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Abstract 

Background Previous work has shown a role of CCL2, a key chemokine governing monocyte trafficking, in athero‑
sclerosis. However, it remains unknown whether targeting CCR2, the cognate receptor of CCL2, provides protection 
against human atherosclerotic cardiovascular disease.

Methods Computationally predicted damaging or loss‑of‑function (REVEL > 0.5) variants within CCR2 were detected 
in whole‑exome‑sequencing data from 454,775 UK Biobank participants and tested for association with cardio‑
vascular endpoints in gene‑burden tests. Given the key role of CCR2 in monocyte mobilization, variants associated 
with lower monocyte count were prioritized for experimental validation. The response to CCL2 of human cells 
transfected with these variants was tested in migration and cAMP assays. Validated damaging variants were tested 
for association with cardiovascular endpoints, atherosclerosis burden, and vascular risk factors. Significant associations 
were replicated in six independent datasets (n = 1,062,595).

Results Carriers of 45 predicted damaging or loss‑of‑function CCR2 variants (n = 787 individuals) were at lower risk 
of myocardial infarction and coronary artery disease. One of these variants (M249K, n = 585, 0.15% of European ances‑
try individuals) was associated with lower monocyte count and with both decreased downstream signaling and che‑
moattraction in response to CCL2. While M249K showed no association with conventional vascular risk factors, it 
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was consistently associated with a lower risk of myocardial infarction (odds ratio [OR]: 0.66, 95% confidence interval 
[CI]: 0.54–0.81, p = 6.1 ×  10−5) and coronary artery disease (OR: 0.74, 95%CI: 0.63–0.87, p = 2.9 ×  10−4) in the UK Biobank 
and in six replication cohorts. In a phenome‑wide association study, there was no evidence of a higher risk of infec‑
tions among M249K carriers.

Conclusions Carriers of an experimentally confirmed damaging CCR2 variant are at a lower lifetime risk of myocardial 
infarction and coronary artery disease without carrying a higher risk of infections. Our findings provide genetic sup‑
port for the translational potential of CCR2‑targeting as an atheroprotective approach.

Keywords Atherosclerosis, CCR2, Genetics, Inflammation, Cardiovascular disease

Background
Atherosclerotic cardiovascular disease (CVD) is the lead-
ing cause of morbidity and mortality worldwide [1–3]. 
Over 20 years of preclinical research have provided 
overwhelming evidence for a causal role of inflamma-
tion in atherogenesis [4, 5] and recent trials provided 
proof-of-concept that targeting inflammation can lead 
to reductions in adverse cardiovascular events [6–8]. 
The canakinumab anti-inflammatory thrombosis out-
come study (CANTOS) demonstrated that treatment 
with a monoclonal antibody against IL-1β lowers risk of 
recurrent vascular events among individuals with recent 
myocardial infarction [6]. The colchicine cardiovascular 
outcomes trial (COLCOT) [7] and the low-dose colchi-
cine-2 (LoDoCo2) trial [8] further showed that colchi-
cine, an established drug with widespread inhibitory 
effects on inflammatory pathways, [9, 10] lowers the risk 
of recurrent vascular events in patients with coronary 
artery disease (CAD). Targeting inflammation for athero-
protection must be balanced against the impact on any 
host defense responses. For example, both canakinumab 
[6] and colchicine [7] were associated with adverse 
effects including fatal infections in the CANTOS and the 
colchicine trials. While translational efforts have mostly 
focused on the inflammasome-IL-1β/IL-6 axis, [11] evi-
dence from preclinical studies and early-phase clinical 
trials highlights the promise of alternative cytokines [5] 
for the development of a second generation of atheroscle-
rosis-centered anti-inflammatory treatments [4].

CC-motif chemokine ligand 2 (CCL2) is a pivotal 
inflammatory chemokine regulating monocyte traffick-
ing [12] that has been studied as a potential target in 
atherosclerosis. Preclinical data suggest that pharmaco-
logical targeting of CCL2 or its receptor CCR2 might 
lower atherosclerosis burden in experimental models 
[13]. Furthermore, deleting Ccr2 [14, 15] or Ccl2 [16] 
in atheroprone apolipoprotein E-deficient (Apoe−/−) 
or LDL receptor-deficient (Ldlr−/−) mice has been 
found to lead to reduction of atherosclerotic lesions 
and decreased intraplaque macrophage accumulation. 
Conversely, overexpression of Ccl2 accelerated athero-
sclerosis in Apoe−/− mice [17]. However, only recently 

large-scale genetic and epidemiological studies have 
highlighted the relevance of the CCL2/CCR2 pathway 
in human CVD, calling for clinical translation of strat-
egies targeting this pathway [18]. Prospective observa-
tional studies [19, 20] support associations of higher 
circulating CCL2 levels with ischemic stroke and car-
diovascular death, whereas Mendelian randomiza-
tion analyses from population genetic studies [21, 22] 
show associations with higher risk of ischemic stroke 
and coronary artery disease. Furthermore, CCL2 levels 
are higher in atherosclerotic lesions from patients with 
symptomatic carotid stenosis, as compared to asympto-
matic disease and are associated with features of plaque 
vulnerability [23].

Although these studies support a role of the CCL2/
CCR2 axis in human atherosclerosis, it remains unclear 
whether pharmacological intervention in this pathway 
could lead to atheroprotection in humans. Several mol-
ecules targeting CCR2 are currently under development 
for autoimmune disease, liver disease, and cancer and 
could be repurposed for prevention of atherosclerotic 
cardiovascular disease [18]. Studies examining the phe-
notypic effects of rare genetic variants in population-
based studies have been instrumental in predicting the 
consequences of pharmacological interventions [24–28] 
and might thus serve as a validation step for drug targets 
under development.

Here, we leveraged whole-exome sequencing (WES) 
data from 454,775 participants of the population-based 
UK Biobank (UKB) study to explore whether rare dam-
aging variants in the CCR2 gene are associated with car-
diovascular disease risk, burden of atherosclerosis, and 
traditional vascular risk biomarkers. We experimentally 
confirmed the damaging effects of one variant (M249K), 
which has a frequency of 0.15% among UKB participants 
of European ancestry and replicated its effects on cardio-
vascular risk in external population- and hospital-based 
biobanks. Finally, we performed a phenome-wide asso-
ciation study across two biobanks to explore associa-
tions of this damaging variant with the risk of infections 
or other potential safety signals of any CCR2-targeting 
treatments.
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Methods
Study population
We used data from the UKB, a population-based pro-
spective cohort study of UK residents aged 40–69 years 
recruited between 2006 and 2010 from 22 assessment 
centers across the UK [29]. This analysis was restricted 
to 454,775 out of 502,419 participants with available 
whole-exome sequencing data (UKB Exome 450k release 
from October 2021). Primary and secondary analyses 
were performed with an updated Functional Equiva-
lence (FE) protocol that retains original quality scores in 
the CRAM files (referred to as the OQFE protocol). We 
included only variants that met published criteria [30]: 
individual and variant missingness < 10%, Hardy–Wein-
berg equilibrium p value >  10−15, minimum read coverage 
depth of 7 for SNPs and 10 for indels, at least one sam-
ple per site passed the allele balance threshold > 0.15 for 
SNPs and 0.20 for indels. We used genotype array data 
released by the UKB study to assign individuals to conti-
nental ancestry super-groups (African (AFR), Hispanic or 
Latin American (HLA, originally referred to as “AMR” by 
the 1000 Genomes Project), East Asian (EAS), European 
(EUR), and South Asian (SAS)) by projecting each sam-
ple onto reference principal components (PCs) calculated 
from the 1000 Genomes reference panel. We included 
only individuals without evidence of relatedness within 
the UKB samples, as defined by a KING cut-off of < 0.084.

Detection of damaging genetic variants in CCR2 
and experimental validation
Restricting our analyses to the CCR2 gene, we detected 
predicted LoF or damaging missense variants with a 
MAF < 1% in the CCR2 exonic region and then explored 
which of those are associated with monocyte count as a 
functional readout. Variants from WES were annotated 
as previously described [31] using VEP v101 [32, 33]. We 
used the LofTee plugin for predicting LoF variants [34] 
and a REVEL cutoff of > 0.5 from dbNSFP version 4.0a for 
predicted damaging missense mutations.

We aimed to further restrict our analyses to damaging 
variants with proven functional effects. One of the key 
functions of the CCL2 axis is the recruitment of classical 
monocytes from the bone marrow to the circulation in a 
CCR2-dependent way [35–37]. Consequently, damaging 
variants in the CCR2 gene would be expected to be asso-
ciated with a lower monocyte count in the circulation. 
To test associations with the circulating counts of mono-
cytes and other white blood cells (WBC), absolute counts 
were extracted from the UKB fields 30,160 (basophil 
counts), 30,150 (eosinophil counts), 30,130 (monocyte 
counts), 30,120 (lymphocyte counts), and 30,140(neu-
trophil counts). Distributions were visually checked for 
normal distribution and log-normalized when needed. 

Associations were tested using regenie v2.2.4 [38]. For 
WBC analyses, we used sex, age at blood draw, and the 
first 5 ancestral PCs as covariates. The mixed model 
parameters were estimated using 200,000 genotyped 
common variants. Saddle point approximation regres-
sion was applied. Genetic variants associated with mono-
cyte count at a false discovery rate (FDR)-corrected p 
value < 0.05 were prioritized for further experimental val-
idation. To test whether the associations are specific for 
monocyte count, we also tested associations with other 
WBC counts (basophils, eosinophils, lymphocytes, neu-
trophils) for each variant.

Two predicted damaging CCR2 variants showing 
a significant association with lower monocyte count 
were brought forward to experimental testing. The two 
variants were M249K (3:46,358,273:T:A) and W165S 
(3:46,358,021:G:C, both hg38). First, we tested how 
human CCR2-knockout monocytic THP-1 cells trans-
fected with these variants or wild-type CCR2 respond to 
chemoattraction by CCL2 using a Transwell migration 
assay (details in Additional file 1: Supplementary Meth-
ods). Next, we tested whether M249K-mutant CCR2 
(which showed an effect in the migration assay) influ-
ences cAMP production in response to CCL2 in trans-
fected human HEK293T cells (details in Additional file 1: 
Supplementary Methods).

Additionally, a widely used and versatile flexible pro-
tein–protein docking tool, HADDOCK 2.4 [39] was 
utilized to re-dock CCR2 in its wild-type and mutant 
(M249K) form with the CCL2 ligand in both the mono-
meric and homodimeric form. The input PDB files were 
1dok and 5t1a. Following residues were suggested as 
active residues after literature research: 1dok: 2, 3, 4, 5, 6, 
7, 8, 9, 10, 17, 18, 19, 20, 23, 24, 25, 34, 35, 36, 37, 47, 48, 
49, 50. 5t1a: 37, 38, 39, 40, 41, 42, 101, 102, 103, 104, 105, 
106, 107, 108, 109, 110, 111, 112, 113, 114, 179, 180, 181, 
182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193, 
194, 195, 196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 
206, 269, 270, 271, 272, 273, 274, 275, 276, 277, 278, 279, 
280, 281, 282, 283, 284, 285. We used standard parame-
ters and the resulting HADDOCK score as an outcome 
measure of CCL2-CCR2 interaction.

Associations with cardiovascular risk, atherosclerosis 
burden, and vascular risk factors
Focusing on two sets of variants, we then explored 
associations of CCR2 variants with clinical cardiovas-
cular endpoints including myocardial infarction, coro-
nary artery disease, acute ischemic stroke, peripheral 
artery disease, and abdominal aortic aneurysm using 
ICD-10- and ICD-9-coded diagnoses, OPCS4-coded 
procedures, self-report, and algorithmically defined phe-
notypes provided by the UKB as detailed in Additional 
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file 2: Table S1. As our hypothesis was that these variants 
would lead to reductions in risk by lowering the lifetime 
burden of atherosclerosis, we also constructed a com-
bined phenotype of atherosclerosis manifestations in four 
vascular beds (coronary arteries, cerebrovascular system, 
peripheral arteries of the extremities, and aortic athero-
sclerosis). Severe atherosclerosis was defined as presence 
of clinical manifestations in at least two vascular beds 
(Additional file 2: Table S1).

We followed two approaches to test associations 
with these phenotypes: (i) we performed a burden test 
combining all predicted damaging variants (LoF or 
REVEL > 0.5) within CCR2; (ii) focusing on M249K, 
the only damaging monocyte-lowering CCR2 variant 
that was experimentally validated in the migration and 
cAMP assays, we performed logistic regression analysis 
adjusted for age, sex, and the first 5 ancestral PCs test-
ing. We included both prevalent and incident endpoints 
as outcomes in all analyses and used Firth’s correction for 
unbalanced case/control ratios in our logistic regression 
analysis. To explore whether the associations with cardi-
ovascular risk are mediated through known vascular risk 
factors, we further tested associations of the damaging 
genetic variants with the following phenotypes: systolic 
and diastolic blood pressure, circulating LDL and HDL 
cholesterol, circulating apolipoprotein B levels, circulat-
ing glycated hemoglobin A1c (HbA1c) concentration, 
body mass index, and C-reactive protein. Individuals 
under antihypertensive medications were excluded in the 
analyses for systolic and diastolic blood pressure, indi-
viduals under lipid-lowering medications were excluded 
from the analyses for LDL and HDL cholesterol and 
apolipoprotein B levels, and individuals under glucose-
lowering treatments were excluded from the analyses for 
HbA1c.

Validation of M249K CCR2 variant in external datasets 
and meta‑analysis
For external validation, we obtained summary statistics 
from six different data sources based on a pre-defined 
protocol: the TransOmics and Precision Medicine Pro-
gram supported by NHLBI (TOPMed) Program includ-
ing multiple studies and a trans-ancestry population in 
the USA (n = 51,732), [40] the population-based deCODE 
dataset in Iceland (n = 345,992), [41] the hospital-based 
Penn Medicine Biobank (PMBB, n = 43,721), [42] the 
Million Veteran Program (MVP, n = 438,905), [43] the 
Geisinger DiscovEHR-MyCode cohort in central and 
northeastern Pennsylvania (n = 145,826), [44] as well 
as the hospital-based Mass General Brigham Biobank 
(MGBB, n = 36,419) [45]. Specifically, we requested data 
from logistic regression models adjusted for age, sex, 
race, study-specific variables (e.g., sequencing center), 

and the first 10 PCs (with the Firth’s correction) for 
the M249K variant. The variant was either assessed by 
sequencing or directly genotyped in all cohorts. Details 
about the individual cohorts are provided in Additional 
file  1: Supplementary Methods. The derived odds ratios 
(OR) from the six datasets were meta-analyzed using 
fixed-effects and random-effects meta-analyses and were 
subsequently also meta-analyzed with the results from 
the UKB. We set a significance threshold of p < 0.05 in the 
replication meta-analysis. Heterogeneity was assessed 
with the I [2] and the Cochran Q statistic.

Phenome‑wide association study
To explore potential adverse effects associated with 
damaging CCR2 genetic variants, we tested associa-
tions of M249K with the full range of clinical pheno-
types encoded in the UKB and replicated in an external 
cohort (Geisinger DiscovEHR-MyCode) [44]. We used 
the Phecode Map 1.2 to map UKB ICD10-codes to phe-
codes [46] using all ICD10 codes (main position, second-
ary position, death records) from the UKB. We excluded 
phecodes with < 100 cases and phecodes that are male- or 
female-specific. Individuals were assigned a case status 
if > 1 ICD10 code was mapped to the respective phecode. 
To approximate effect size in a logistic regression frame-
work, we used minor allele carrier status as an independ-
ent variable and age at baseline, sex, and 5 ancestry PCs 
as covariates. We used Firth’s correction for unbalanced 
case/control ratios in our logistic regression analysis for 
all results with p < 0.05. The results from the two cohorts 
were meta-analyzed using fixed- and random-effects 
models. Heterogeneity was assessed with the I [2] and the 
Cochran Q statistic.

Results
Computationally predicted damaging CCR2 variants
Among 428,191 unrelated (out of 454,775 with whole-
exome sequencing data) UK Biobank participants from 
the whole-exome sequencing data release, we found a 
total of 45 predicted LoF or damaging (REVEL > 0.5) vari-
ants in the exonic region of the CCR2 gene distributed 
across 787 heterozygous carriers (frequency 0.18%, Fig. 1 
and Additional file  2: Table  S2). There was no homozy-
gous carrier of any of these variants and variants were 
predominantly prevalent in individuals of European 
ancestry (779 carriers, frequency 0.20%), as compared 
to individuals of African, Hispanic or Latin American, 
East Asian, and South Asian ancestry (total of 8 carri-
ers, pooled frequency 0.02%). Due to the very low fre-
quency in other ancestries, we restricted our analyses to 
individuals of European ancestry (n = 393,416), Baseline 
characteristics of the study population are presented in 
Additional file 2: Table S3.
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Associations of CCR2 variants with cardiovascular 
endpoints in gene‑burden tests
In a discovery analysis including all 45 computationally 
predicted LoF or damaging variants, we next explored 
whether genetic variation in CCR2 is associated with 
atherosclerotic disease using a gene-based burden test. 
While far from genome-wide statistical significance for 
gene-based testing (p < 2.7 ×  10−6), we found nominally 

significant associations of the predicted damaging CCR2 
variants with myocardial infarction (OR: 0.60, 95%CI: 
0.40–0.90, p = 0.008) and coronary artery disease (OR: 
0.76, 95%CI: 0.59–0.99, p = 0.03), as well as direction-
ally consistent associations with the odds of all other 
examined outcomes (ischemic stroke, peripheral artery 
disease, abdominal aortic aneurysm, Fig.  2A). Variant 
burden was associated with lower risk of a combined 

Fig. 1 Damaging CCR2 variants. Domain structure of the CCR2 protein and position of the predicted loss‑of‑function (LoF) or missense damaging 
(REVEL > 0.5) variants present in > 2 UK Biobank participants in the CCR2 exonic regions

Fig. 2 Associations of rare computationally predicted damaging CCR2 variants with risk of atherosclerotic cardiovascular disease in the UK Biobank. 
Associations of 45 predicted loss‑of‑function (LoF) or damaging (REVEL > 0.5) CCR2 variants (minimum allele frequency < 0.01) in burden tests 
with A risk of cardiovascular disease endpoints and B a combined atherosclerosis endpoint as well as severe clinical atherosclerotic disease defined 
by manifestations in at least 2 vascular beds (coronary arteries, cerebrovascular system, peripheral arteries of extremities, aorta) among UK Biobank 
participants of European ancestry. C Prevalence of clinically manifest atherosclerosis across 4 vascular beds (coronary arteries, cerebrovascular 
system, peripheral arteries of extremities, aorta) among carriers and non‑carriers of the 45 predicted LoF or damaging CCR2 variants. The odds ratio 
(OR) is derived from ordinal regression adjusted for age, sex, and the first 5 ancestral principal components
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atherosclerotic endpoint (OR: 0.80, 95%CI: 0.65–0.98, 
p = 0.03), as well as with severe atherosclerotic disease, 
defined by clinical manifestations in at least two vascu-
lar beds (OR: 0.24, 95%CI: 0.07–0.82, p = 0.003; Fig. 2B). 
We found a trend for a dose–response pattern with lower 
frequency of clinically manifest atherosclerotic disease 
across the number of vascular beds involved among car-
riers for these CCR2 variants (frequency of atheroscle-
rosis presence among carriers vs. non-carriers: in no 
vascular bed 88.0% vs. 90.7%; in 1 vascular bed 10.5% vs. 
9.1%; in 2 vascular beds 1.2% vs. 0.3%; in 3 vascular beds 
0.3% vs. 0.1%, in 4 vascular beds 0.03% vs. 0%; OR from 
ordinal regression: 0.74, 95%CI: 0.54–0.97, p = 0.01).

Functional consequences of CCR2 damaging variants
To move beyond computationally predicted functional 
effects, we followed a two-step approach to select CCR2 
variants with functional relevance. Since one of the key 
functions of CCL2 is the CCR2-dependent recruitment 
of classical monocytes from the bone marrow to the cir-
culation, we first tested the association of the predicted 
damaging variants in CCR2 with circulating monocyte 
counts. We found two variants (M249K and W165S) to 
be associated with lower monocyte counts (FDR-cor-
rected p < 0.05, Additional file 2: Table S2) and prioritized 
them for experimental validation.

We tested whether transfection of human CCR2-
knockout THP-1 monocytes with either of these two 
variants influences directed migration towards CCL2 in 
a trans-migration cell assay (Fig.  3A). Cells transfected 
with M249K showed a clearly reduced response to CCL2, 
when compared to cells transfected with wild-type CCR2, 
resembling the response of CCR2-knockout cells (Fig. 3B 
and Additional file  1: Fig. S1). Cells transfected with 
W165S showed a profile similar to cells transfected with 
wild-type CCR2 (Additional file  1: Fig. S1). HEK293T 
cells transfected with M249K further showed a profound 
reduction of downstream activity (increase in cAMP) in 
response to CCL2, when compared to HEK293T cells 
transfected with wild-type CCR2 (Fig.  3C). We found 
no difference in protein levels of CCR2 in lysates of 
HEK293T cells transfected with the M249K mutant vs. 
wild-type CCR2, suggesting no impact of the M249K 
variant on expression or stability of CCR2 (Additional 
file 1: Fig. S2). Flow cytometry revealed no difference of 
CCR2 expression in the surface of the HEK293T cells 
transfected with the M249K mutant or wild-type CCR2, 
thus implying no impact on localization of the protein 
(Additional file 1: Fig. S2). M249K-transfected HEK293T 
cells further showed decreased ERK1/2 phosphoryla-
tion as a result of exposure to increasing concentration 
of CCL2, suggesting reduced MAP kinase signaling activ-
ity that is downstream to beta-arrestin signaling [47, 48] 

(Additional file  1: Fig. S2). Experiments in both THP-1 
monocytes and HEK293T cells showed a bell-shaped 
curve response to increasing concentrations of CCL2, a 
phenomenon that is well-characterized for chemokine 
receptor signaling in the literature [49–51].

M249K has a frequency of 0.15% among UKB par-
ticipants of European ancestry and leads to the replace-
ment of methionine by lysine in the sixth transmembrane 
domain of the CCR2 receptor (Fig.  1). Confirming the 
specificity of the consequences of M249K on mono-
cyte recruitment, we found no evidence of associa-
tions with any of the other leukocyte type counts in the 
UKB (Fig.  3D). Exploring whether mutant (M249K) 
CCR2 would impact the interaction between CCR2 
and CCL2 with HADDOCK 2.4, docking complexes 
between WT CCR2 and CCL2 showed a more favora-
ble HADDOCK score than between M249K CCR2 and 
CCL2 for both monomeric and homodimeric CCL2 
(dimer: WT: − 28.0 ± 13.1, M249K: − 9.4 ± 11.3; mono-
mer: WT − 83.8 ± 8.2; M249K − 61.5 ± 12.5), suggesting 
impaired interaction and thus possibly impaired down-
stream signaling of the complex.

Associations of M249K with cardiovascular risk 
and replication in external cohorts
Carriers of the M249K variant were at lower risk of myo-
cardial infarction (OR: 0.62, 95%CI: 0.40–0.97, p = 0.03) 
and coronary artery disease (OR: 0.73, 95%CI: 0.56–0.97, 
p = 0.02) in the UKB (Fig.  4A). As expected, given that 
M249K was by far the most frequent among computa-
tionally predicted damaging CCR2 variants, we found 
associations with a lower risk of the combined atheroscle-
rosis endpoint, as well as significantly lower risk of severe 
atherosclerosis (manifestations in ≥ 2 vascular beds, 
Fig.  4B), similar to the burden test. To explore whether 
the effects of M249K are mediated through effects on 
risk factors targeted by current preventive approaches, 
we next tested associations with established biomark-
ers of vascular risk. We found no associations with any 
of the tested vascular risk factors including blood pres-
sure, hyperglycemia, or circulating lipids. Furthermore, 
there was no evidence of association with the levels of the 
known inflammatory biomarker C-reactive protein, thus 
suggesting that the effects might be independent of fac-
tors targeted by current atheroprotective anti-inflamma-
tory treatments (Fig. 4C).

As these associations were only nominally significant 
and suggestive of an effect of this variant, we aimed to 
externally replicate our findings to provide robust evi-
dence for an association with a lower risk of myocardial 
infarction and coronary artery disease. To externally 
replicate the effects of M249K, we meta-analyzed data 
from six external datasets (TOPMed, deCODE, PMBB, 
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MGB, MVP, Geisinger). The frequency of the variant 
varied between the six datasets (range: 0.0006% in MVP 
to 0.228% in Geisinger), totaling 767 heterozygous car-
riers among 1,062,595 individuals (91,420 myocardial 
infarction and 142,361 coronary artery disease cases). 

When meta-analyzing data from the six cohorts for the 
association between carrying M249K and risk of myo-
cardial infarction or coronary artery disease, the ORs 
were comparable to those of the UKB (OR for myocar-
dial infarction: 0.67, 95%CI: 0.53–0.85, p = 0.0006; OR 

Fig. 3 Validation of the damaging effect of M249K (3:46,358,273:T:A) on CCL2‑driven monocyte chemotaxis. A Experimental outline of chemotaxis 
assay. Transfected CCR2 − / − THP‑1 cells (marked in green) and non‑transfected cells (marked in red) were used in a Transwell chemotaxis assay. 
The cells that moved to the lower chamber were collected, stained, and quantified using flow cytometry. B Chemotaxis in response to increasing 
concentrations of CCL2 for human CCR2‑knockout monocytic THP‑1 cells transfected with the mutant M249K vs. wild‑type CCR2, as determined 
in a trans‑well migration assay (comparisons derived from two‑way ANOVA, ns: p > 0.05, ***p < 0.001, ****p < 0.0001). C Results of cyclic AMP (cAMP) 
assay. Shown is the cAMP activity in HEK293T cells transfected with either empty vector or wild‑type or M249K CCR2 in response to different 
concentrations of CCL2. Results are presented as “Ratio 665/620 × 10,000” (ratio of fluorescence at 665 nm and 620 nm × 10,000). D Associations 
of M249K with counts of different leukocyte populations in the subset of European ancestry participants of the UK Biobank (N = 393,838), as derived 
from linear regression models adjusted for age, sex, and the first 5 ancestral principal components
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for coronary artery disease: 0.74, 95%CI: 0.53–0.85, 
p = 0.003, Additional file 1: Fig. S3 and Additional file 2: 
Table  S4). When meta-analyzing these data with UKB 
reaching a sample size of 1,456,011 individuals including 
1314 M249K carriers (111,394 and 207,019 cases of myo-
cardial infarction and coronary artery disease, respec-
tively), we found M249K carriers to have 34% lower odds 
of suffering a myocardial infarction (OR: 0.66, 95%CI: 

0.54–0.81, p = 6.1 ×  10−5) and 26% lower odds of coronary 
artery disease (OR: 0.74, 95%CI: 0.63–0.87, p = 2.9 ×  10−4, 
Fig. 4D–E and Additional file 2: Table S4).

Phenome‑wide association study
As a last step, we performed a PheWAS to explore 
whether M249K is associated with potential adverse 
effects that would raise signals for possible side-effects 

Fig. 4 Association of the damaging M249K CCR2 variant with lifetime cardiovascular risk. Associations of the M249K CCR2 variant with risk of A 
cardiovascular disease endpoints, B a combined atherosclerosis endpoint and severe clinical atherosclerotic disease defined by manifestations 
in at least 2 vascular beds (coronary arteries, cerebrovascular system, peripheral arteries of extremities, aorta), and C conventional vascular risk 
biomarkers in models adjusted for age, sex, and the first five principal components among UK Biobank participants of European ancestry. HbA1c 
and C‑reactive protein levels are log‑transformed for normalization. Fixed‑effects and random‑effects meta‑analysis of the effects of M249K on risk 
of D myocardial infarction and E coronary artery disease across 7 population‑ and hospital‑based biobanks. The effects correspond to odds ratios 
(OR) derived from logistic regression models adjusted for age, sex, and the first 5 ancestral principal components in each biobank
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of any CCR2-targeting treatments. Because we lacked 
statistical power for most of the outcomes, we restricted 
our analyses to endpoints with ≥ 10 cases in the carrier 
group of the UKB. To increase statistical power, we meta-
analyzed our results with the Geisinger cohort. Across 
all phenotypes, only myocardial infarction showed an 
association with M249K that passed the FDR-corrected 
p < 0.05 threshold. Coronary atherosclerosis and angina 
pectoris were also less frequent (p < 0.05) among carri-
ers although only at a nominal non-corrected p < 0.05 
(Fig.  5A). No infectious disease phenotypes were found 
to be more common (p < 0.05) among M249K carriers 
(Additional file  2: Table  S5). Senile cataract was more 
common among carriers (p < 0.05). Among UKB partici-
pants, we found no evidence for an association between 
carrier status for a CCR2 damaging variants and survival 
over a 15-year follow-up period (Fig. 5B).

Discussion
Using data from 1.5M individuals, we found that het-
erozygous carriers of a rare experimentally confirmed 
damaging CCR2 variant (M249K) are at lower lifetime 
risk of myocardial infarction and coronary artery disease. 
Carriers of this variant showed no differences in LDL 
cholesterol, blood pressure, BMI, HbA1c, and C-reactive 
protein levels, indicating that damaging CCR2 variants 
exert their effects independently of conventional vascular 
risk factors targeted by available atheroprotective treat-
ments. On the other hand, we found no evidence of asso-
ciations with higher risk of infectious diseases or overall 
mortality among carriers. Collectively, our results pro-
vide genetic support for CCR2 as a potential therapeutic 
target for atherosclerotic cardiovascular disease.

Our findings extend our previous results from a 
Mendelian randomization study suggesting a higher 
atherosclerosis risk among individuals with genetic pre-
disposition to elevated CCL2 levels [21]. That study 
focused on common genetic variants distributed across 
the genome and shown to influence CCL2 levels in trans. 
In contrast, the current study assessed damaging rare 
genetic variants within the CCR2 gene. The functional 
impact of M249K, the most frequent variant among 
those associated with atherosclerotic disease, was experi-
mentally confirmed. As such, our results are unlikely 
to be confounded by pleiotropic effects of the variants. 
Despite the lack of data from clinical trials targeting 
CCR2 in patients with cardiovascular disease, studies in 
experimental models of atherosclerosis have provided 
supportive evidence for an atheroprotective effect of 
pharmacologically targeting CCR2 [13].

Our work consistently connects these findings to 
humans and provides a rationale for conducting a clinical 
trial with pharmacological targeting of CCR2 in patients 
with atherosclerosis. Ultimately, only clinical testing can 
provide evidence in favor of or against pharmacological 
targeting of CCR2 for patients with atherosclerosis. A 
major bottleneck for initiating a clinical trial would be the 
need for proof of concept in a phase 2 trial before a trial 
with hard endpoint is conducted. Given the evidence that 
CRP levels are not directly affected by the CCL2/CCR2 
axis, [19] an intermediate endpoint is needed that cap-
tures plaque inflammation, and in particular, macrophage 
accumulation [13]. PET imaging, particularly with an 
FDG tracer, has shown promise for detecting mac-
rophage content in large plaques and has already been 
used in phase 2 trials targeting plaque inflammation [52–
54]. In addition, recent advances in tracer development 

Fig. 5 Phenome‑wide association study of the damaging M249K CCR2 variant and associations with overall survival. A Results 
from a phenome‑wide association study in UK Biobank and the Geisinger DiscovEHR‑MyCode cohort for the M249K CCR2 variant 
among participants of European ancestry. Only phecodes with ≥ 10 cases in UK Biobank were analyzed. We present the names of phenotypes 
associated with rare CCR2 variants at p < 0.05. Only myocardial infarction reached an FDR‑corrected p value of < 0.05. The results are presented 
as log‑odds ratios (log‑OR). B Kaplan–Meier curves for overall survival across 15 years of follow‑up among carriers and non‑carriers of the M249K 
CCR2 variant in the European subset of UK Biobank participants
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have enabled the development of a tracer that specifically 
binds to CCR2 [55]. Initial data from patients have shown 
promise in imaging monocyte recruitment to the heart 
following myocardial infarction [55].

Interestingly, we found no evidence supporting a 
connection of M249K with established pharmacologi-
cal targets of atherosclerosis, such as LDL cholesterol, 
hyperglycemia, or elevated blood pressure. This implies 
that any benefit from CCR2-targeting approaches would 
be expected to be independent of available preven-
tive approaches against atherosclerotic disease. Also, 
we found no evidence of associations with circulat-
ing C-reactive protein levels, a biomarker of the activ-
ity of the IL-6 signaling pathway that is also the target of 
atheroprotective anti-inflammatory treatments currently 
under development [56]. Based on this, our findings sug-
gest that CCR2 inhibition might have an atheroprotective 
effect on top of such approaches, which in turn might be 
an argument to pursue approaches embracing combina-
tion therapies.

Our PheWAS analysis was limited by low statistical 
power preventing us from providing sufficient evidence 
for associations between M249K and a higher risk of key 
disease endpoints. Future studies should aim to assess 
potential safety concerns related to CCR2 inhibition by 
exploring M249K effects on key safety outcomes with in 
larger meta-analyses of human biobanks. Nevertheless, it 
is noteworthy that we found no evidence for an associa-
tion of M249K with risk of infections, which is a potential 
barrier to the use of atheroprotective anti-inflammatory 
treatments. This is in line with previous early phase clini-
cal trials testing inhibitors of CCR2 for other indications, 
which also found no important safety concerns [57–59]. 
Furthermore, we found no evidence of associations with 
overall survival, minimizing concerns about a significant 
impact on unknown fatal adverse effects. The reason why 
we do not see a protective effect on survival despite the 
effect on risk of myocardial infarction could be related to 
statistical power and length of follow-up. It is a common 
observation that medications with strong effects on low-
ering cardiovascular risk, such as statins, have failed to 
show survival benefits.

Our study has limitations. First, despite leveraging 
the largest available whole-exome sequencing studies 
totaling almost 1.5 million individuals, our results for 
the PheWAS analyses are still limited by low statisti-
cal power and should be interpreted cautiously. Given 
the rarity of the damaging CCR2 variants, any associa-
tion with rare potential side-effects would ultimately be 
undetectable in the context of this study. While formal 
statistical replication is precluded by this power issue, 
the consistent effect directions and the overall signifi-
cance of the meta-analysis raise confidence that the 

identified association is valid. Further, our main results 
for associations between CCR2 variants and cardio-
vascular disease endpoints failed to reach the formal 
threshold of statistical significance for gene-based test-
ing (p < 2.7 ×  10−6). As such, the gene-based results 
should be interpreted as suggestive. While the associa-
tions for M249K also do not reach significance for var-
iant-based testing (p < 5 ×  10−8), the replication across 
studies provides stronger evidence for a real causal 
association. Genetic analyses with rare variants are still 
underpowered, as also highlighted in recent burden test 
studies from the UK Biobank, where no gene showed 
significant associations with either myocardial infarc-
tion or ischemic stroke [60]. Future research should 
aim to pool additional data as they become available. 
Second, UK Biobank consists primarily of European 
individuals, and consequently, we detected damag-
ing CCR2 variants that are predominantly detected in 
European populations. As such, our results should 
not be extended to non-European individuals. Third, 
all analyses are based on individuals heterozygous for 
the damaging CCR2 variants, as we found no homozy-
gotes for damaging CCR2 variants. While this lack of 
homozygotes can be fully explained by the frequency 
of damaging CCR2 variants in the general population, 
it remains unknown whether homozygous status for 
damaging CCR2 variants would lead to potentially fatal 
complications. Fourth, the data from the UKB do not 
allow a distinction to be made between classical and 
non-classical monocytes. The available data suggest 
that CCL2 only acts on classical CCR2 + monocytes 
in humans or  Ly6Chi monocytes in mice. Experimen-
tal studies in mice have revealed that Ccr2-deficient 
 Ly6Chi monocytes are trapped in the bone marrow and 
are not mobilized after infections [35]. Future studies 
in humans should further explore the impact of the 
examined mutations on monocyte subtypes. However, 
it should be noted that inhibition of monocyte recruit-
ment from the circulation into atherosclerotic lesions is 
the main suspected mechanism by which CCR2 damag-
ing variants act, and the effects of lowering monocyte 
counts remain to be tested.

Conclusions
In conclusion, we found that heterozygous carriers of a 
rare damaging CCR2 variant are at lower lifetime risk of 
myocardial infarction and coronary artery disease with-
out carrying a higher risk of infections. This provides 
further genetic support for the concept that pharmaco-
logical targeting of CCR2 might be an efficient and viable 
immunotherapeutic strategy to prevent atherosclerotic 
cardiovascular disease.
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