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Abstract Heterogeneous macrophage lineages are present in the aortic and mitral valves of the heart during development
and disease. These populations include resident macrophages of embryonic origins and recruited monocyte-derived
macrophages prevalent in disease. Soon after birth, macrophages from haematopoietic lineages are recruited to the
heart valves, and bone marrow transplantation studies in mice demonstrate that haematopoietic-derived macro-
phages continue to invest adult valves. During myxomatous heart valve disease, monocyte-derived macrophages
are recruited to the heart valves and they contribute to valve degeneration in a mouse model of Marfan syndrome.
Here, we review recent studies of macrophage lineages in heart valve development and disease with discussion of
clinical significance and therapeutic applications.
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1. Introduction

In the past few years, macrophages have emerged as critical contributors
to cardiovascular health and disease. In most organs, including the heart,
resident macrophages are present beginning in embryonic development
and persist into adulthood with immune surveillance and tissue homeo-
static functions.1 In mouse models of heart failure, atherosclerosis, and
valve disease, resident and recruited monocyte-derived macrophage
populations expand, and inhibition of macrophage homing to injured tis-
sue has emerged as a promising therapeutic strategy. In light of the suc-
cessful Canakinumab Anti-Inflammatory Thrombosis Outcome Study
(CANTOS) trial, there is enthusiasm for the potential of immune
modulation cell-targeted therapy in cardiovascular disease.2 Here, we re-
view recent discoveries of macrophage contributions to heart valve de-
velopment and disease with discussion of potential therapeutic
applications.

Heart valve disease is a common manifestation of cardiovascular dis-
ease with a frequency of up to 15% of people >65 years old affected.3–5

Myxomatous valve disease (MVD), usually involving the mitral valve,
includes progressive extracellular matrix (ECM) abnormalities and thick-
ening of valve leaflets that can lead to prolapse into the atria and regurgi-
tation. Causes of MVD include congenital malformation, genetic
mutations, ischaemic heart disease, and inflammatory endocarditis.5

Calcific aortic valve disease (CAVD) includes stenosis and mineralization
of valve leaflets and is associated with aging, coronary artery disease, and

other cardiovascular disease indicators.3,6 In both MVD and CAVD,
ECM abnormalities and immune cell populations increase with the pro-
gression of disease leading to decreased cardiac function. The current
standard of care is surgical valve replacement or repair, which can be
contraindicated in aged individuals.7 Increased understanding of valve
structural abnormalities and immune cell involvement should lead to ur-
gently needed new therapeutic options.

Several recent studies have demonstrated the presence and impor-
tance of macrophage lineages in heart valve development, homeostasis,
and disease. Infiltrating immune cells in adult valves were first identified
by Visconti et al.8 who performed bone marrow-derived stem cell trans-
plantation studies in mice, demonstrating that CD45þ donor cells are
present in recipient valves. These cells were hypothesized to take on
valve interstitial cell (VIC)-like functions within the context of the adult
valves,9 but subsequent studies have shown that they maintain their im-
mune cell phenotypes and are predominantly macrophages.10,11 More
recent studies have shown that multiple immune cell types are present
in adult and developing heart valves and they constitute approximately
8% of all cells in remodelling valves.11 At least 75% of these immune cells
express macrophage markers of resident and recruited populations, in
addition to smaller populations of dendritic cells and T cells. The specific
roles and functions of these cells in heart development, homeostasis,
and disease are largely unknown. However, they have been implicated in
valve homeostasis, ECM remodelling, ageing, and disease progression in
a variety of contexts.9–14
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2. Macrophage lineages in
cardiovascular development and
disease

Studies in the late 19th century by Nobel Laureate Ilya Mechnikov first
described macrophages as phagocytic cells that help to defend against
pathogens and remove cell debris.15 More recently, it has become clear
that macrophages populate all tissues, exhibiting organ-specific functions
that affect not just host immunity, but also development, homeostasis,
tissue repair, and disease.16 In addition, recent fate-mapping techniques
have demonstrated that macrophages in many tissues, including the
heart, emerge during embryonic development and can persist long-term
through cell proliferation, rather than by monocyte recruitment in an
uninjured setting.17 In contrast, bone marrow-derived macrophages arise
from circulating monocytes and are recruited to target organs after
stress or injury. Originally macrophages were characterized as proin-
flammatory M1 or reparative M2, but this dichotomy is oversimplified
since the functions and origins of heterogeneous macrophage popula-
tions are variable and highly context dependent.18,19

During mouse development, macrophages first appear during early
gestation in the extraembryonic yolk sac during primitive haematopoie-
sis.20 Notably, at this stage, macrophages are the only immune cells
made in the embryo and they express F4/80.21 Definitive haematopoiesis
begins immediately thereafter with the appearance of haematopoietic
stem cells emerging from the aorta-gonad-mesonephros (AGM) region
that can give rise to all immune cell lineages.22 After embryonic day
(E)10.5, these haematopoietic stem cells migrate to the primordial liver,
which becomes the predominant site of haematopoiesis during embryo-
genesis.23 By E12–14, circulating monocyte-derived macrophages origi-
nally from the liver express CD11b and populate developing tissues,
including the heart.24 In addition, within organs, macrophages can be lo-
cally produced through transformation of the haemogenic endothe-
lium.14 Post-birth, however, haematopoiesis primarily occurs in the bone
marrow and macrophage production is mediated through circulating
blood monocytes (Figure 1).24 Expansion of macrophage lineages in tis-
sue homeostasis and disease can occur through recruitment of
monocyte-derived macrophages or proliferation of tissue-resident
macrophages.

A normal uninjured adult heart has macrophages from two distinct
origins that can be differentiated by the expression of the cell surface
marker, CCR2.1 In this steady state condition, 6–8% of non-cardiomyo-
cytes of the heart are resident macrophages, the majority of which lack
CCR2 (termed CCR2-).26,27 These macrophages arise from the extra-
embryonic yolk sac and foetal liver, seed the heart during development,
and are maintained throughout life.24,28,29 Soon after birth, the resident
CCR2- macrophage population expands through proliferation and, be-
ginning 2 weeks after birth, haematopoietic Cx3CR1-lineage CCR2-
macrophages are recruited to the heart. Together, these populations
constitute the tissue-resident CCR2- macrophages of the heart.24,28

During embryonic development, CCR2- macrophages are associated
with the blood vessel progenitor populations and are required for nor-
mal coronary vascular development.28,30 Likewise, ablation of macro-
phages in the neonatal heart using clodronate liposomes prevents
cardiac regeneration in response to injury, probably through loss of neo-
vascularization.28,30,31 In addition, resident cardiac macrophages facilitate
electrical conduction within the heart and have increased expression of
genes associated with tissue repair.32,33 The recruited population of car-
diac macrophages expresses CCR2 (termed CCR2þ) and comprise

only a small proportion of total cardiac macrophages in the uninjured
state. These macrophages are short-lived and are monocyte-derived
from bone marrow in a CCR2-dependent manner.1 While the functions
of recruited CCR2þ macrophages in a healthy heart are not entirely de-
fined, transcriptomic analysis reveals that they selectively express genes
involved in the initiation of inflammation.33

Following cardiac injury such as myocardial infarction (MI), CCR2þ
macrophages derived from circulating monocytes are recruited to the
heart.28 This recruitment occurs in response to chemokine and cytokine
expression induced after cardiac injury. Notably, increased expression of
the ligand CCL2 (also called MCP-1, monocyte chemoattractant protein
1) by cardiac fibroblasts, endothelial cells, and other cell lineages in re-
sponse to injury leads to homing of CCR2þmonocytes to the area of in-
jury.34,35 CCR2þ monocyte and derivative macrophage recruitment is
considered a maladaptive response associated with negative outcomes,
including myocardial infarct expansion and left ventricular dysfunction.36

Thus, inhibition of CCR2þ macrophage recruitment in mice is protec-
tive against cardiovascular disease.35,37 Much less is known of human
heart resident macrophage lineages and contributions to cardiac injury
response, but recent detection of CCR2þ macrophages in human dis-
eased hearts supports conserved mechanisms.33 Several studies have
reported different approaches to targeting CCR2þmacrophage popula-
tions, including siRNA, antibody blockade, clodronate liposomes, and re-
ceptor targeting with small molecules, after MI in animal models with
variable success.36–38 This remains an active area of research in efforts di-
rected towards limiting cardiac injury and promoting recovery of cardiac
function after myocardial infarction.

3. Macrophages in heart valve
development

3.1 Overview of valve structure and
function
The semilunar and atrioventricular valves of the heart are primarily com-
prised of three functionally specialized ECM layers that are oriented rela-
tive to blood flow (Figure 2).39 The fibrosa, located away from directional
blood flow, is predominantly fibrillar collagen, whereas the layer adjacent
to blood flow contains elastin, and the intermediate layer is rich in chon-
droitin sulphate proteoglycans, notably versican.40 Altogether, this tri-
laminar organization provides the rigidity and resiliency for the valves to
endure differential pulsatile and oscillatory shear stresses throughout the
cardiac cycle.41 During disease, ECM stratification often becomes disor-
ganized with progressive thickening or mineralization which contributes
to valve degeneration and dysfunction leading to compromised cardiac
output.42

VICs are the main fibroblast-like cells that reside within the ECM
layers and produce matrix during development and homeostasis. The
valve leaflets are covered by valve endothelial cells (VECs) that are con-
tinuous with the endocardium and vascular endothelial cells of the great
vessels in contact with blood flow. Additional cell types present in the
developing and adult valves include monocyte-derived macrophages,
dendritic cells, melanocytes, and small populations of T cells and mast
cells.11 Recent work has revealed that 8–10% of heart valve cells are
CD45þ and include macrophages, monocytes, and dendritic cells.10–12

These immune cells of the heart valves are heterogeneous in terms of
expressed cell surface markers and developmental origins (Table 1).

664 A.J. Kim et al.
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Very recent studies are just beginning to elucidate their functions and
contributions to heart valve development and disease.14,44

3.2 Macrophages in heart valve
development
The first evidence of heart valve formation in vertebrate development
begins with the formation of endocardial cushions at E9.5 in mice (which
corresponds to E31–E35 in humans) by endothelial-to-mesenchymal
transformation (EndMT) of the endocardium in the atrioventricular canal
and outflow tract (Figure 2).45 The mesenchymal and endothelial cells
proliferate until E12.5–14.5 as the endocardial cushions expand and
elongate to form the valve primordia.46,47 Macrophages expressing
CD68 and CD206 are present in the endocardial cushions, as early
E10.5.14 Genetic fate-mapping studies and flow cytometry demonstrate
that a subset of these macrophages originate from specialized haemo-
genic endocardial cells that line the surface of valve primordia and appear
during E9.5–E11.5.48 However, the majority of macrophages in the de-
veloping heart valves at E10.5–E15.5 originate elsewhere, likely from the
yolk sac and/or foetal liver. By E15.5, distinct populations of valve macro-
phages with differential expression of CD206 and F4/80 are present in
the developing heart valves.14

The specific functions of macrophages in developing heart valves are
largely unknown. The endocardium-derived macrophages are more

phagocytic than other macrophage populations and were speculated to be
responsible for the clearance of apoptotic cells in embryonic valves during
mid-late gestational stages.14,49,50 In fact, a recent RNAseq study of human
embryonic aortic valve leaflets at different stages in development depicts a
brief up-regulation in immune activity during mid-late gestation.51 Notably,
genetic depletion of these endocardial-derived macrophages in mice
resulted in increased numbers of apoptotic cells, suggestive of insufficient
phagocytic clearance, in addition to thickened heart valves during adult-
hood.14 These findings highlight the importance of macrophages during car-
diac valve development and suggest that they are important for the
remodelling of valve leaflets with implications for long-term function and
pathogenesis, notably with myxomatous ECM changes.

3.3 Macrophage lineages in postnatal heart
valve remodelling and adult valve
homeostasis.
Heart valves undergo ECM remodelling into stratified layers after birth
and do not fully mature until adulthood.40,49 Extensive characterization
of the immune cell populations performed by our lab and others indicate
that macrophages constitute the majority of the valvular immune cells
during this period (Figure 3).10–12,14 These tissue-resident immune cells
maintain expression of macrophage markers10 and do not convert to
collagen or ECM-expressing VICs as originally proposed.9 As

Figure 1 Macrophage origins in developing heart valves. The sources of macrophages in the cardiovascular system during development include the yolk
sac and AGM region in embryos, the foetal liver in foetuses and newborns, and the bone marrow during definitive haematopoiesis after birth.25 The right
panel shows a mouse aortic valve at 1 month-of-age with CD45þ cells stained red that are predominantly heterogeneous macrophages.10

Macrophages in heart valve development and disease 665
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..determined by fluorescence-activated cell sorting (FACS), macrophages
present in neonatal heart valves express CD206þ consistent with em-
bryonic origins and are the predominant immune cells in the valves until
around P7.10 After P7, the numbers of MHCIIþ macrophages begin to
increase, similar to the transitions seen in the myocardium.10,24 Likewise,
single-cell RNA sequencing (scRNAseq) analysis of normal valves at P7
and P30 shows that immune cell types in the developing valves not only
include primarily macrophages, but also include mast cells, dendritic cells,
and T cells.11 Approximately 8% of the total valve cells are immune cells
at both P7 and P30. Two types of macrophages were detected and rep-
resent approximately 50% of immune cells at P7 and nearly 80% at P30.
Notably, the per cent of CD206þ macrophages decreased from P7 to
P30, consistent with results from FACS.10,11 Within the context of the
valve, these macrophage populations exhibit distinct spatial location,
with CD206þ macrophages predominantly under the endothelium at
the region of coaptation, whereas MHCIIþ macrophages are located at
the distal tip of the aortic and mitral valve leaflets.10,11 This differential lo-
calization of macrophage subtypes is maintained into adulthood in mice.

The increased numbers and localization of MHCIIþ macrophages in
the valve distal regions coincides with the time in which the primary site
of haematopoiesis transitions from the foetal liver to the bone marrow,
with a corresponding increase in CCR2þ monocyte-derived macro-
phages.52 This shift in macrophage origins is similar to that observed in

the myocardium during the same time period when the developing bone
marrow becomes the main source of monocytes.24 Genetic loss of
CCR2 leads to reduced homing of monocyte-derived macrophages to
the mature valves, with no major changes in valve leaflet stratification or
morphology.44 However, ablation of phagocytic endocardially derived
macrophages during development does lead to thickening and disorgani-
zation of aortic and mitral valves, implicating this subpopulation of mac-
rophages in heart valve remodelling.14

In adult mice, bone marrow stem cell transplantation studies dem-
onstrated continued investment of aortic valve leaflets with circulat-
ing CD45þ immune cells.8 Cell lineage analysis shows that the
majority of these CD45þ cells express the CD11b monocyte marker
and the numbers of these cells increase with age.12 Much less is
known of macrophage populations in healthy human heart valves, but
cells expressing CD64 or CD14 monocyte lineage markers in
CD68þ macrophages are present in healthy human mitral valves,
supporting a monocyte-derived population of tissue-resident macro-
phages in humans.10,44 Similarly, diverse populations of CD163þ and
CD14þ monocyte lineage macrophages are present in adult porcine
mitral valves.44 The functions of these tissue-resident macrophage
populations in valve homeostasis have not been fully established, but
they have been hypothesized to contribute to heart valve ECM
remodelling, homeostasis, and repair.

Figure 2 Heart valve development and disease. During embryonic development, endocardial cushions are present in the outflow tract that elongate and
stratify into valve leaflets after birth. Valve layers consist of fibrosa (yellow), spongiosa (blue), and atrialis (black). Bottom panels depict myxomatous altera-
tions associated with connective tissue mutations (left) and calcification of aortic valves characteristic of aortic stenosis (right).

666 A.J. Kim et al.
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.4. Macrophage lineages in heart
valve disease

4.1 Overview of myxomatous and calcific
valve disease
Heart valve disease can develop before birth or be acquired later in life.
Based on epidemiological studies, valve disease has a prevalence of 2.5%

among 18–44-year-old individuals in the USA that increases to 13.5% in
individuals over age 75, manifesting most commonly as aortic stenosis
(AS) or mitral regurgitation (MR).4 Diseased valves generally conform to
one of two broad pathological patterns: myxomatous degeneration or
stenosis (Figure 2).42 Histologically, myxomatous degeneration, usually
seen in the mitral valve, is characterized by diffuse accumulation of pro-
teoglycan and fragmentation of collagen and elastin fibres, which can be

..............................................................................................................................................................................................................................

Table 1 Immune cells in developing and diseased heart valves

Cell type Markers Immunological role Notes

Valve development14

Macrophages CD68þ, Csf1rþ, F4/80þ
Endocardially derived macrophages Nfatc1-lineageþ, CD68þ, Csf1rþ, CD206þ Phagocytic and antigen presenting

roles

Expression from E10.5

Nfatc1-lineageþ, F4/80þ Expression after E13.5

Ly6C low CD206þ Phagocytic and pro-tissue

reparatory

Non-endocardial-derived macrophages Ly6C high CD206- Pro-inflammatory 8.6–11.2% of non-endocardially

derived

Postnatal valve remodeling10,11,14,43

Leucocytes CD45þ Increased from P1 to P60

1. Myeloid cells

Macrophages F4/80þ, CD11bþ, CD64þ, CD68þ
CD206þ macrophages Ly6C low CD206þ Phagocytic and pro-tissue

reparatory

Increased after birth, predomi-

nant population at P7

MHCIIþ macrophages Ly6C low MHCII low Phagocytic P1 to P28

Ly6C low MHCII high Antigen presenting Increased with age

Recruited macrophages F4/80þ CCR2þ Immune and defense response Increased between P7 and P30

Ly6C high CD206- Decreased after birth

Dendritic cells Klrb1, Xcr1 Antigen processing and

presenting

Myeloid dendritic cells CD11bþ CD11cþ F4/80- Antigen presenting

Non-myeloid dendritic cells CD11b- CD11cþ
Mast cells Kit, Cpa3, Tpsab1 Regulation of macrophage

activation

Decreased from P7 to P30

2. Lymphocytes

T cells CD24a, Trbc1, CD3d, CD8a Immune response Decreased from P7 to P30

Naı̈ve T cells Satb1, Phf3, Dntt P7

Effector memory T cells S100a10, Ppp43ca, Tnfrsf18 Immune response to pathogens P30

MVD13,44,76,78

Leucocytes CD45þ Increased in MV of Axin2 KO,

MFS, Filamin A KO mice and

MI induced sheep models

1. Myeloid cells

Macrophages F4/80þ, CD11bþ
CD163þ, CD68þ, CD64þ Increased in MFS pigs and human

Resident macrophages CD206þ CCR2- Increased in MV of MFS

CD163þ CD14-; CD68þ CD14- No change in MFS pigs and

human

Recruited macrophages MHCIIþ CCR2þ Pro-inflammatory Increased in MV of MFS

CD163þ CD14þ; CD68þ CD14þ Pro-inflammatory Increased in MFS pigs and human

Neutrophils Ly6Gþ Not detected in MV of MFS

2. Lymphocytes

T cells CD3þ Not detected in MV of MFS

Macrophages in heart valve development and disease 667
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.caused by congenital malformation, cardiovascular dysfunction, or infec-
tious endocarditis.5,53 These structural alterations result in a ‘floppy’ re-
dundant valve that lacks the ability to seal properly and cause
regurgitation. In contrast, aortic valve stenosis is characterized by colla-
gen accumulation, loss of proteoglycan, and ultimately calcification.6

These fibrotic changes result in a sclerotic (‘stiff’) valve with a narrow
valve orifice reducing cardiac output. Elucidating the molecular and cellu-
lar mechanisms underlying MVD and AS has been challenging because
valves are not studied until symptomatic patients are examined by echo-
cardiography, thereby representing advanced disease. Consequently,
therapeutic options continue to be limited to surgical valve repair or
replacement.5

4.2 Inflammatory mechanisms of CAVD
CAVD is prevalent in aged individuals and has risk factors similar to ath-
erosclerosis and coronary artery disease.4,6 Molecular and cellular mech-
anisms of CAVD include induction of profibrotic and osteogenic
regulatory pathways as well as proinflammatory signalling.54 Both innate

and adaptive immune cells are present in calcified valves, and infiltration
by T lymphocytes has been identified as a critical driver of CAVD.55,56

Macrophages also increase in CAVD, and increased numbers of
CD11cþ myeloid cells, rather than CD206þ macrophages, have been
associated with aortic valve calcification .57 In addition, CAVD is often as-
sociated with atherosclerosis and hypercholesteraemia that may affect
the proinflammatory profile and pathologic macrophage populations.38

In contrast to MVD, T cells are increased in calcified valves and have
been identified as critical inflammatory drivers of progressive CAVD.56

Thus, inflammatory mediators of CAVD progression are more depen-
dent on adaptive immunity mechanisms, suggesting that anti-
inflammatory therapeutic interventions will need to be targeted to spe-
cific immune cell-types dependent on the type of cardiovascular disease.

4.3 MVD origins and contributions of
macrophages
MR is a major source of morbidity and mortality worldwide that can lead
to arrhythmias, heart failure, and sudden death.58,59 Mitral valve

Figure 3 Macrophages in mouse heart development and MVD. (A–C) Localization of embryonic (CD206þ) and postnatal (MHCIIþ) macrophage popula-
tions and localization in the developing mouse aortic valve change after birth. (Right panels) Increased numbers and altered localization of macrophages in
myxomatous mitral valves of MFS mice (Fbn1C1039G/þ) at 2 months-of-age.44

668 A.J. Kim et al.
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.
regurgitation can be due to intrinsic structural deficiencies in the mitral
valve leaflets (primary MR) or as a result of abnormal ventricular defor-
mation and increased chamber size with advanced heart disease (sec-
ondary MR).5 Despite the two aetiologies, diseased valves appear
histologically similar and commonly exhibit features of MVD, character-
ized by leaflet thickening, diffuse accumulation of proteoglycan, collagen
fibre disruption, and elastin fragmentation. Proteolytic enzymes, such as
matrix metalloproteinases [(MMP)-1, MMP-2, MMP-9, and MMP13] and
cathepsin K, have also been detected during disease associated with
pathologic remodelling.60–64 MVD can occur with congenital valve mal-
formations or genetic aetiologies, including mutations in ECM genes, or
alternatively can be acquired with autoimmune disease, inflammatory en-
docarditis, or secondarily with progressive heart failure after myocardial
injury.65 Increased macrophage numbers in association with valve myxo-
matous ECM changes are common to MVD arising from various causes.

MVD with underlying genetic aetiologies often appears early in life
and exhibits familial clustering.66,67 Syndromic MVD is commonly associ-
ated with genetic disorders of the connective tissue, including Marfan
syndrome (MFS; Fibrillin-1),66 Ehlers-Danlos syndrome (Collagen types I,
III, V, XI; Tenascin),68 Osteogenesis imperfecta (Collagen type I), and
Larsen-like syndrome (Proteoglycan synthesis; B3GAT3).69 MVD is also
present in Loeys–Dietz syndrome (Tgfb receptors 1 and 2),70 Juvenile pol-
yposis syndrome (Smad-4, BMP receptor 1a),71 and Aneurysm-
osteoarthritis syndrome (Smad3).72 Together, these implicate matrix ab-
normalities and signalling as primary drivers of MVD. MVD can also ap-
pear in isolation (i.e. ‘non-syndromic’ MVD). The earliest confirmed non-
syndromic mutation involved the X-linked FLNA (Filamin-A) gene, which
causes valvular defects and progressive MVD in mice and humans.73–75

Mouse models of several of these mutations have been generated, and
increased numbers of macrophages are present in diseased myxomatous
valves,44,76 thus implicating macrophage infiltration as a potential second-
ary driver of MVD progression.

MVD in the absence of infective endocarditis has traditionally been
regarded as a ‘non-inflammatory’ disease. In recent years, however,
CD45þ haematopoietic cells have been detected in diseased human,
sheep, and murine valves with myxomatous degeneration related to non-
infective causes.13,53,76–78 Additional work characterizing these cells has
demonstrated that they are predominantly macrophages, with smaller con-
tributions from dendritic cells.10,11 A caveat for this interpretation is that
CD45 expression can be induced by Tgfb signalling in mitral VECs in MVD
after myocardial infarction in sheep.78,79 However, increased numbers of
CD206þmacrophages in regions of ECM remodelling and myeloid-lineage
macrophages in association with increased immunogenic proteoglycans fur-
ther supports roles for distinct populations of macrophages in myxomatous
alterations in human valves.10,28,44 Despite the identification of these het-
erogeneous macrophage populations, little is known regarding their origins
or functions in valve disease initiation or progression.

Using a combination of small/large animal models and clinical human
valve specimens, we demonstrated that myxomatous valves across spe-
cies exhibit an inflammatory micro-environment comprised of increased
recruitment of pro-inflammatory macrophages and immunogenic ECM
remodelling.44 The timing of macrophage infiltration is worth noting
since these cells emerge in significant numbers after initial thickening is
observed, but prior to MR. This might explain why there have historically
been conflicting reports about the presence of immune cells in myxoma-
tous valve specimens. More importantly, this suggests that macrophages
play a role in the progression of MVD and that additional studies are
needed to determine what initiates MVD. Nonetheless, the fact that ver-
sican and hyaluronan, ECM components known to induce sterile

inflammation, are increased with no macrophage infiltration suggests
that abnormal ECM remodelling in the valve contributes to the induction
of an inflammatory response.80

Gene expression profiling of myxomatous valves from humans, dogs,
and mice implicated inflammation and macrophage recruitment as an in-
duced biological process with disease.13,44,81,82 In an Axin2-null model of
MVD, expression of several chemokines and cytokines is induced, includ-
ing C-C motif chemokine ligand 2 (CCL2), CCL3, and CCL7, prior to
major myxomatous matrix changes.13 At the same time, increased num-
bers of macrophages are present in the valve interstitium. Tgfb signalling
also is increased in MVD from mouse, humans, and dogs and has been as-
sociated with ECM dysregulation and increased macrophage numbers in
diseased valves.28,53,81,83,84 Thus, early stage MVD includes expression of
inflammatory mediators and signalling pathways.

A mouse model of MFS generated with a targeted missense C1039G
mutation in the Fibrillin1 locus (Fbn1C1039G/þ) has been used to examine
the origins and mechanisms of MVD. The initial valve thickening and mal-
formations of mitral valves in these mice soon after birth are dependent
on Tgfb signalling.83 In addition, Wnt/b-catenin signalling is increased at
an early stage of disease.13 Gene expression profiling of Fbn1C1039G/þ

myxomatous vs. control valves implicated inflammation and immune cell
recruitment as a prevalent process in MFS valve disease. Early in disease,
CCL2 expression is induced in resident VICs in proximity to CCR2þ
macrophages.44 In addition, immunogenic proteoglycan matrix express-
ing inter alpha trypsin inhibitor (IAI) is present in regions of the valves
with increased numbers of CCR2þmacrophages.85 These macrophages
do not express CD206, supporting a circulating monocyte origin. Similar
expression of IAI and monocyte-derived macrophage markers were ob-
served in human and porcine myxomatous mitral valves.10,44 Together,
these data support a mechanism for myxomatous mitral valve disease
whereby ECM alterations and induced expression of chemokines and
cytokines by VICs leads to recruitment of CCR2þ macrophages at the
early stages of disease.

The specific contributions of infiltrating macrophages to the progres-
sion of MVD were examined in Fbn1C1039G/þ mice.44 Analysis of macro-
phage identities showed increased numbers of both CD206þ resident
and CCR2þ recruited populations in valves at early stages of thickening,
as well as ECM abnormalities including IAI induction. Notably, increased
recruitment of T and B cells was not detected in myxomatous mitral
valves. Bone marrow transplant studies confirmed the circulating mono-
cyte origins of macrophages recruited into the valves. CCR2 knockout
mice were bred with Fbn1C1039G/þ MFS mice to determine the contribu-
tions of the recruited macrophages to the progression of myxomatous
disease. These studies confirmed that CCR2þ macrophages are present
in diseased MFS valves and deletion of the CCR2 receptor prevents
monocyte recruitment (Figure 4). Strikingly, valve leaflet thickening and
ECM abnormalities including IAI induction were normalized with loss of
CCR2. Thus, recruited CCR2þ macrophages contribute to valve thick-
ening and myxomatous matrix changes as part of the pathogenesis of
MVD in a mouse model of MFS.

5. Clinical/translational
perspectives: implications for
treatment of valve disease

Effective therapy for heart valve disease remains a clinically unmet need
due to a limited translation of molecular and cellular heart valve disease
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..mechanisms discovered in animal models to human patient populations.
The current standard of care in most cases is surgical repair or replace-
ment of the diseased valve, although these surgeries are often not toler-
ated well, particularly in elderly patients.7,86 Moreover, surgical
correction is often accompanied by long-term anti-coagulant therapy
and re-operations due to limited durability and growth potential, espe-
cially for paediatric patients.87 As a result, development of new non-
invasive therapies is imperative.

Over the past few decades, studies in animal models have implicated
inflammation in the development of a wide variety of cardiovascular dis-
eases, including atherosclerosis and myocardial infarction.88 As a result,
these studies have uncovered promising new pathways and inflammatory
mediators as therapeutic targets. Clinical translation of these studies to
the bedside has been difficult, however, due to the complex and often
overlapping roles that cellular and molecular mediators of inflammation
play in tissue homeostasis and disease.89 For instance, steroids and meth-
otrexate, while being immunosuppressive and subsequently tested on
patients with myocardial infarction and rheumatoid arthritis, respec-
tively, lack cellular specificity and interfere with protective functions of
inflammation, such as wound healing and defense against infection.90

Alternative more targeted strategies directed towards specific cytokines,
as shown in the landmark CANTOS clinical trial targeting a key pro-
inflammatory chemokine, interleukin-1b, have provided significant thera-
peutic benefits by mitigating adverse cardiovascular outcomes.2 In light
of this study, there has been a renewed interest in dissecting the cellular
and molecular mediators of the immune system and their influence on a
broad range of cardiovascular diseases.

Targeting myeloid cells has emerged as a potential therapeutic ap-
proach in cardiac fibrosis after injury and atherosclerotic vascular dis-
ease.38 Likewise, monocyte-derived CCR2þ macrophages were
identified as a promising therapeutic target in MFS mice, since depletion
of these recruited cells was protective against MVD progression.44

CCR2þ macrophages are uniquely pro-inflammatory and distinct from
the non-inflammatory patrolling CCR2- macrophage subset, both of
which are present in the injured heart and myxomatous valve.27,90,91

Moreover, a recent study demonstrated that localized injury to the myo-
cardium leads to increased CCR2þ cells that are protective from addi-
tional injury and inhibit induction of a cardiac fibrotic response.92 Cell-
specific targeting of CCR2þ macrophages is a promising therapeutic ap-
proach, as CCR2 inhibition would target detrimental macrophages while
leaving protective macrophages alone, so that the latter can continue to
maintain homeostasis, resolve inflammation, and/or promote healing.
Appropriately, numerous investigations are ongoing in developing effec-
tive CCR2-specific inhibitors, several of which are currently in clinical tri-
als for a wide range of diseases.93–95 Additional preclinical studies are still
needed, however, to determine optimal dosage, administration, and
long-term viability in treating cardiovascular disease.

Authors’ contributions

Writing and editing manuscript: A.J.K, N.X., and K.E.Y; figure drafts and
table: N.X. and K.E.Y.

Figure 4 CCR2 depletion as a therapeutic approach for MVD. Increased recruited macrophages (CCR2þ) are present in myxomatous mitral valves that
express CCL2. Recruited macrophages are not present in CCR2-null mice and they have reduced myxomatous valve degeneration as adults.44
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