International Journal of Cardiology 184 (2015) 436-445

Contents lists available at ScienceDirect

CARDIOLOGY

International Journal of Cardiology

journal homepage: www.elsevier.com/locate/ijcard

Review

Macrophage phenotypic plasticity in atherosclerosis: The associated
features and the peculiarities of the expression of inflammatory genes

@ CrossMark

Dimitry A. Chistiakov ?, Yuri V. Bobryshev >“* Nikita G. Nikiforov %€, Natalia V. Elizova ¢,
Igor A. Sobenin % Alexander N. Orekhov ©/#

2 Department of Medical Nanobiotechnology, Pirogov Russian State Medical University, Moscow 117997, Russia

Y Faculty of Medicine, School of Medical Sciences, University of New South Wales, NSW 2052, Sydney, Australia

¢ (linical School of Medicine, University of Western Sydney, Campbelltown, NSW 2560, Australia

d Laboratory of Angiopathology, Institute of General Pathology and Pathophysiology, Russian Academy of Medical Sciences, Moscow125315, Russia
€ Institute for Atherosclerosis Research, Skolkovo Innovative Center, Moscow 143025, Russia

f Laboratory of Medical Genetics, Russian Cardiology Research and Production Complex, Moscow 121552, Russia

& Department of Biophysics, Biological Faculty, Moscow State University, Moscow 119991, Russia

ARTICLE INFO ABSTRACT

Article history:

Received 10 October 2014

Received in revised form 7 January 2015
Accepted 3 March 2015

Available online 5 March 2015

Macrophages are essential players in induction and progression of atherosclerotic inflammation. The complexity
of macrophage phenotypes was observed in human plaques and atherosclerotic lesions in mouse models of ath-
erosclerosis. Plaque macrophages were shown to exhibit a phenotypic range that is intermediate between two
extremes, M1 (pro-inflammatory) and M2 (anti-inflammatory). Indeed, in atherosclerosis, macrophages demon-
strate phenotypic plasticity to rapidly adjust to changing microenvironmental conditions. In the plaque, serum
lipids, serum lipoproteins and various pro- or anti-inflammatory stimuli such as cytokines, chemokines and

ﬁ:::g;féges small bioactive molecules could greatly influence the macrophage phenotype inducing switch towards more pro-
Heterogeneity inflammatory or anti-inflammatory properties. Dynamic plasticity of macrophages is achieved by up-regulation
Plasticity and down-regulation of an overlapping set of transcription factors that drive macrophage polarization. Under-
Atherosclerosis standing of mechanisms of macrophage plasticity and resolving functional characteristics of distinct macrophage
lAtff]lerOgEHFSiS phenotypes should help in the development of new strategies for treatment of chronic inflammation in athero-
nflammation

sclerosis and other cardiovascular diseases.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

It is widely accepted that atherosclerosis is a chronic inflammatory
vascular disease [1-3]. Macrophages play a pivotal role in the initial
stages and further progression of atherogenesis [1,4,5]. In early athero-
sclerotic stages, blood-derived monocytes migrate from the lumen to
the subendothelial space of the arterial wall where they accumulate
and differentiate to macrophages (Fig. 1) [6-8]. Experiments utilizing
macrophages in in vitro experiments demonstrated that modified low
density lipoproteins (LDL) are captured by macrophages followed by as-
sociation of vacuoles containing LDL with lysosomes (Fig. 2A) [10,11].
The molecular mechanisms of interaction of modified LDL with macro-
phages have been detailed in a large number of reviews [12-16]. De-
spite the fact that the principal pathways of interaction of modified
LDL are generally well understood [11-16], morphological data suggest
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that differently modified LDL might have yet-unknown specific fates in
the cytoplasm of macrophages (Fig. 2B). The functional insufficiency of
lysosomes is thought to lead to excessive accumulation of lipids (“lipid
droplets”) in the cytoplasm of macrophages (Fig. 3A, B) [10,18,19].
Eventually, macrophages engulfing modified LDL become overloaded
with lipids, and this transforms them into foam cells (Fig. 3C), an
event representing the most striking morphological feature of the for-
mation of atherosclerotic lesions [1,4,11]. Foam cells are not able to
leave the initial plaque and contribute to the failure of inflammation res-
olution and further establishment of a complicated atherosclerotic
plaque [15]. Macrophages could be commonly identified in the lesion
shoulder and calcified plaque regions [5,11]. Dying macrophages exten-
sively contribute to the formation of the necrotic core and aggravation
of the proatherosclerotic inflammatory response [16,20]. Even though
there are reports suggesting that macrophages can transdifferentiate
into dendritic cells [21-23], it is commonly thought that plaque macro-
phages represent a population of terminally differentiated cells of
monocyte origin; nevertheless, macrophages are influenced by multiple
microenvironmental stimuli that could drive macrophage polarization
towards more proinflammatory or less proinflammatory phenotype
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Fig. 1. Intrusion of monocytes through the endothelial barrier into the arterial intima in atherosclerosis (A-C). (A): Monocyte penetrating the endothelial barrier; note that the endothelial
barrier did not show structural damage. (B, C): Area of the endothelium with structural damage (B) and a penetrating monocyte seen in an area of damaged endothelium (C). Scanning

electron microscopy (SEM). Scale bars = 3 um (A), 6 pm (B), 3 pum (C).

[24]. Several macrophage phenotypes could be observed in the plaque
[25]. Indeed, macrophage phenotype is reversible and could be changed
in response to different microenvironmental signals.

In this review, we discuss phenotypic plasticity of macrophages
in response to different stimuli and heterogeneity of macrophage sub-
sets in the atherosclerotic plaque that play either proatherogenic or
atheroprotective roles.

2. Physiological phenotypic plasticity of macrophages
In hematopoiesis, monocyte differentiation is driven by two growth

factors such as granulocyte-macrophage colony-stimulating factor
(GM-CSF) and macrophage colony-stimulating factor (M-CSF) that

leads to the formation of macrophages that are phenotypically similar
to M1 and M2 subsets of macrophages [26]. The classic M1 phenotype
of activated macrophages is induced by inflammatory cytokines includ-
ing tumor necrosis factor (TNF)-o and interferon (IFN)-y and by stimu-
lation with bacterial constituents such as lipopolysaccharides (LPS) and
flagellin or in response to an intracellular parasite infection [27,28]. M1
macrophages are characterized by the expression of a broad spectrum
of proinflammory cytokines (TNF-a, interleukin (IL)-1f3, IL-12, and IL-
23) and chemokines (C-X-C motif chemokine (CXCL9, CXCL10, and
CXCL11)) [19] (Table 1). These macrophages also release high levels of
reactive oxygen species (ROS) and nitric oxygen (NO) and are involved
in the cascade of immune response mediated by Th1 cells. The anti-
inflammatory M2 macrophage phenotype is induced by Th2-type

Fig. 2. Visualization of modified lipoproteins of low density (LDL)* in macrophages in in vitro experiment (A, B). (A): Visualization of oxidized LDL (non-aggregated, labeled with gold par-
ticles) in the cytoplasm of a macrophage; 8 h after the addition of oxLDL to cell culture. Electron micrograph. *Possible modifications of LDL are detailed elsewhere [9]. (B): Distribution of
aggregated LDL (red color; large arrows) and oxidized LDL (non-aggregated) (green color; small arrows) in macrophages in vitro; 8 h after addition of both LDL modifications to cell cul-
ture. Immunofluorescent microscopy; immunofluorescent procedures were carried as detailed elsewhere [17]. Scale bars = 400 nm (A), 6 um (B).
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