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The RNA-binding protein Mex3a is a component of the processing bodies (P-bodies), establishes RNA-
dependent interactions with Argonaute proteins, and is involved in post-transcriptional regulation of gene
expression and microRNA function. Besides contributing to neurogenesis and cancer cell stemness2, Mex3a
dampens endothelial cell (EC) apoptosis by licensing the biophysical interaction of miR-126-5p with caspase
3 to inhibit its activity.> Whereas Mex3a deletion in mice increased apoptosis of aortic endothelium?, its
relevance for vascular pathophysiology and atherosclerosis is unknown.

We investigated a mouse model bearing Mex3a deletion in an Apoe-deficient atherogenic background
(Apoe”Mex3a™). The experiments were performed using established protocols®* and approved by local
authorities in compliance with institutional guidelines. All supporting data are available within the article or
from the corresponding author upon reasonable request. Compared to controls, Apoe” Mex3a” mice displayed
higher permeability to Evans Blue in the aortic vessel wall but not in kidneys, suggesting a role of Mex3a in
preserving macro- rather than microvascular integrity (Figure A). Evans Blue extravasation did not differ in
the brain, arguing against effects on blood-brain barrier permeability. When challenged with a 12-week
Western diet, Apoe” Mex3a™ mice developed larger plaques in aortic roots and en face prepared aortas (Figure
B,C), an effect consistent between males and females. Phenotypic characterization of atherosclerotic lesions
in the aortic root did not reveal differences in the content of Mac2-positive macrophages or intraplaque fibrosis
(stained by Sirius Red), whereas the content of vascular smooth muscle cells (VSMCs, a-smooth muscle actin-
positive) was higher in Apoe”Mex3a’ mice (Figure D). Plasma cholesterol (Figure E) and concentrations of
IL-6, IL-9, and TNF-a (Figure F) were higher in Apoe”Mex3a™ mice than in controls, possibly reflecting
effects on gene expression relevant to lipoprotein metabolism and systemic inflammatory activation, also
evidenced by a pro-inflammatory (MHC-Il +42.94+0.18%, P=0.028; CD301 -27.78+0.08%, P=0.014) flow
cytometric profile of lesional macrophages. Together, our data indicate an atheroprotective role of Mex3a in
mice that extends beyond preserving arterial endothelial integrity to potential effects on VSMC abundance and
phenotype, endothelial-to-mesenchymal transition, lipid metabolism, and inflammation.

To examine translational relevance for humans, we screened a metanalysis of genome-wide association
studies including 210,842 coronary artery disease (CAD) cases among 1,378,170 participants.® The MEX3A
locus was associated with CAD at a significance level approximating a 1% false discovery rate (Figure G,H).
To gain insights into directionality, we explored genetically regulated MEX3A expression using skin-derived
expression quantitative trait loci (eQTL) from the Genotype-Tissue Expression (GTEX) database, as the high
sample size and MEX3A expression in this tissue strengthened statistical power. The CAD risk allele (A) of
both lead (rs11264432) and linkage disequilibrium variants (rs10047112) associated with lower MEX3A
expression (normalized effect size, NES -0.237, P=7.8x10% and NES -0.292, P=1.9x10"°, respectively).
While eQTLs of arterial vessels did not yield significant associations (likely biased by low MEX3A reads in
bulk sequencing), a weak signal was found for rs10047112(A) in the aorta (NES -0.101, P=0.04). Likewise,
MEX3A expression was lower in the aorta of CAD patients, as compared to controls (q=7.8x107%) in the
Stockholm-Tartu Atherosclerosis Reverse Networks Engineering Task (STARNET) cohort, reinforcing the

notion that lower MEX3A expression associates with CAD. In line, rare predicted loss-of-function (pLoF)
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MEX3A variants in the UK Biobank exome-sequence data associated with 158 out of 3579 traits tested with
the Genebass browser for a nominal P<0.05 (by Sequence Kernel Association Test, SKAT-0). Besides cystatin
C (B=0.040, P=1.4x10*), these included plasma C-reactive protein (p=0.031, P=8.1x10-) and total fatty acids
(B=0.027, P=5.7x10%), as well as atherosclerosis-associated clinical outcomes, e.g., “cerebral infarction” (odds
ratio, OR 1.134, P=0.022) and “vascular/heart problems diagnosed by doctor” (OR 1.098, P=0.039), thus
emulating our results in mice.

Finally, we aimed to identify the cellular source of MEX3A in human atherosclerosis. In a single-cell
transcriptome dataset of human carotid atherosclerotic plaques (GSE159677, n=51,981 cells), MEX3A showed
the highest expression in EC clusters in the Uniform Manifold Approximation and Projection (UMAP) but
rather moderate expression in VSMCs, macrophages, NK and T cells (Figure 1). While MEX3A did not define
a specific EC cluster, it was primarily expressed in arterial ECs positive for PECAM1, GJA4, and GJAS5 rather
than those positive for ACKR1 or RGCC, indicating its relevance in the macro- vs. microvascular environment.
Differential gene analysis of MEX3A-positive vs. MEX3A-negative ECs revealed changes in transcripts
involved in vascular development and morphogenesis (Figure J,K), further supporting a role of MEX3A in
processes of arterial integrity.

In conclusion, we combined data from transgenic mice with genetic association analyses in large cohorts
of CAD patients to reveal a protective function of Mex3a in atherosclerosis across mice and humans. While
beneficial effects safeguarding endothelial integrity are likely an underlying mechanism, MEX3A expression
beyond vascular endothelium (e.g., liver, adipose tissue) and our results on inflammatory biomarkers and lipid
metabolism imply a broader role in vascular health. Future research using conditional deletion models should
dissect such cell-specific contributions in vascular biology. Yet, our study unequivocally establishes that

Mex3a serves as an important vasoprotective player with possible therapeutic implications.
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Figure Legend

MEX3A deletion exacerbates atherosclerosis in mice and variants in the MEX3A locus associate with
CAD in humans. A, Representative images of aortic arches, and spectrophotometric quantification of Evans
blue extravasation in aortas, kidneys and brains of control Apoe” and Apoe”Mex3a™ mice one hour after
intravenous injection of Evans blue (n=8-11 animals). Scale bar, 1 mm. B, Representative Elastic van Gieson
(EvG) staining and quantification of atherosclerotic lesion size in aortic roots of Apoe” and Apoe”Mex3a™
mice fed a Western diet (21% crude fat, 0.15% cholesterol, 19.5% protein, Western-style diet food TD.88137,
ssniff) for 12 weeks (n=11 animals). C, Representative Oil-Red-O staining, and quantification of lesion area
in en face prepared aortas of Apoe” and Apoe”Mex3a™ mice fed a Western diet for 12 weeks (n=6 animals).
D, Representative immunofluorescent staining for Mac2 (clone M3/38, Cedarlanelabs, Cat# CL8942AP), a-
smooth muscle actin (aSMA, clone 1A4, Sigma Aldrich Cat# F3777), and Hoechst to counterstain cell nuclei
and quantification of the lesional content of Mac2-positive macrophages, aSMA-positive VSMCs, and
intraplaque fibrosis (Sirius Red Staining) (n=7-11 animals). Scale bar, 100 pm. E, Plasma cholesterol
concentration in Apoe”” and Apoe”Mex3a” mice fed a Western diet for 12 weeks, as quantified by enzymatic
assays (c.f.a.s. cobas, Roche Diagnostics) (n=11 animals). F, Heatmap of mean ranks of inflammatory
cytokines in plasma of Apoe” and Apoe”Mex3a”™ mice as assessed by multiplexed immunoassays
(ProcartaPlex EPX010-20440-901, ThermoFisher Scientific). Statistically significant differences for a false
discovery rate (FDR) <5% are given. G, Regional association plot of the MEX3A locus (chr1:156.029.000-
156.061.000) based on the summary statistics of the Coronary Artery Disease Genome-Wide Replication and
Metanalysis (CARDIOGRAMplusC4D) consortium (1,378,170 individuals).> Dots indicate the genomic
position in GRCh37 coordinates (x-axis) and the -logio(meta-analysis P value) (y-axis) of each variant. Colored
dots mark rs11264432, the lead variant, and rs10047112, the variant in linkage disequilibrium (R?=0.452,
D’=0.760). The dashed line delineates the threshold for statistical significance approximating an FDR <1%
(P<2.5x10) calculated using the “q value” R package to consider all the variants in the genome-wide analysis,
as detailed in the derivative meta-analysis.®> H, Forest plot showing odds ratios and 95% confidence intervals
for CAD association of rs11264432 and rs10047112 in Aragam et al.’ I, Expression pattern of MEX3A in
individual cell clusters visualized using Uniform Manifold Approximation and Projection (UMAP) in a dataset
of human atherosclerotic plaques (GSE159677). Cells were excluded based on the number of genes (<200 or
>4000) and percentage of mitochondrial transcripts (>10%), the 45,826 retained cells were down-sampled to
account for an equal cell number across patients in the final dataset (13,267 cells). The dot plot shows the
average expression and proportion of cells expressing MEX3A in the individual cell clusters in UMAP. Zero-
preserving data imputation (ALRA) was applied. J, Heatmap showing differentially expressed genes (log.FC
>|0.2|, FDR<10%) in ECs positive (MEX3A") or negative (MEX3A") for MEX3A expression in human
atherosclerotic plaques. MEX3A" cells were defined by an expression >0.5 upon ALRA. Data were analyzed
using DESeq2 on pseudobulk expression profiles for each individual created using the AggregateExpression
function in Seurat and depicted as z scores in the heatmap. K, Gene ontology analysis for the differentially

expressed genes in J. P values for enrichment were computed with a hypergeometric test and corrected (i.e.,
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g values) for multiple comparisons with the Benjamini—Hochberg procedure using MetaScape. The graph
depicts enriched terms for q<0.05 (i.e., GO:0001568, 0001525, 0001944, 0048514, 0035239), the dashed line
delineates the threshold for statistical significance (g<0.05), and the dot size reflects the proportion of gene
overlapping in each term. For the atherosclerosis experiments, a priori calculation of power based on previous
data in literature and pilot experiments was performed that aimed at 80% statistical power for detecting
biological relevant changes (50%) with a two-tailed a-value of 0.05. No randomization was performed due to
the case-control study design. Quantification was performed in a blinded manner. Animals were excluded from
analyses only in the presence of severe health issues, samples were excluded in case of technical issues during
processing. For all experiments, male and female mice were combined in similar proportions. Data in A-F are
shown as mean and s.e.m. and analyzed using Prism v.10.2 (GraphPad Inc.) by non-parametric Mann-Whitney
U test, to avoid assumptions on data distribution. Results in F were corrected for FDR with the step-up
Benjamini-Hochberg approach. A 2-tailed P value <0.05 was deemed as statistically significant.
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Summary

Endothelial dysfunction together with a dysregulated immune response and lipid
accumulation are important confounding factors in the onset and chronic development of

atherosclerosis. Recently, a large body of data has emerged on the sequential involvement of

different immune cell types, including monocytes, in the pathology of this disease.! In this

condensed review, we aim to highlight some of the recent basic research and clinical findings
on monocyte subsets published since our joint ESC consensus document?, and reevaluate their

potential relevance as surrogate biomarkers in coronary artery disease (CAD).

Monocyte biology

Monocytes are the largest blood leukocytes in adults and have a rapid turnover with relatively
short lifespan of only a few days in the bloodstream. As cells of innate immunity they are
released from the bone marrow and serve as precursors to tissue macrophages and dendritic
cells. Monocytes can secrete inflammatory cytokines and have distinct surface receptors such
as integrins, G-protein-coupled and Toll-like receptors (TLRs) that allow adhesion, crawling
and migration, as well as direct immune response and phagocytosis.>® In addition to resolving
inflammation, monocytes are involved in angiogenesis, tissue remodeling after injury or

scavenging apoptotic cells and toxic debris at homeostatic conditions.>®



Monocyte heterogeneity: phenotype and function

According to the expression intensity of the lipopolysaccharide (LPS) receptor CD14 and the
FeylIll receptor CD16, human monocytes have typically been divided into three major subsets:
classical CD14**CD16", intermediate CD14**CD16" and nonclassical CD14"*CD16"*.” These
subsets differ significantly in phenotype and function.

The CD14""CD16" subset (~85% of total monocytes) highly expresses Ccr2, Cxcr4, FcyRI, L-
selectin and scavenger receptor class A.>%0 In contrast, CD14*CD16*" monocytes (~10%)
are smaller and less dense showing higher levels of SLAN, CD31, CD11c and Cx3crl but
much lower levels of Ccr2 compared to the classical subset.>®*° The CD14**CD16" subset
(~5%) can be clearly distinguished from the nonclassical by the expression of Ccr2.1% This
lowest subset is strong pro-inflammatory with some unique features that distinguish it from
the other two. So far, CD14""CD16" monocytes are enriched in bone marrow and have
highest expression of angiogenic markers, CD163, MHC class I, HLA-DR and miR-60870of
any subset.>®1! Recent comprehensive data obtained by modern technology like mass
cytometry with clustering algorithm and RNA sequencing suggest even higher heterogeneity
among each subset with 3 newly identified nonclassical and 4 classical monocytes.*2
Functionally, classical monocytes are professional phagocytes that generate reactive oxygen
species (ROS) and secrete cytokines upon LPS stimulation.® In contrast, nonclassical
monocytes do not generate ROS and are weak phagocytes that preferentially take up oxidized
LDL (ox-LDL), but secrete substantial amounts of inflammatory cytokines after TLR-
dependent activation by viruses and nucleic acids.>® Thus, nonclassical monocytes may serve
as patrolling immune cells that selectively remove virally infected or injured cells and
detoxify ox-LDL. The lower phagocytic activity of CD14"CD16™" compared to classical

monocytes has been efficiently exploited to enumerate the number and ratio of both subsets



by their differential uptake of magnetic nanoparticles.®® Finally, the intermediate subset does
not produce ROS, but shows the highest secretion of TNF-o and IL-1p in response to LPS.®

Monocyte subsets undergo linear maturation kinetics in the periphery that is accompanied by
gradual increase in the expression of specific miRNAs.!! Isotope labelling has revealed that
they enter the bloodstream as classical, leave it as intermediate and re-enter as nonclassical.'*
In contrast to the circulation, we found that the intermediate subset was highly enriched in the
bone marrow.*® This medullar monocyte pool seems to require Ccr2, Cxcr4 and possibly
CD44 for mobilization and may give rise to more specialized peripheral Ccr2* classical
monocytes with implication during inflammation and infection whereas nonclassical

monocytes are less abundant in the bone marrow.

Monocyte subsets in CAD: risk prediction and treatment

Epidemiological data twenty years ago have described leukocytosis as an independent risk
factor and predictor of future cardiovascular events.'® Monocyte counts were also positively
correlated with in-stent restenosis.!” Sequential analysis of monocytes by flow cytometry over
the last decade has further refined this knowledge and allowed a more detailed assessment of
the prognostic value of each subset.

Recently published data has shown that intermediate and nonclassical monocytes predict
major adverse cardiovascular events and poor outcome in patients with ST-elevation
myocardial infarction (STEMI).12 Intermediate monocyte activation, as assessed by CD11c
expression, was also positively correlated with peak levels of troponin and creatin kinase in
patients with MI.?! Beyond MI, CD14"*CD16* monocyte counts were associated with
coronary plaque vulnerability in a prospective study of patients with CAD.?? The intermediate
subset further predicts severe coronary stenosis in asymptomatic individuals as shown in
another retrospective study.?® Another study revealed a persistent increase in this subset after

elective percutaneous coronary intervention (PCI) as part of the residual inflammation.?
4



Collectively, these data are consistent with the first prospective, large cohort study showing
that intermediate monocytes are independent predictors of cardiovascular events in risk
patients undergoing elective coronary angiography.?® Furthermore, intermediate and
nonclassical monocytes were positively correlated to CAD severity and older participants
without manifested chronic disease but with high cardiometabolic risk had elevated
percentages of only nonclassical monocytes.?®?’

In patients with stable CAD on statin treatment high levels of PCSK9 associated with
increased classical but decreased nonclassical monocytes while the intermediate subset did
not differ.? The effects of statins on monocyte subsets are elusive and a prospective
randomized trial is still missing. In diseases other than CAD, treatment with prednisolone in
patients with immune thrombocytopenia reduced the number of intermediate monocytes and
attenuated their pro-inflammatory phenotype.?® Beta blockers also blunted the mobilization of
nonclassical monocytes after acute exercise in healthy cyclist.° Further data in healthy donors
have shown that classical monocytes generate more angiotensin and express higher levels of
both, angiotensin-converting enzyme type 1 (ACE1) and ACE2 than the other subsets.*

Finally, in healthy human volunteers under LPS-induced low-grade inflammation,

intermediate and nonclassical monocytes showed the highest inflammatory response by their

expression of IL-6 and IL-8.%2 Given the role of IL-6 and IL-8 in the pathogenesis of

cardiovascular disease, this may have implications for risk prediction and potential new

treatment options.




Concluding remarks
Differential monitoring, especially of intermediate monocyte counts, appears to predict
cardiovascular events and may also be of interest in identifying individuals with subclinical

atherosclerosis. In addition, subset-tailored drug targeting could lead to the development of

novel and more specific therapeutics. The effects of approved drugs such as glucocorticoids,

statins, PCSK9- or ACE-inhibitors and beta blockers could also be re-evaluated in relation to

monocyte subsets.

It is still essential to define reference values for monocyte subsets in the general population by
means of a standardized flow cytometry protocol. Meanwhile, the common markers such as
CD14, CD16, HLA-DR and Ccr2 are available as dried, pre-aliquoted multicolor antibody
cocktail and could be used routinely on simple flow cytometers equipped with two lasers.
There is also consensus on the gating strategy and the enumeration of absolute counts for each
subset.? However, the above reagents are currently licensed for research use only. It is
therefore important to work towards having them certified for clinical diagnostic use. While
standard instrument equipment and easy-to-use protocols are more useful for clinical routine,
expensive, high-performance technology with enhanced resolution, such as multiparameter
flow cytometry or even mass cytometry, seems essential and more appropriate for basic
research.

Taken together, a comprehensive approach could integrate monocyte subsets, alone or in
multiple panels, as novel reliable predictive and diagnostic biomarkers, but also as selective

therapeutic targets in cardiovascular precision medicine.
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Table 1: Correlation of different monocyte subsets to CAD and outcomes

Investigators

Shantsila et al.
Abo-Aly et al.
Boidin et al.
Foster et al.
Yamamoto et al.

Arnold et al.

Merinopoulos et al.

Rogacev et al.
Loetal.

Markofski et al.

Subjects (n)
245
100
245
18
50
40
30
951
588

45

Condition

STEMI
STEMI
STEMI
STEMI

stable CAD
stable CAD
elective PCI
elective PCI
asymptomatic

older adults

Target measure

IMD

IMD

IMD
CD1lc* IMD
IMD

IMD, NCM
IMD

IMD

IMD

TLR* CM, CD16"

Main outcome

TMACE

TMACE

tMACE, |LVEF

Ttroponin, 1CK, Tplaque necrosis
fibrous cap thickness

1CAD severity

tchronic post PCI

TMACE

Tplaque score, Tcoronary stenosis

tcardiometabolic risk

CAD, coronary artery disease; CK, creatine kinase; CM, classical monocytes; IMD, intermediate monocytes; LVEF, left ventricular ejection fraction; MACE, major adverse
cardiovascular events; NCM, nonclassical monocytes; PCI, percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction; TLR, toll-like receptor
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Table 2: The magnitude of the effects of different treatments on monocyte subsets

Investigators Subjects (n)
Krychtiuk et al. 69
Williams et al. 11
Graff et al. 14
Rutkowska-Zapata et al. 4-12
Thaler et al. 12

Condition

stable CAD

immune thrombocytopenia
exercise

healthy donors

low-grade inflammation

Treatment

statin
prednisolone
nadolol

no

LPS

Main outcome

1PCSK9, 1CM, |NCM
{IMD
INCM
1Ang IL, t1ACE1/2 in CM

11L-6/8 in IMD and NCM

ACE, angiotensin-converting enzyme; Ang, angiotensin; CAD, coronary artery disease; CM, classical monocytes; IL, interleukin; IMD, intermediate monocytes; LPS,

lipopolysaccharide; NCM, nonclassical monocytes.
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