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T he mammalian heart contains a population of
resident macrophages that expands in
response to injury through the recruitment

of circulating monocytes (1). After myocardial infarc-
tion, the sudden death of a large number of cardiomyo-
cytes releases danger signals, mobilizingmonocytes in
the bone marrow and possibly also in extramedullary
sites, such as the spleen. Induction of CC chemokines,
such as CC motif chemokine ligand 2, in the infarcted
myocardium recruits abundant monocytes that ex-
press the chemokine receptor CCR2, and exhibit a
proinflammatory phenotype (2,3). CCR2þ monocytes
and macrophages play an important role in the clear-
ance of necrotic cardiomyocytes and in cardiac repair
after infarction, but also contribute to the pathogen-
esis of adverse cardiac remodeling (2). Although mac-
rophages have been extensively implicated in the
reparative and remodeling responses to myocardial
infarction, their role in chronic nonischemic heart fail-
ure remains unclear. In mouse models of heart failure
associated with left ventricular pressure overload,
and in heart failure with preserved ejection fraction
patients, the density of myocardial macrophages is
significantly increased (4,5). However, the mecha-
nisms of recruitment and activation of cardiac macro-
phages in response to chronic pressure overload and
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their functional role in the development of heart fail-
ure are poorly understood.
In this issue of JACC: Basic to Translational Science,
Patel et al. (6) demonstrate an important role for
CCR2þ macrophages in the pathogenesis of fibrosis,
hypertrophy, and cardiac dysfunction in the
pressure-overloaded heart. In a mouse model of
transverse aortic constriction, a significant increase in
circulating Ly6ChiCCR2þ monocytes was associated
with a marked expansion of myocardial CCR2þ mac-
rophages, driven by cardiac induction of CC chemo-
kines. Blocking CCR2 through early administration of
the small molecule CCR2 antagonist RS-504393, or
through treatment with the anti-CCR2 monoclonal
antibody MC21, inhibited myocardial infiltration with
CCR2þ macrophages, abrogated the expansion of
T cells in heart-draining mediastinal lymph nodes,
and reduced left ventricular hypertrophy after 1 week
of pressure overload. Moreover, 4 weeks after trans-
verse aortic constriction, MC21-treated mice exhibi-
ted significantly attenuated systolic dysfunction and
profoundly reduced cardiac interstitial fibrosis, in
comparison to immunoglobulin G-treated animals.

The study adds to a growing body of evidence
suggesting that chemokine-driven, macrophage-
mediated inflammation plays a critical role in the
pathogenesis of pressure overload-induced heart
failure. The findings not only support the significance
of CCR2þ macrophages as cellular effectors of
myocardial fibrosis, hypertrophy, and dysfunction in
nonischemic heart failure, but also open new research
directions by raising several important questions.

WHAT IS THE STIMULUS FOR THE

EXPANSION OF MACROPHAGES IN

PRESSURE-OVERLOADED HEARTS?

In conditions associated with extensive cellular
necrosis, the release of danger signals mobilizes bone
https://doi.org/10.1016/j.jacbts.2018.03.001
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FIGURE 1 Expansion and Activation of Macrophages in the Pressure-Overloaded Myocardium

Pressure overload activates neurohumoral pathways and increases oxidative stress, mobilizing bone marrow (BM)-derived monocytes (Mo).

Angiotensin II- and reactive oxygen species-triggered induction of chemokines in the pressure-overloaded myocardium mediates recruitment

of monocytes expressing CCR2. CCR2þ monocytes secrete proinflammatory cytokines (such as IL-1b and tumor necrosis factor-a) and may

activate lymphocytes (Ly), causing dysfunction of the remodeling heart. Monocytes may differentiate into macrophages (Ma) that secrete

transforming growth factor-bs and IL-10, activating fibroblasts (F) and promoting cardiomyocyte (CM) hypertrophy.
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marrow monocytes and triggers intense chemokine-
driven inflammation (7). However, in the pressure-
overloaded myocardium, cardiomyocyte necrosis is
limited, and the molecular link between mechanical
stress and monocyte mobilization is unclear. Several
mechanisms may explain the observed induction of
chemokines and subsequent infiltration of the
pressure-overloaded myocardium with proin-
flammatory macrophages (Figure 1). First, activation
of neurohumoral cascades may mobilize bone marrow
and splenic monocytes and may upregulate inflam-
matory signaling in the myocardium. Angiotensin II is
known to activate proinflammatory signaling in both
vascular cells and monocytes, acting at least in part
through chemokine induction (8). Second, increased
oxidative stress in the pressure overloaded myocar-
dium, triggered through neurohumoral activation or
via activation of mechanosensitive signaling path-
ways, may promote chemokine-mediated recruit-
ment of inflammatory cells (9). Third,
mechanosensitive signaling may exert direct proin-
flammatory effects on resident myocardial cells
(including cardiomyocytes, fibroblasts, and vascular
cells), triggering local induction of cytokines and
chemokines that mediate recruitment of monocytes
(10). Thus, cellular necrosis is not necessary for the
activation of an inflammatory program in the
remodeling myocardium.
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DO THE ACTIONS OF THE CC CHEMOKINE/

CCR2 AXIS INVOLVE EXCLUSIVELY EFFECTS

ON MACROPHAGES?

The authors suggest that the protective effects of
CCR2 blockade may involve actions on monocytes
and macrophages. Although this is plausible, it
should be emphasized that CCR2 expression has also
been reported in many other cell types, including
lymphocyte subsets, fibroblasts, and vascular cells.
Several in vitro studies have suggested direct effects
of CCR2 ligands on fibroblast phenotype and gene
expression (11); however, evidence supporting the
notion that chemokine-driven myocardial fibrosis is
mediated through direct actions on cardiac fibroblasts
is lacking (12). The crucial role of lymphocyte sub-
populations in cardiac fibrosis (13), and the involve-
ment of the CC motif chemokine ligand 2/CCR2 axis in
regulation of lymphocyte responses (14) suggest that
the effects of CCR2 blockade may be mediated at least
in part, through the modulation of lymphocyte
recruitment and activation.

WHAT IS THE MOLECULAR BASIS FOR THE

EFFECTS OF CCR2D MACROPHAGES IN THE

PRESSURE-OVERLOADED HEART?

Macrophages exhibit remarkable functional hetero-
geneity and are capable of expressing a wide range of
genes. After tissue injury, dynamic microenviron-
mental changes induce dramatic alterations in the
phenotypic characteristics of macrophages. In the
infarcted myocardium, early release of danger signals
induces a proinflammatory and phagocytotic macro-
phage phenotype. The ingestion of apoptotic cells has
been proposed to trigger a regulatory phenotype in
macrophages, inducing expression of anti-
inflammatory mediators (such as interleukin [IL]-10
and transforming growth factor-b). Fibrogenic and
angiogenic macrophage subsets have also been iden-
tified and may play an important role in repair of the
infarcted heart. Moreover, macrophages may also
contribute to extracellular matrix remodeling by
producing matrix metalloproteinases and their
inhibitors.

The molecular signals that may mediate the profi-
brotic and hypertrophic actions of macrophages in the
pressure-overloaded myocardium remain unknown.
The current study suggests that macrophage-driven
T-cell expansion may play an important role in
adverse remodeling; the specific proinflammatory
cytokines that may mediate lymphocyte activation
are unclear. The direct effects of macrophage-derived
mediators on fibroblast activation may also be
involved. A recent study suggested that IL-10
secreted by myeloid cells may be an important fibro-
genic signal in experimental models of cardiac
fibrosis (5). Macrophage-derived secretion of trans-
forming growth factor-b family members may also
contribute to activation of a fibrogenic program.
Macrophages may also promote fibrosis by releasing
tissue inhibitors of metalloproteinases, thus exerting
potent matrix-preserving actions (15). Considering
the wide range of mediators secreted by macro-
phages, it is unlikely that the profibrotic actions of
CCR2þ cells are mediated through the release of a
single molecular signal.

IS CHEMOKINE-DRIVEN INFLAMMATION

A THERAPEUTIC TARGET IN HUMAN

HEART FAILURE?

The protective effects of CCR2 blockade reported in the
current study may have direct therapeutic implica-
tions for patients with heart failure. On the basis of
these experimental observations, it could be proposed
that CCR2 inhibition may attenuate myocardial
dysfunction and inhibit fibrosis in patients with heart
failure with a prominent pressure overload patho-
physiology. It should be emphasized that, although
this approach may seem to be promising, therapeutic
translation in human heart failure poses major chal-
lenges. Human heart failure is pathophysiologically
heterogeneous and cannot be recapitulated by a single
animal model. Successful translation may require the
identification of patient subpopulations with a prom-
inent inflammatory response that may benefit from
inhibition of the chemokine axis. Moreover, the need
for chronic treatment generates major concerns
regarding the risk profile of the approach. Chronic
administration of an anti-inflammatory agent may
carry significant risks by inhibiting reparative and
protective effects of inflammation. CCR2 signaling has
been implicated in the activation of the angiogenic
process (16); thus, inhibition of the CC chemokine/
CCR2 axis may also perturb angiogenic responses,
necessary to preserve perfusion in subjects with co-
existing ischemic heart disease. Studies aimed at un-
derstanding the involvement of cardiac macrophages
in human patients are critical to explore the potential
value of chemokine targeting in heart failure.

ADDRESS FOR CORRESPONDENCE: Dr. Nikolaos
Frangogiannis, Department of Medicine (Cardiology),
The Wilf Family Cardiovascular Research Institute,
Albert Einstein College of Medicine, 1300 Morris Park
Avenue, Forchheimer G46B, Bronx, New York 10461.
E-mail: nikolaos.frangogiannis@einstein.yu.edu.

mailto:nikolaos.frangogiannis@einstein.yu.edu


Chen and Frangogiannis J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 3 , N O . 2 , 2 0 1 8

Macrophages in Heart Failure A P R I L 2 0 1 8 : 2 4 5 – 8

248
RE F E RENCE S
1. Epelman S, Lavine KJ, Beaudin AE, et al. Em-
bryonic and adult-derived resident cardiac mac-
rophages are maintained through distinct
mechanisms at steady state and during inflam-
mation. Immunity 2014;40:91–104.

2. Dewald O, Zymek P, Winkelmann K, et al. CCL2/
monocyte chemoattractant protein-1 regulates
inflammatory responses critical to healing
myocardial infarcts. Circ Res 2005;96:881–9.

3. Nahrendorf M, Swirski FK, Aikawa E, et al.
The healing myocardium sequentially mobilizes
two monocyte subsets with divergent and
complementary functions. J Exp Med 2007;
204:3037–47.

4. Xia Y, Lee K, Li N, Corbett D, Mendoza L,
Frangogiannis NG. Characterization of the inflam-
matory and fibrotic response in a mouse model of
cardiac pressure overload. Histochem Cell Biol
2009;131:471–81.

5. Hulsmans M, Sager HB, Roh JD, et al. Cardiac
macrophages promote diastolic dysfunction. J Exp
Med 2018;215:423–40.

6. Patel B, Bansal SS, Ismahil MA, et al. CCR2þ

monocyte-derived infiltrating macrophages are
required for adverse cardiac remodeling during
pressure overload. J Am Coll Cardiol Basic Trans
Science 2018;3:230–44.

7. Prabhu SD, Frangogiannis NG. The biological
basis for cardiac repair after myocardial infarction:
from inflammation to fibrosis. Circ Res 2016;119:
91–112.

8. Leuschner F, Panizzi P, Chico-Calero I, et al.
Angiotensin-converting enzyme inhibition pre-
vents the release of monocytes from their splenic
reservoir in mice with myocardial infarction. Circ
Res 2010;107:1364–73.

9. Sriramula S, Francis J. tumor necrosis factor-
alpha is essential for angiotensin II-induced ven-
tricular remodeling: role for oxidative stress. PLoS
One 2015;10:e0138372.

10. Lindner D, Zietsch C, Tank J, et al.
Cardiac fibroblasts support cardiac inflam-
mation in heart failure. Basic Res Cardiol
2014;109:428.

11. Yamamoto T, Eckes B, Mauch C, Hartmann K,
Krieg T. Monocyte chemoattractant protein-1 en-
hances gene expression and synthesis of matrix
metalloproteinase-1 in human fibroblasts by an
autocrine IL-1 alpha loop. J Immunol 2000;164:
6174–9.
12. Frangogiannis NG, Dewald O, Xia Y, et al.
Critical role of monocyte chemoattractant protein-
1/CC chemokine ligand 2 in the pathogenesis of
ischemic cardiomyopathy. Circulation 2007;115:
584–92.

13. Nevers T, Salvador AM, Velazquez F, et al. Th1
effector T cells selectively orchestrate cardiac
fibrosis in nonischemic heart failure. J Exp Med
2017;214:3311–29.

14. Bruhl H, Cihak J, SchneiderMA, et al. Dual role of
CCR2 during initiation and progression of collagen-
induced arthritis: evidence for regulatory activity of
CCR2þ T cells. J Immunol 2004;172:890–8.

15. Frangogiannis NG, Mendoza LH, Lindsey ML,
et al. IL-10 is induced in the reperfused myocar-
dium and may modulate the reaction to injury.
J Immunol 2000;165:2798–808.

16. Heil M, Ziegelhoeffer T, Wagner S, et al.
Collateral artery growth (arteriogenesis) after
experimental arterial occlusion is impaired in mice
lacking CC-chemokine receptor-2. Circ Res 2004;
94:671–7.

KEY WORDS chemokines, heart failure,
macrophage

http://refhub.elsevier.com/S2452-302X(18)30065-2/sref1
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref1
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref1
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref1
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref1
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref2
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref2
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref2
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref2
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref3
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref3
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref3
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref3
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref3
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref4
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref4
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref4
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref4
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref4
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref5
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref5
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref5
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref6
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref6
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref6
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref6
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref6
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref7
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref7
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref7
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref7
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref8
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref8
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref8
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref8
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref8
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref9
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref9
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref9
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref9
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref10
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref10
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref10
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref10
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref11
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref11
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref11
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref11
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref11
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref11
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref12
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref12
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref12
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref12
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref12
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref13
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref13
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref13
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref13
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref14
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref14
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref14
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref14
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref14
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref15
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref15
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref15
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref15
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref16
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref16
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref16
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref16
http://refhub.elsevier.com/S2452-302X(18)30065-2/sref16

	The Role of Macrophages in Nonischemic Heart Failure∗
	What Is the Stimulus for the Expansion of Macrophages in Pressure-Overloaded Hearts?
	Do the Actions of the CC Chemokine/CCR2 Axis Involve Exclusively Effects on Macrophages?
	What Is the Molecular Basis for the Effects of CCR2+ Macrophages in the Pressure-Overloaded Heart?
	Is Chemokine-Driven Inflammation a Therapeutic Target in Human Heart Failure?
	References


