C-C chemokine receptor type 5
eGenes expressed genes
eQTL expression quantitative trait loci
FLT1 Fms related receptor tyrosine kinase 1
GPX1 glutathione peroxidase 1
GWAS genome-wide association studies
IL1B interleukin 1β
IL6 interleukin 6
IV instrumental variable
MMR multivariable Mendelian randomization
MR Mendelian randomization
OR odds ratio
pcHi-C promoter capture Hi-C
PIR promoter interacting region
SNP single nucleotide polymorphism
VEGF vascular endothelial growth factor
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Figure 1. Mapping the coronary artery disease (CAD)-associated genes in blood (eGenes).
A, Representative scheme showing the pipeline of analyses. B, Example of 3-dimensional (3D)-mapped BCAR1 gene where rs9934007, an 
intronic variant in CFDP1, intersected with a promoter interacting region (PIR) that interacted with CFDP1 and BCAR1 gene promoters in 
macrophages. C, Example of 3D-mapped CAMK1D gene where rs61848342, an intergenic variant, intersected with a PIR that interacted with 
CAMK1D gene promoter in macrophages. Arcs are significant 3D genomic interactions. Genes and arcs colored in red are 3D-mapped genes 
and also predicted as causally associated with CAD in Mendelian randomization (MR). Genes not predicted as causally associated with CAD 
are in blue. eQTL indicates expression quantitative trait loci; and GWAS, genome-wide association studies.
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eQTLs. In total, 79 398 SNP-gene pairs (false discovery 
rate <0.05) tagging 840 eGenes were mapped (Table I in 
the Data Supplement). In ARCHS4, blood eGenes were 
enriched in macrophages (Padjusted=0.04; Table II in the 
Data Supplement), which is consistent with the impor-
tant role of these cells in atheroma. Gene regulation is 
linked to chromatin interactions between distant regu-
latory regions and gene promoters. To this effect, dis-
ease-associated gene variants residing in the noncoding 
genome may regulate gene expression, often located at 
distance, by chromatin folding. Investigations have shown 
that eQTL and GWAS variants were enriched in chroma-
tin loops.17,18 We wondered whether eGenes were also 
mapped by distant promoter interacting regions (PIRs) 
in macrophages. To that end, we analyzed a data set 
of promoter capture Hi-C obtained in human primary 
macrophages.19 This analysis revealed an enrichment of 
CAD gene variants (individual significant SNPs) in PIRs 
identified in promoter capture Hi-C from macrophages 
(P<0.01). In total, 181 individual significant SNPs asso-
ciated with CAD were mapped to 142 significant PIRs 
(Tables III and IV in the Data Supplement). These CAD-
associated PIRs interacted with 291 gene promoters 
which are listed in Table V in the Data Supplement. The 
mean distance between CAD-associated PIRs and gene 
promoters was 354 kb, and the average number of pro-
moters targeted by a PIR was 2.05 (Table V in the Data 
Supplement). There were 48 PIRs targeting 1 gene 
promoter, whereas 27 PIRs targeted 2 gene promoters, 
and 67 PIRs targeted >2 gene promoters. Among the 
840 CAD-associated eGenes, we found 94 promoters 
of these eGenes (Table VI and Figure IA in the Data Sup-
plement) interacting with at least 1 CAD-associated PIR 
in macrophages (fold enrichment, 7.47; P<2.20×10−16, 
hypergeometric test). Figure 1B and 1C show 2 illus-
trative cases for 16q23.1 and 10p13 chromosomal loci 
where BCAR1 and CAMK1D were mapped by eQTL 
and chromatin contact in macrophages, whereas Fig-
ure IB and IC in the Data Supplement present data for 
TSPAN14 and RAB5C.

MR of Blood cis-eGenes
MR analysis was performed to infer the causal relation-
ships between the blood cis-eGenes and CAD. Enough 
IVs (minimum of 3 variants) were available to perform 
795 MR analyses with a mean of 27 IVs per gene (Table 
VII in the Data Supplement). By using inverse variance 
weighted analysis and a correction for multiple testing 
(Bonferroni correction, Pcausal <6.29×10−5, 0.05/795), we 
identified 97 eGenes associated with CAD (Table VII in 
the Data Supplement). Among the 97 significant eGenes 
in inverse variance weighted MR, 37 did not show het-
erogeneity according to the Cochran Q test (P>0.05) and 
were thus considered as predicted causally associated 
with CAD (DHX36, HOXC4, POC1B, TSPAN14, CDC123, 

C4orf3, SREBF1, BCAR1, N4BP2L2, CCDC167, RAB5C, 
GID4, SF3A3, NUDT5, EIF2B2, DAGLB, UHRF1BP1, 
FHL3, EFCAB5, COL17A1, KAT2A, CKM, DDX59, 
HBP1, FLT1, CLUH, CAMK1D, GPX1, BLMH, RPS6KL1, 
CDC25A, ZHX3, ARID4A, CCR5, TRIP4, CCDC181, 
MED9; Figure 2A; Table VIII in the Data Supplement). 
Predicted causal eGenes BCAR1, CAMK1D, TSPAN14, 
and RAB5C were also identified by chromatin contact 
mapping of individual significant SNPs in macrophages 
(Table VI in the Data Supplement). Figure 2B shows that 
the 37 eGenes associated with CAD in MR were located 
in 28 CAD risk loci. Among the 37 predicted causal 
eGenes, 24 genes were not previously mapped in the 
CAD GWAS meta-analysis8 (Table IX in the Data Supple-
ment). In sensitivity analysis, the 37 blood eGenes were 
also significant in weighted median MR, which provides 
an assessment that is more robust to IVs with potential 
pleiotropy (Table VIII in the Data Supplement).

Network Analysis and Prioritization of CAD 
Predicted Causally Associated eGenes
Networks provide inference about the function of com-
plex systems. We extracted a gene-set network based on 
gene ontology by using the 37 predicted causally asso-
ciated eGenes to capture functional modules by which 
these genes operate in CAD. Several gene ontology such 
as cell migration (CCR5, FLT1, CAMK1D, BCAR1, and 
GPX1), regulation of endocytosis (CAMK1D and RAB5C), 
insulin receptor signaling (BCAR1 and SREBF1), and tri-
glyceride metabolic process (GPX1 and SREBF1) were 
highly connected and relevant to CAD (Figure 3A; Table 
X in the Data Supplement). We next wondered whether 
predicted causally associated eGenes and their derived 
proteins were enriched in a protein-protein interac-
tion network. From the predicted causally associated 
eGenes, we extracted a blood protein-protein interaction 
network by using DifferentialNet20 data. Blood eGenes 
identified in MR generated a network with 376 nodes 
(protein coding genes) and 400 edges (connections by 
physical interactions; Figure 3B). By using the 16 532 
proteins in DifferentialNet20 data as a background, we 
found that the network was enriched for developmental 
biology (fold enrichment, 4.08, P<2.20×10−16; hypergeo-
metric test), transcriptional regulation of white adipocyte 
differentiation (fold enrichment, 12.80, P<2.20×10−16; 
hypergeometric test), and in signaling by VEGF (vas-
cular endothelial growth factor; fold enrichment, 5.49, 
P=2.88×10−16; hypergeometric test) in Reactome (Fig-
ure 3C). In graph theory, nodes with indices of centrality 
are acting as hub (degree) or bottleneck (betweenness), 
2 metrics associated with prominence in networks and 
enriched in pharmacological targets.11 Among the first 
32 genes with an elevated betweenness (>99th per-
centile), there were 19 cis-regulated eGenes predicted 
as causally associated with CAD (fold enrichment, 6.03, 
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P=5.21×10−7; hypergeometric test; FHL3, KAT2A, 
BCAR1, CDC25A, SREBF1, RAB5C, MED9, TRIP4, 
CCR5, FLT1, DHX36, SF3A3, BLMH, HOXC4, COL17A1, 

CAMK1D, EIF2B2, NUDT5, N4BP2L2; Figure 3B; Table 
XI in the Data Supplement). Network provides a robust 
method for gene prioritization. We were curious if a 

Figure 2. Coronary artery disease (CAD)-predicted causally associated eGenes in blood and their respective loci.
A, Forest plot showing the odds ratio (OR; with 95% CI) and the inverse variance weighted Mendelian randomization P value for each CAD 
predicted causally associated eGenes. B, Chromosome ideogram representing the loci for each CAD predicted causally associated eGenes. 
Genes in black were mapped by van der Harst et al,8 and the genes in red are the novel CAD predicted causally associated eGenes.
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Figure 3. Networks for the 37 predicted causal eGenes.
A, Gene ontology (GO) enrichment network of the 37 predicted causal eGenes. B, Protein-protein interaction (PPI) network of the 
CAD predicted causally associated eGenes in whole blood. The genes highlighted in green are targeted by approved inhibitors; 
genes in blue are potentially druggable by activators; and genes in purple are potentially druggable by inhibitors. C, Bar graph 
showing the enrichment in Reactome for genes of the PPI network (hypergeometric tests). VEGF indicates vascular endothelial 
growth factor.
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prioritization based on functional annotation would pro-
vide similar results. We implemented ToppGene,21 an 
algorithm based on functional annotation to prioritize 
genes against a training data set (DISEASES database 
for CAD, DOID 3393). Among the 37 predicted caus-
ally associated blood eGenes, FLT1, CCR5, SREBF1, 
HOXC4, COL17A1, BCAR1, and CAMK1D were among 
the top-10 genes prioritized by ToppGene21 (Table XII in 
the Data Supplement). These eGenes were also acting 
as bottleneck (elevated betweenness) in the protein-
protein interaction network (Figure 3B; Table XI in the 
Data Supplement).

Druggable Genome
The enrichment of CAD predicted causally associated 
eGenes in nodes with an elevated central betweenness 
suggests that these genes orchestrate the communica-
tion between the nodes and are thus potential targets 
of interest. We thus investigated whether eGenes could 
be targeted by pharmaceutical compounds. In the Open 
Targets database,22 there were 47 compounds in dif-
ferent phase of development or approved, targeting 
predicted causally associated eGenes FLT1 and CCR5 
(Tables XIII and XIV in the Data Supplement). Among the 
37 predicted causal eGenes, 22 of them were deemed 
tractable in the Open Targets database22 (Table XV in 
the Data Supplement). Genes with a specific expression 
have been highlighted to be enriched as drug targets.23 
Of interest, by using genotype-tissue expression data 
and τ, a metric evaluating tissue-specific expression (0 
is broadly expressed, and 1 is specific), we found that 
among the predicted causal eGenes, CCR5 was the 
second most tissue-specific gene (τ=0.97) with highest 
expression in the blood, spleen, and lung (Table XVI in 
the Data Supplement). In genotype-tissue expression, 
CAD variants were not mapped to the expression of 
CCR5 in the spleen or lungs (false discovery rate >0.05). 
In MR, the expression of FLT1 and CCR5 in the blood 
was positively associated with the risk of CAD. Hence, 
inhibitors such as Pazopanib and Maraviroc, which are 
inhibitors of FLT1 (Fms related receptor tyrosine kinase 
1) and CCR5 (C-C chemokine receptor type 5), respec-
tively, could represent drugs for repurposing. Pazopanib 
and Maraviroc are approved drugs for cancer24 and for 
the infection with the HIV,25 respectively. Figure 3B illus-
trates druggable genes (genes with approved drugs and 
also genes deemed tractable) in the network along with 
their requirement for the development of an agonist or an 
antagonist based on the direction of causal inference in 
MR. For instance, CAMK1D, a gene mapped in eQTL and 
3D analyses, with a high betweenness in the network 
and prioritized by ToppGene,21 is positively associated 
with the CAD risk and could be targeted by inhibitors 
(gene deemed tractable by the Open Targets database).

Impact on the Lifespan
The lifespan potential is partially determined by gene vari-
ants and the expression of genes in the blood.15 CAD is 
a disorder impacting the lifespan potential. It is presently 
unknown whether CAD-associated blood eGenes could 
also impact the lifespan. To test this hypothesis, we lev-
eraged summary statistics of 1 012 240 parental lifes-
pans26 to infer the potential causal relationships between 
blood CAD predicted causally associated eGenes and the 
lifespan potential (methods). After correction for multiple 
testing (Bonferroni threshold, P<1.35×10−3; 0.05/37), 
we found that 6 predicted causally associated eGenes 
with CAD were also associated with the lifespan in MR 
(ARID4A, CCDC167, CCR5, DAGLB, RPS6KL1, and 
UHRF1BP1) and were without heterogeneity on the 
Cochran Q test (Figure 4A; Table XVII in the Data Supple-
ment). The strongest association for the lifespan was for 
the blood expression of CCDC167 (Pcausal=3.38×10−14; 
Table XVII in the Data Supplement). In MR, the directional 
effects of the 6 blood predicted causal eGenes were con-
cordant between the risk of CAD and the lifespan (eg, 
blood eGenes positively associated with the risk of CAD 
were associated with a decreased lifespan). For instance, 
Figure 4B and 4C show that predicted expression of 
CCR5 in blood cells was associated with an increased 
risk of CAD (per 1 SD odds ratio [OR], 1.07 [95% CI, 
1.04–1.10], Pcausal=1.96×10−5) and a decreased lifes-
pan (per 1 SD, −0.31 year [95% CI, −0.49 to −0.13], 
Pcausal=8.63×10−4; methods). We next hypothesized that 
these 6 predicted causal eGenes could mediate their 
effect on the lifespan through a modulation of the CAD 
risk. To verify this hypothesis, we performed a media-
tion analysis by conducting multivariable MR (MMR). In 
MMR, the associations with the lifespan were lost for 
the 6 blood eGenes (ARID4A, CCDC167, CCR5, DAGLB, 
RPS6KL1, and UHRF1BP1) after correction for the asso-
ciations with CAD (Table XVIII in the Data Supplement). 
Thus, these data underlined that predicted causal eGenes 
impact the lifespan potential through a significant modu-
lation of the CAD risk.

Analysis of Single-Cell Expression in Plaques
Gene expression from bulk tissue does not capture 
cell- and context-specific information. Single-cell 
expression provides mapping of cell types in different 
states in a disease-relevant context to evaluate gene 
program and cell interaction pathways. We interrogated 
single-cell expression (CITE-seq; n=1186 cells) from 
plaque-derived immune cells.27 Specifically, we were 
curious if predicted causally CAD-associated eGenes 
were enriched in ligand-receptor interactions28 and in 
cell clusters of plaque. We identified in plaque immune 
single-cell, clusters of macrophage (CD14, CD68), 
CD4 T-cell (CD3D), CD8 T-cell (CD8A), natural killer 
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cell (KLRD1), and plasma cell (IGHG2; Figure 5A; Fig-
ure IIA and IIB in the Data Supplement). GPX1 was 
among the top enriched genes in the macrophage 
cluster (Padjusted=8.19×10−119; Figure 5B; Table XIX 
in the Data Supplement). The expression of GPX1 
was positively correlated with markers of the macro-
phage lineage (CD14, CD68, CD163) and inflammation 
(CTSB, FCN1, S100A9; Table XX in the Data Supple-
ment). GPX1 encodes for a glutathione peroxidase 

for which a common nonsynonymous coding variant 
rs1050450 (MAF in CEU, 0.28; Figure III in the Data 
Supplement) affects the enzymatic function. Gene 
variant A-rs1050450 changes a proline for a leucine 
at position 200 of GPX1 (glutathione peroxidase 1; 
p.Pro200Leu). In the CAD GWAS, carriers of the allele 
A, which decreases the activity of GPX1 by 40%,29 have 
a reduced risk of CAD (OR, 0.97; PGWAS=2.06×10−6).8 
Together, the enrichment of GPX1 in macrophage along 

Figure 4. Identification of lifespan predicted causally associated eGenes.
A, Forest plot showing the years gained or lost for 6 lifespan predicted causally associated eGenes with their corresponding inverse variance 
weighted Mendelian randomization P values. B, Graph showing the genetic association of CCR5 expression in blood with the risk of coronary 
artery disease (CAD). C, Graph showing the genetic association of CCR5 expression in blood with the lifespan potential; each point represents 
an instrumental variable (gene variant).
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with markers of inflammation is consistent with the 
genetic association data for rs1050450 and MR, which 
showed a positive association for the expression of 
GPX1 in the blood with the CAD risk (per 1 SD OR, 1.30 
[95% CI, 1.17–1.44], Pcausal=7.37×10−7). Also, C4orf3 

is a CAD predicted causally associated eGene (per 1 
SD OR, 0.91 [95% CI, 0.89–0.93], Pcausal=4.66×10−17) 
significantly enriched in the macrophage cluster (Pad-

justed=1.09×10−4; Table XIX in the Data Supplement). 
C4orf3 encodes for an uncharacterized protein. In The 

Figure 5. Analyses of single-cell RNA-seq data from immune cells of human atherosclerotic plaques.
A, tSNE plot for immune cells from atherosclerotic plaques showing the presence of macrophages, T-CD4, T-CD8, natural killer (NK), and 
plasma cells. B, tSNE plot showing the enrichment of GPX1 in the cluster of macrophages. C, Ligand-receptor interactions between immune 
cells using CellPhoneDB.28 Ligands are in black and receptors in red. D, Balloon plot representing the correlations between CCL3, CCL4, 
CCL5 and genes coding for chemokines, immune, cytotoxic, proteases, and lipid storage proteins. The color of the circle indicates the ρ 
correlation score and the size corresponds to the log Padjusted. CCL indicates C-C motif chemokine ligand; and IL1B, interleukin 1β.
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Bioplex Interactome (Bioplex 3.0),30 C4orf3 protein 
interaction partners are enriched in gene ontology for 
endosomal sorting complexes required for transport III 
complex disassembly (Padjusted=6.51×10−5) and in multi-
vesicular body assembly (Padjusted=5.05×10−4; Table XXI 
in the Data Supplement). The endosomal sorting com-
plexes required for transport III complex participates 
into the biogenesis of the multivesicular body, which 
allows the destruction of misfolded proteins.

Ligands and receptors represent a class of molecules 
accessible for the development of therapeutic agents. 
Among the 37 CAD predicted causally associated 
eGenes, CCR5, FLT1, and COL17A1 encode for mol-
ecules involved in ligand-receptor interactions as listed 
by Ramilowski et al.31 In plaque single-cell expression,27 
we examined the predicted ligand-receptor interactions 
derived from a repository of ligand-receptor heteromeric 
complexes28 (methods). Figure 5C shows predicted cell-
cell interactions in plaque based on ligand-receptor gene 
expression level with different functions such as che-
moattraction, immune response, and adhesion. Several 
interactions based on the expression of CCR5 were pre-
dicted. Macrophage-macrophage interactions involving 
CCL (C-C motif chemokine ligand) 3 and CCR5 were 
predicted. In addition, CD8+ and natural killer cells that 
expressed CCL4 and CCL5 were predicted to interact 
with CCR5 expressed by macrophages (Figure 5C). 
Interactions also included several molecules known to 
be involved in atheroma such as IL1B, MIF, CD44, and 
PLAUR (Figure 5C). In plaque-derived immune cells, 
no significant interaction was predicted based on the 
expression level of FLT1 or COL17A1. We sorted the top 
positively correlated genes with CCL3, CCL4, and CCL5 
in plaque immune single-cell expression data. These 
chemokines were correlated with genes involved in lipid 
storage (NPC2), cytotoxicity (GZMH, GZMK, TYROB, and 
KLRB1), and immune response (FCER1G, HLA-DRA, 
TRBC1, and MALAT1; Figure 5D). Taken together, data 
derived from plaque single-cell expression provides a 
disease- and cell-context relevant information about the 
potential function of genes, which warrants further inves-
tigation in follow-up studies (eg, C4orf3 and GPX1).

DISCUSSION
By using a system genetics approach including causal 
inference, we provide robust evidence based on MR that 
gene expression in blood cells is associated with CAD. 
A subset of predicted causally associated CAD-eGenes 
were also linked to the lifespan. Among the 37 blood 
eGenes predicted causally associated with CAD, 22 
are potentially druggable, whereas 2 (FLT1 and CCR5) 
are targets of approved drugs. Among the druggable 
candidate genes, several are acting as hub in a net-
work and were also prioritized by ToppGene21 (SREBF1, 
HOXC4, COL17A1, BCAR1, and CAMK1D) and could be 

prioritized in follow-up investigations. Analysis of plaque 
immune single-cell expression data provides evidence 
that some predicted CAD causal blood eGenes (GPX1 
and C4orf3) are enriched in macrophages, whereas 
several ligands are predicted to interact with CCR5 
expressed by macrophages. Together, these data pin-
point CAD predicted-causally associated eGenes with 
important regulatory functions and provide strong infer-
ence supporting drug repurposing or for follow-up stud-
ies and the development of novel molecules to modulate 
the immune response in atheroma.

Studies conducted in animal models and humans 
strongly support a role for the immune response in 
CAD.2 However, the immune system relies on a highly 
connected network with a vast array of response. Hence, 
it is crucial to identify disease-specific genes with promi-
nent functions, which could also represent suitable drug 
targets to reduce events. We identified that CAD-asso-
ciated eGenes were enriched in macrophages, which is 
consistent with the important role of these cells in the 
pathophysiology of atheroma.2 Among the 37 predicted 
causally associated eGenes, several were highly con-
nected in a blood protein-protein network. These data 
thus highlighted blood cell eGenes with potential reg-
ulatory function in atheroma. In this regard, SREBF1, a 
highly connected gene, which encodes SREBP-1, is a 
basic helix-loop-helix-leucine zipper transcription factor 
that promotes in macrophages reprogramming and the 
resolution of inflammation.32 These data are consistent 
with the directional effect in MR for the expression of 
SREBF1 and the risk of CAD (per 1 SD OR, 0.92 [95% 
CI, 0.90–0.94], Pcausal=4.24×10−16). Among the other 
highly connected eGenes, CAMK1D encodes for a cal-
cium calmodulin-dependent protein kinase involved in 
the activation of neutrophils.33 CAMK1D is predicted 
tractable for the development of small inhibitory mol-
ecules and our data in MR indicate a positive associa-
tion with the risk of CAD (per 1 SD OR, 1.05 [95% CI, 
1.03–1.07], Pcausal=6.20×10−7). Emerging data indicates 
that homeobox genes play complex roles in the develop-
ment of atheroma.34 Our results indicate that the expres-
sion of HOXC4, a densely connected gene, is negatively 
associated with the risk of atheroma (per 1 SD OR, 0.78 
[95% CI, 0.74–0.83], Pcausal=2.92×10−20). Of interest, 
several homeobox genes including HOXC4 were shown 
to be downregulated in atherosclerotic carotid arteries.35 
Hence, further studies on interconnected eGenes could 
provide novel mechanistic data with regard to molecular 
processes related to atheroma.

Analysis of plaque-derived single-cell data provided 
evidence that GPX1 and C4orf3 were highly enriched 
in macrophages. GPX1 encodes for a glutathione per-
oxidase that decreases the level of H2O2, a reactive 
oxygen species.36 In MR, the blood expression of GPX1 
was positively associated with the risk of CAD (per 1 
SD OR, 1.30 [95% CI, 1.17–1.44], Pcausal=7.37×10−7). In 
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the same line, carriers of A-rs1050450 (p.Pro200Leu), 
which decreases the activity of GPX1 by 40%,29 had a 
lower risk of CAD. These data may seem counterintui-
tive as reactive oxygen species have been incriminated 
to play a detrimental role in several diseases including 
CAD.37 However, the impact of GPX1 is likely cell- and 
context-specific as overexpression of GPX1 in mice 
worsen insulin sensitivity.36 In this regard, hydroperoxides 
affect the function of different kinases involved in insu-
lin signaling.36 We underlined that C4orf3, a protein with 
an unknown function, was enriched in plaque-infiltrating 
macrophages. In MR, the expression of C4orf3 in the 
blood was negatively associated with the risk of CAD (per 
1 SD OR, 0.91 [95% CI, 0.89–0.93], Pcausal=4.66×10−17). 
Though follow-up studies are required, interrogation of 
the C4orf3 protein interactome in Bioplex 3.030 suggests 
that C4orf3 may play a role in the destruction of mis-
folded proteins.

Studies have highlighted that nodes with an elevated 
central betweenness (shortest path) are enriched in 
drug targets.11 Considering the cost for the development 
of small molecules and the high attrition rate of drugs 
under development, drug repurposing is an alternative 
and attractive approach. We identified 2 CAD predicted 
causally associated eGenes that are targets of approved 
drugs. FLT1 is targeted by several kinase inhibitors with 
indications in cancer.24 However, several kinase inhibitors 
have important side-effects, which may limit their use for 
chronic administration.38 On the contrary, drugs such as 
Maraviroc, which targets CCR5, are approved for chronic 
administration in the treatment of HIV-AIDS.25 Genes with 
an elevated tissue-specific expression are ideally suited 
for the development of inhibitors as it may limit drug-
related side effects.23 Among CAD-associated eGenes, 
CCR5 was among the top tissue-selective genes having 
a significant expression in the blood. To this effect, Mara-
viroc, which targets CCR5, is generally well tolerated 
with reported side effects such as upper respiratory tract 
infection and rash.39 In the present work, we found that 
CCR5 and interacting chemokines (CCL3, CCL4, and 
CCL5) were highly expressed in plaque immune cells. 
Data derived from plaque single-cell expression showed 
that the expression of chemokines were correlated with 
several genes involved in atherosclerosis such as NPC2, 
FCER1G, and MALAT1.40 In mice, the deletion of CCR5 
lowers the formation of plaques.41 These data are con-
sistent with the present investigation in which we found 
in MR a positive association between the expression of 
CCR5 and the risk of CAD (per 1 SD OR, 1.07 [95% 
CI, 1.04–1.10], Pcausal=1.96×10−5). Taken together, these 
data strongly militate for a causal role of CCR5 in CAD.

We hypothesized that gene variants affecting the 
expression of CAD-associated genes may also impact 
the lifespan. By analyzing 1 012 240 parental lifespan,26 
we found that 6 CAD-associated eGenes (ARID4A, 
CCDC167, CCR5, DAGLB, RPS6KL1, and UHRF1BP1) 

were also associated with the lifespan potential. The 
effects were concordant between CAD risk and the lifes-
pan (eg, eGenes positively associated with the risk of 
CAD decreased the lifespan potential). For instance, the 
blood expression of ARID4A was negatively associated 
with the lifespan (per 1SD, −1.01 year [95% CI, −1.50 to 
−0.52], Pcausal=4.96×10−5) and was positively associated 
with the CAD risk (per 1 SD OR, 1.17 [95% CI, 1.09–
1.25], Pcausal=1.38×10−5). ARID4A is involved in chroma-
tin remodeling and cancer.42 Its role in atheroma remains 
to be investigated. In mediation analysis by using MMR, 
the impact of the 6 blood eGenes (ARID4A, CCDC167, 
CCR5, DAGLB, RPS6KL1, and UHRF1BP1) on the lifes-
pan potential was determined by the risk of CAD. To our 
knowledge, this is the first MR study to provide evidence 
that the expression of genes impacting the risk of CAD 
also affect the lifespan potential.

Causal inference, though a powerful approach, has 
some limitations such as the risk of horizontal pleiot-
ropy (ie, genes variants affecting the outcome through 
an alternative pathway), which is, however, minimized by 
different sensitivity tools used in the present work. More-
over, MR along with a genetics system approach provide 
multi-level data, which when integrated allow a robust 
assessment of causality.43

The present findings underlined by using MR that 
genotype-based expression of genes in the blood is 
associated with the risk of CAD. In total, by using robust 
causal inference, we identified 37 blood eGenes involved 
in the immune response that are associated with the 
risk of CAD. We provided a map of eGenes involved the 
development of atheroma, and we highlighted genes 
with a druggable potential for follow-up studies. A multi-
pronged analysis scheme pinpointed CCR5 as a CAD 
target, which may also favorably impact the lifespan, pos-
sibly in at-risk population, for drug repurposing, and fur-
ther investigations in randomized clinical trials.
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