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A B S T R A C T

Chemokines, particularly chemokine (C-C- motif) ligand 2 (CCL2), control leukocyte migration into the wall of
the artery and regulate the traffic of inflammatory cells. CCL2 is bound to functional receptors (CCR2), but also
to atypical chemokine receptors (ACKRs), which do not induce cell migration but can modify chemokine gra-
dients. Whether atherosclerosis alters CCL2 function by influencing the expression of these receptors remains
unknown. In a necropsy study, we used immunohistochemistry to explore where and to what extent CCL2 and
related receptors are present in diseased arteries that caused the death of men with coronary artery disease
compared with unaffected arteries. CCL2 was marginally detected in normal arteries but was more frequently
found in the intima. The expression of CCL2 and related receptors was significantly increased in diseased arteries
with relative differences among the artery layers. The highest relative increases were those of CCL2 and ACKR1.
CCL2 expression was associated with a significant predictive value of atherosclerosis. Findings suggest the need
for further insight into receptor specificity or activity and the interplay among chemokines. CCL2-associated
conventional and atypical receptors are overexpressed in atherosclerotic arteries, and these may suggest new
potential therapeutic targets to locally modify the overall anti-inflammatory response.

1. Introduction

Reversing atherosclerosis is a desirable and formidable challenge
because acute coronary syndrome (ACS) and strokes remain the leading
causes of death and affliction worldwide [1,2]. Preventive measures
based on treating systemic risk factors are necessary and may slow the
progression, but this strategy is insufficient because atherosclerosis
development is likely regulated by the local microenvironment in

diseased arteries [3]. The inside-out theory of vascular inflammation
indicates that lipid deposition in the subendothelial layer of arteries and
retention in smooth muscle cells entail structural changes that stimulate
inflammation and the transformation of macrophages into foam cells in
a self-maintaining progressive cycle [4–7]. By contrast, an outside-in
theory assumes that the inflammatory cells gain entry to the vessel wall
via the adventitial vasa vasorum [8]. Both theories may be integrated
into a model to understand atherogenesis, but the task involves
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manipulating inflammation under strategies focused on interfering with
this vicious cycle. Many anti-inflammatory treatments for athero-
sclerosis have been tested but most of them needs to be further studied
in clinical trials [9,10].

The lack of diagnostic, prognostic and treatment response markers
sets hurdles in the improvement of drugs targeting relevant processes
[10]. Recent interventions that facilitate macrophage egress or that
attempt to solubilize cholesterol regress the pre-existing atherosclerotic
plaques and reveal that cholesterol efflux alters the local production
and deposition of cytokines [3,11,12]. Among cytokines, chemokine (C-
C motif) ligand 2 (CCL2), through conventional receptors, mainly
CCR2, belonging to the 7-transmembrane-spanning family of G protein-
coupled receptors (GPCRs), regulates pleiotropic signaling pathways
that influence numerous cellular activities involved in atherosclerosis
development [13–18]. The role of circulating CCL2 as a potential bio-
marker has been examined [19–21] with controversial results [22,23]
derived from ill-defined effects of atypical chemokine receptors
(ACKRs), which are expressed in non-leukocyte cell types but do not
induce cell migration. ACKRs are those kinds of receptors that do not
transduce signal through G-protein signaling but may modify chemo-
kine availability. The best-known ACKRs that bind CCL2 and other
chemokines are ACKR1 (Duffy antigen receptor for chemokines; DARC)
and ACKR2 (chemokine binding protein 2; CCBP2 or D6) [24–27].

We envisioned that atherosclerosis could promote the expression
and interplay of conventional and atypical CCL2 receptors in cells that
affect the development of advanced coronary artery disease (CAD).
What we know in humans is modest, and there have been no clinical
studies designed to examine this relationship, probably because doing
so would require specific biological assays or excessively invasive
methods [28,29]. We reasoned that a necropsy study could provide
additional knowledge by exploring, for the first time, where and to
what extent CCL2 and the expression of related receptors may increase
in diseased arteries that have been responsible for the death of patients
with CAD compared with those in healthy arteries. Our data reinforce
CCL2 as a major determinant of atherosclerosis progression and might
support the quest to new druggable targets.

2. Materials and methods

2.1. Research design

We designed a pre-set duration, observational, cross-sectional study
in consecutive male decedents who underwent autopsy between
December 2012 and November 2014 at our settings. Based on the au-
topsy, CAD was firmly established as the cause of death. The local
Ethics Committee, which acts as the Institutional Review Board, ap-
proved the study protocol and procedures (EPINOLS/12-03-29/3proj6
approved on 29th March 2012). Written informed consent was obtained
from next of kin of the deceased for autopsy and access to tissues. The
described association between CCL2 and other complex diseases [21]
provided pre-established criteria for excluding decedents with evidence
of recent infection (n=2), diabetes (n= 10), liver disturbances
(n=2), neoplasms (n=3) or with sudden, out of hospital, death
(n=4). As the disease is more prevalent in men and in order to avoid
possible sex differences, we finally included 68 men donors in whom
the heart was dissected following standard autopsy protocols. In each
corpse, we obtained at least one major coronary artery that was nar-
rowed by>80% of the cross-sectional area by atherosclerotic plaque or
associated thrombus. For comparisons, we obtained coronary arteries
without visible signs of atherosclerosis from 19 men who had died as a
result of road traffic accidents during the same period of time. For other
associations, we determined arterial stenosis and arbitrarily classified a
total of 123 specimens into mild (less than 20% obstruction), moderate
(between 21% and 50%) or severe (more than 50%) atherosclerosis.
The expected decrease in the dimensional changes associated with
fixation and processing (3–7%) correlated with the values before

fixation and was deemed irrelevant for our purposes.

2.2. Histological examination

The specimens were fixed in 10% neutral-buffered formalin and
were embedded in paraffin. Serial sections of 4 µm were placed in a
45 °C water bath before the staining procedures with hematoxylin and
eosin (H&E), Alizarin Red (Sigma-Aldrich, Steinheim, Germany) and
Masson’s Trichrome reagents (Dako, Glostrup, Denmark) to assess the
structure and extent of fibrosis in the arteries and to visualize the lo-
calization of calcium phosphate. The intima and media thickness (IMT)
and ratio (IMR) were measured and calculated in H&E-stained sections
(Fig. 1).

Slides were loaded in an automated slide stainer, Autostainer
Universal™ (Dako), including sections (in triplicate) for im-
munohistochemical analyses after conducting the standard procedures
for manual de-waxing and heat-induced epitope retrieval (citrate so-
lution pH=6). Because the tissues contained endogenous peroxidase,
we added a blocking step (0.3% hydrogen peroxide in PBS) for 25min
at room temperature after antigen retrieval. Before primary antibody
incubation, we also used BSA 1% to block non-specific interactions.
Macrophages were detected by the presence of the CD68 antigen (clone:
KP1) with reagents provided by Dako (M0876). Primary antibodies
against CCL2 (ab9669), CCR2 (ab21667) and ACKR2 (ab1658) were
obtained from Abcam (Cambridge, UK) and were used at dilutions of
1:200, 1:100, and 1:500, respectively. ACKR1 (PAB13254) antibody
was from Abnova (Taipei, Taiwan) and was used at a dilution of 1:200.
Biotinylated secondary antibodies (Vector Laboratories, Burlingame,
CA, USA) were used at a dilution of 1:200. Detection was performed
using the Vectastain ABC HRP kit (PK-4000, Vector Laboratories) and 3,
3-diaminobenzidine as a substrate (Dako). The slides were

Fig. 1. Histologic changes in coronary arteries reveal atherosclerosis. (A)
Lesions, especially the thickness of the media and intima, were evident with
hematoxylin and eosin staining. (B) Alizarin Red Staining was used to assess
calcium deposits, and (C) Masson’s trichrome staining was mostly used to assess
variations in the overall structure and remodeling. (L is Lumen, I is Intima, M is
Media and A is Adventitia). All sections were examined at different magnifi-
cations, but automated analysis was performed at 20× . Representative images
include the scale bar.
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counterstained with Mayer’s hematoxylin. The results with these anti-
bodies were compared with sections of previously obtained peripheral
arteries [30] and selected tumor sections from primary breast cancer
tissues [31] that were used as positive or negative controls (Fig. 3). We
also used negative controls from study samples by omitting the primary
antibodies from the incubations. Comparisons with other ACKR1 and
ACKR2 antibodies (HPA013819 and HPA016421, from Sigma; PA1-
21614, from Affinity Bioreagents; and NB100-2421 from Novus Biolo-
gicals) did not yield divergent results.

To ensure the localization of CCL2 and their atypical receptors
(ACKR1 and ACKR2), we also performed additional double-color im-
munohistochemistry combining these markers with those related with
arterial layers: CD34 for endothelial cells (intima) and the adventitia
and α-smooth muscle actin (αSMA) for smooth muscle cells (media).
Both primary antibodies were also obtained from Abcam (CD34,
ab8536; αSMA, ab21027) and used at dilutions 1:1000 and 1:250 re-
spectively. In this case, detection of these markers was performed with
EnVision FLEX HRP Magenta Substrate Chromogen System (Dako).

Microphotographs were acquired using an optical microscope
(Nikon, Eclipse E600, Madrid, Spain) and an image analysis system
(AnalySIS™, Soft Imaging System, Münster, Germany), as described
previously [30]. When the arteries were greater than the histological
field used for analyses (20×magnification), several pictures were
combined to calculate the percentage of stained area with respect to the
total area of the artery. Once images were obtained, colors of the mo-
lecules of interest were defined and automatically detected in all sam-
ples. The stained area was related to the total area of the image by using
phase analysis. More details about the quantification method have been
already described and used in different studies [32–34].

2.3. Statistical analyses

Inter-observer agreement was assessed, and discrepancies were re-
solved by consensus. Student’s t-test or Mann-Whitney’s test was used to
assess the difference between groups according to the distribution of
variables. The chi-squared test was used to compare categorical vari-
ables. Spearman correlation coefficients were used to evaluate the de-
gree of association between variables and linear regression was per-
formed to check dependences between quantitative variables. To
correct for multiple testing, we used the False Discovery Rate estimated
using the Q-value. The true- and false-positive rates at various threshold
settings were used to plot receiver operating characteristic (ROC)
curves. The Statistical Package for the Social Sciences, version 19.0
(SPSS Inc, IBM Corp, Chicago, IL, USA) and MetaboAnalyst 3.0® (www.
metaboanalyst.ca) were used for analyses and for obtaining random
forest plots and ROC curves. STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins, http://string-db.org) and HumanBase
(Flatiron Institute, http://hb.flatironinstitute.org/) were used as a bio-
logical databases and web resources of known and predicted protein-
protein interactions [35–37].

3. Results

The clinical variables of donors confirmed the influence of some
expected systemic risk factors (Table 1). In decedents from CAD, com-
pared with controls, hypertension was more prevalent, and age, heart
weight and ventricular thickness were significantly increased. How-
ever, the proportion of daily smokers and alcohol consumption
(10–20 g/day) was similar between the groups, and there were no dif-
ferences in the body mass index relating the weight to the height.
Atherosclerosis is an aging-related disease. To ascertain that the ex-
pression of these markers was associated with atherosclerosis and not
with age itself, we assessed this point through linear regression models.
Results did not support dependence on age (Supplementary Table S1
and S2).

Standard histopathology revealed atherosclerosis. We assessed the

IMT (intima-media thickness) values of control and diseased arteries,
which were significantly different (p < 0.001): in medians (IQR),
586 μm (452.7–865.1) for diseased arteries and 379 μm (265.8–467.8)
for control. Moreover, modified tissue architecture of disease arteries
was evident when assessed by the different stainings (Fig. 1).

Macrophages infiltrated the subendothelial space with a consider-
able extracellular network of collagen and lipid deposition. CD68-
stained cells with foamy cytoplasm were scarcely observed in mini-
mally affected arteries but were apparent in the neointima, tunica
media and adventitia of affected arteries (Fig. 2). In severe lesions, fi-
brofatty plaques with cholesterol clefts and mineralized material were
frequent. In some cases, lesions were characterized by fibrosis and ne-
crotic debris. Irregular calcium deposits were abundant in severe le-
sions, which were mostly limited to the intima but also occurred deep in
the plaque. Of note, adventitial inflammation and vascularity were
significantly increased in affected arteries.

When the interactions between each receptor and CCL2 were ex-
amined, the functional networks appeared to be similarly complex (S1
figure A-B). Moreover, we found no evidence of any predicted protein-
protein interactions or associations among ACKRs (S1 figure C).
Exploring this issue further would require functional assays and addi-
tional in vitro designs. Quantitative measurements of the im-
munohistochemical variables are summarized in Table 2 and are illu-
strated in Fig. 2. Details segregated among the layers are illustrated in
S2 and S3 Figures for the control and affected arteries, respectively.

The immediate finding is that the selected markers were sig-
nificantly more prominent in diseased arteries. The highest relative
increase in detection was that of CCL2 (> 9-fold), which closely re-
sembled the higher abundance in macrophages. CCL2 expression was
only evident in 26% of normal arteries and was mostly restricted to
smooth muscle cells with faint staining in the intima and adventitia. In
affected arteries, CCL2 was detected in all specimens and remained
more evident in the tunica media but was significantly increased in all
layers, particularly in the adventitial tissue. CCR2 expression was ob-
served in more cells and with higher intensity in affected arteries than
in controls, but the differences were only statistically significant in the
adventitia. The distribution of both CCL2 and CCR2 was qualitatively
similar in the smooth muscle cells of the tunica media, probably in-
dicating a functional relationship. The structural role of CCR2 is also
likely because CCR2 was expressed in all specimens and because the
CCR2 relative abundance in the intima and media was similar in both
controls and diseased arteries. In the affected arteries, however, the
relative expression was 3-fold higher in the adventitial tissue.

The expression of atypical receptors was significantly higher in
diseased arteries, and the distribution was qualitatively different. This
differential scattering was already observed in those tumor sections
used as controls, indicating that not all cells have the ability to respond.
ACKR2 did not co-express with macrophages but CCL2, CCR2 and
ACKR1 were closely related (Fig. 3). For instance, ACKR1 was not de-
tected in all specimens (63% in controls and 81% in affected arteries);

Table 1
Main clinical variables.

Clinical characteristics Control group
(N=19)

CAD group
(N=68)

p-value

Age, years 45 (33–69) 71 (61–77) 0.001
Body mass index, kg/m2 25.7 (4.1) 24.8 (4.0) 0.217
No smokers, n (%) 15 (78.4) 42 (61.8) 0.164
Alcohol consumption, n (%) 2 (10.5) 9 (14.3) 0.126
Heart weight (g) 380 (300–450) 480 (400–600) 0.002
Ventricular thickness (mm) 16 (14–18) 19 (15–20) 0.005
Fibrosis, n (%) 0 10 (15.9) 0.110
Affected valves, n (%) 2 (10.5) 31 (45.6) 0.005
Hypertension, n (%) 2 (10.5) 35 (51.5) 0.001

*Results are expressed as n (%), median and interquartile range (IQR, 25–75%)
or mean (standard deviation).
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however, if present, the differences between the controls and affected
arteries were significant. Moreover, healthy arteries were stained
faintly with some preponderance in smooth muscle cells, and the af-
fected arteries were more strongly stained in all layers. Conversely, the
expression of ACKR2 in healthy arteries was more intense and widely
distributed than that of ACKR1 (Table 2) but was undetectable in 16%
of control arteries. Of note, ACKR2 was detected in endothelial cells,
smooth muscle cells and, more importantly, in the perivascular adipose

tissue. In the affected arteries, ACKR2 was present in all specimens, but
the expression was not quantitatively different in the intima and media
with respect to the controls. The increased expression in adventitia was
statistically significant.

To confirm the expression of CCL2 and their atypical receptors in
endothelial cells and cells in the adventitia (CD34) and also in smooth
muscle cells (αSMA), we performed double-color im-
munohistochemistry. In control arteries, although there were no clear
differences between tunica media and tunica intima, CCL2 was found in
smooth muscle cells. ACKR1 was also mainly found in smooth muscle
cells. On the contrary, ACKR2 seemed to be more located in the ad-
ventitia, although some staining was also observed in tunica media
(Fig. 4). Regarding CAD group, CCL2 was mainly expressed in the ad-
ventitia although some specimens showed intense expression of this
marker in the media. ACKR1 was observed in all arterial layers and
ACKR2 was mainly restricted to the adventitia (Fig. 5).

We also explored the correlation between these inflammatory
markers and the potential value of CCL2 and related receptors as a
marker of both the presence and severity of atherosclerosis in terms of
stenosis degree. We found no dependence between the measured vari-
ables using a Spearman-based correlation matrix, where strong asso-
ciations can be found in red color and weak association are displayed in
blue (Fig. 6 A). Although we found that CCL2 and CCR2 were expressed
in the same layers, there was no quantitative correlation among them.

Fig. 2. Expression of CCL2 and related receptors in coronary arteries. The im-
munohistochemical expression in non-affected arteries and atherosclerotic ar-
teries of CCL2, CD68-stained cells (macrophages), and functional and putatively
silent receptors for CCL2 displayed significant differences (see Table 2 for
quantitative analysis). CCL2 and CCR2 expression levels were apparently in the
same layers in the artery wall. Conversely, the expression of both ACKR1 and
ACKR2 differed in intensity and arterial distribution (L is Lumen, I is Intima, M
is Media, and A is Adventitia). All sections were examined at different magni-
fications, but automated analysis was performed at 20× . Representative
images include the scale bar. Representative images at higher magnifications
were included in supplementary Figures S2 (control arteries) and S3 (affected
arteries).

Fig. 3. The expression of CCL2 and related receptors is tissue-specific. Sections of human tissue of breast carcinoma (Mag. 20× ) expressing all of the antigens were
used as positive controls and were treated exactly as study samples. Selected specimens of breast tissue without ACKR1 or ACKR2 expression were used as a source of
negative tissue controls to confirm the absence of background staining and illustrate tissue specificity in ACKR expression (images not shown).

Table 2
Main immunohistochemical variables.

Immunohistochemical variables*

Positive staining expressed as a percentage (%) of the arterial area

Control group (N=19) CAD group (N=68) p-value

CD68 0.75 (0–1.8) 3.8 (1.6–6.2) 0.002
CCL2 2.4 (1.3–5.8) 17.2 (9.1–27.3) <0.001
CCR2 24.4 (14.4–49.6) 40.1 (24.3–54.1) 0.037
ACKR1 6.8 (2.4–12.6) 13.3 (6–43.1) 0.001
ACKR2 21.9 (8.1–35.5) 34.8 (25.2–53.7) 0.020

Percentage (%) of stained area in positive specimens
CCL2 (n=5; 26%) (n=68; 100%)
Intima 4.1 (2.4–5.3) 8.5 (5.9–11.2) <0.001
Media 10.5 (3.5–19.1) 35.5 (22.4–59.6) <0.001
Adventitia 3.6 (2.7–5.5) 21.5 (18.4–26.2) <0.001
CCR2 (n=19; 100%) (n=68; 100%)
Intima 24.5 (19.2–29.3) 29.1 (24.4–33.3) 0.120
Media 70.1 (64.3–74.2) 75.6 (70.7–84.6.6) 0.087
Adventitia 10.4 (7.5–14.1) 31.8 (27.2–34.7) 0.001
ACKR1 (n=12; 63%) (n=55; 81%)
Intima 5.4 (3.1–7.3) 74.1 (64.3–78.2) 0.001
Media 15.8 (11.2–20.5) 82.7 (73.2–84.9) 0.001
Adventitia 3.9 (2.1–4.9) 65.8 (61.6–68.9) 0.001
ACKR2 (n=16; 84%) (n=68; 100%)
Intima 19.5 (11.9–26.3) 21.2 (17–24.4) 0.102
Media 24.9 (17.7–26.1) 30.7 (22.9–40.3) 0.087
Adventitia 50.7 (44.2–67.3) 74.2 (61.2–85.1) 0.001

Statistically significant differences are marked up in bold.
* Staining was measured using automated image analysis and expressed as

median and interquartile range (IQR, 25–75%).
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CCL2 expression displayed the most important variable indicating
atherosclerosis compared to CCR2 expression when using Receiver
Operating Characteristics (ROC) Curve (Fig. 6B). In a model of

classification constructed using Random forest plots, which is a non-
parametric and bias-free method that classifies variables according
their discriminant capacity between two groups, CCL2 expression was
the variable with the best discriminant ability (Fig. 6C). CCL2 detection,
but not related receptors, discriminated controls from CAD samples in a
mild, moderate or severe state (Fig. 7) with a global cut-off of 6.335
(89.3% sensitivity and 85% specificity). Collectively, the data indicate
that CCL2 and related receptors are expressed in different cell types and
might suggest that the presence of CCL2 is associated with the occlusion
of the arteries. Co-expression among the examined proteins, although
suggestive, was not verified or discarded.

4. Discussion

Mammals have over 45 inflammatory or homeostatic chemokines
divided into subfamilies according to the differences in their function
and mature protein sequences. The biological complexity and variety of
contexts in which they are found complicate the knowledge on their
precise relationships [38]. Indeed, recent literature have linked diet
composition and liver energy sensors with the circulating inflammatory
monocyte pool [39]. Although CCL2 action is mediated by binding to
numerous (over 15), promiscuous and probably redundant canonical
receptors, the receptor/ligand interactions are further obscured by an
undetermined number of ACKRs that can modulate the expression, or
signaling, of that conventional chemokine receptors [29,40]. In the
chemokine system, the role of CCL2 and the CCL2/CCR2 axis appears to
be critical in the molecular control of inflammation by promoting the
response and migration of immune cells, transforming monocytes into
macrophages, stimulating smooth muscle cells proliferation and main-
taining the continuous and local release of proinflammatory molecules
[5,41,42]. This axis is also involved in atherosclerosis development. As
seen in double-deficient CCR2-/- and apolipoprotein E-/- mice, the
absence of this receptor reduces the atherosclerosis lesion area and
slows down lesion formation [43,44]. The potential role of ACKR1 and
ACKR2 in atherogenesis is plausible [45,46].

As atherosclerosis is an age-related disease, obtaining samples from
age-matched control population without any sign of atherosclerosis is
almost impossible. Despite these limitations and those derived from
autopsy studies, namely that patients could be not representative of the
general population and that women were not included, our findings
indicate that the presence of widely distributed CCL2 and conventional
and atypical receptors in coronary arteries and perivascular tissue of
decedents from CAD may have implications in further research and
drug development. The high levels of plasma CCL2 in patients with
atherosclerosis and other chronic inflammatory conditions most likely
reflect its accumulation in inflamed tissue and the subsequent drainage
through the lymphatic system, which is influenced by the active roles of
CCR2 and chemokine-scavenging ACKRs [21,28,47,48]. The complex
relationships among receptors may explain that CCL2 remained as the
only variable with predictive value. Interestingly, CCL2 and ACKR1
expression levels were increased in all layers of the affected arteries, but
the higher expression of ACKR1 and ACKR2 was particularly prominent
in the adventitia and perivascular fat. Accordingly, the adventitia be-
comes populated with exogenous cell types that cause an increase in the
local expression of CCL2 and related receptors. In humans, both
structure and function of adventitial vasa vasorum may associate mi-
crovascular dysfunction with early coronary atherosclerosis [49], and
CCL2 appears to activate adventitia during angioplasty, inducing se-
quential patterns in receptor expression [50]. Conversely, it is unclear
whether receptors may influence CCL2 expression.

Our measurements do not provide insight into receptor specificity or
activity but highlight the importance of understanding the influence of
CCL2 and the expression of related receptors in the compensatory role
of adventitia [51]. Human studies on inflammation in CAD have been
focused on single nucleotide polymorphisms, microRNA and lipid de-
terminations in plasma samples [52–57]. Obtaining high quality mRNA

Fig. 4. Double-color immunohistochemical expression of CCL2, ACKR1 and
ACKR2 together with CD34 or αSMA in control coronary arteries. Images were
segregated by markers (rows) to illustrate layer specific staining (columns) and
were selected as representative.

Fig. 5. Double-color immunohistochemical expression of CCL2, ACKR1 and
ACKR2 together with CD34 or αSMA in atherosclerotic coronary arteries.
Images were segregated by markers (rows) to illustrate layer specific staining
(columns) and were selected as representative.
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from these samples was unsuccessful but ongoing studies should clarify
this point. Our study provides a first approach about chemokine
availability in tissue, which will serve for future mechanistic insights or
even for novel therapeutic strategies. To assess potentially effective
anti-inflammatory therapies, future research will require the develop-
ment of novel assays to assess the formation of CCL2 gradients and an
accurate characterization of conventional and atypical receptor-ex-
pressing cells [58]. The current pharmacological approach is to develop
antagonists of chemokine receptors that are involved in leukocyte mi-
gration. However, promiscuous ligand binding, the differential

expression in cell types, the ability of ligands to bind several receptors
and the formation of dimers and oligomers are major hurdles [59]. For
instance, a CCR5 antagonist that was recently introduced for HIV
therapy and also another dual CCR5 and CCR2 inhibitor may show
promise in the management of atherosclerosis [60,61]. The higher ad-
ventitial inflammation, neovascularization and ACKR expression in af-
fected arteries add force to the notion that ACKRs participate in the
process and might be druggable targets. In this case, ACKRs have the
potential to neutralize chemokine activity, and the pharmacological
approach could be the development of their inducers rather than

Fig. 6. Histologic variables do not correlate, but CCL2 retains predictive value. (A) The correlation matrix was used to investigate the dependence among multiple
variables at the same time (based on % of stained area), and no significant association was found. (B) We performed a ROC curve with CCL2 and CCR2 but only CCL2
expression had an acceptable predictive value (great Area Under the Curve). (C) We used Random forests to rank the importance of variables in a likely classification
of predictors, and CCL2 was significantly different.
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antagonists. Because ACKRs may be key components of the regulatory
network of inflammation, patient-relevant outcomes are likely. The
concept is currently being examined in the field of tumorigenesis with
the rationale that chemokine scavenger activity may prevent the re-
cruitment of cells that sustain tumor growth [31,62].

5. Conclusions

Although this is an observational study and it does not prove any
causality, we conclude that the continuous production of CCL2 in
chronic inflammation may activate mechanisms with biological func-
tions in atherosclerosis. The increase in ACKRs expression could be a

Fig. 7. CCL2 expression is associated with the percentage of lumen occlusion. Receiving operating characteristic curves were plotted using true- and false-positive
results. Most values were associated with coronary artery disease (CCL2, CD68 and atypical receptors), but CCL2 was the most significant (A). Only the predictive
value of CCL2 remained significant to distinguish among mild, moderate and severe occlusion (B).
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compensatory mechanism to regulate the increased CCL2 expression.
The assessment of how and to what extent the binding of CCL2 to as-
sociated receptors transduce signals and/or mediate scavenging may
result in potential therapeutic targets.
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