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Atherosclerosis is a chronic inflammatory disease and a major driver of heart attack and
stroke. Atherosclerosis development is driven by the infiltration of leukocytes, including
monocytes and neutrophils, among other inflammatory cells into the artery wall, monocyte
differentiation to macrophages and uptake of oxidized low density lipoprotein. Macrophage
activation and inflammatory cytokine production are major factors which drive ongoing inflammation and plaque development. Identification of novel pathways driving this on-going
inflammatory process may provide new opportunities for therapeutic intervention. In their article published in Clinical Science (2019) (vol 133, 1215–1228), Sun and colleagues demonstrate a novel role for the junction adhesion molecule-like (JAML) protein in driving on-going
atherosclerotic plaque inflammation and plaque development. They report that JAML is expressed in macrophages and other cells in atherosclerotic plaques in both humans and
mice, and that silencing JAML expression attenuates atherosclerotic plaque progression in
mouse models of early and late stage plaque development. They demonstrate that JAML
is required for oxidized-low density lipoprotein (OxLDL)-induced up-regulation of inflammatory cytokine production by macrophages, pointing to it as a potential therapeutic target for
reducing ongoing plaque inflammation.
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Atherosclerosis is a major cause of heart attack and stroke and is a major contributor to death globally
[1,2]. Atherosclerosis is a chronic inflammatory disease involving the accumulation of low density lipoprotein (LDL) particles, monocyte-derived macrophages and other inflammatory cells including neutrophils
in the arterial wall (see Figure 1). LDL that gains entry and is retained in the artery wall is subject to
chemical modification including oxidation, and oxidized-LDL (OxLDL) is among many triggers of endothelial cell activation leading to up-regulation of adhesion molecules that facilitate the interactions of
inflammatory/immune cells and their extravasation into the artery wall, driving atherosclerotic plaque
growth [3]. Leukocyte recruitment to and migration across endothelial cells in the vascular wall at sites
of inflammation is a complex process involving multiple steps and protein–protein interactions between
endothelial cell surface molecules and cognate receptors on leukocytes (reviewed in [4,5]). Within the
artery wall monocytes differentiate into macrophages and take up OxLDL to form lipid-laden foam cells
which drive atherosclerosis progression (reviewed in [6,7]). Neutrophils also participate at all stages of
atherosclerosis development in promoting plaque growth. This includes assisting in monocyte recruitment to plaques, secretion of myeoleroxidase leading to oxidation of LDL within plaques, and promotion
of inflammation via diverse pathways including release of neutrophil extracellular traps (see [8,9] for recent reviews). These processes take place throughout the development of the atherosclerotic plaque, from
early stages, in which it is mainly comprised of monocyte-derived macrophages, and is referred to as a
fatty streak, to advanced stages in which it is comprised of a variety of other immune cells, including neutrophils, in addition to macrophages [6,7,9]. In advanced lesions, foam cells undergo apoptosis but are not
efficiently cleared, resulting in the deposition of cellular debris, including extracellular cholesterol esters
and phospholipids, forming a lipid rich necrotic core [10–12]. OxLDL and other stimuli within plaques
trigger cytokine production by plaque macrophages, which drives continued recruitment of immune and
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Figure 1. Development and progression of atherosclerotic plaques

Sub-endothelial accumulation and oxidation of LDL particles lead to activation of endothelial cells and recruitment of inflammatory
cells including monocytes and neutrophils to the site of lesion. Monocytes differentiate into macrophages and take up OxLDL
to form the lipid-rich foam cells (left). OxLDL-driven cytokine production induces smooth muscle cells migration into the intima.
Smooth muscle cells secrete collagen forming a stable fibrous cap (middle). In advanced plaques, apoptotic bodies are not cleared
effectively leading to the formation of cellular debris, which together with extracellular cholesterol esters, cholesterol crystals and
other lipids form a lipid rich necrotic core. Plaques with large necrotic cores, abundant macrophages and thin fibrous caps with
little collagen content and collagen degradation are prone to rupture resulting in formation of a thrombus (right). The figure was
created using BioRender.com.

inflammatory cells including monocytes and neutrophils, and promote proliferation of smooth muscle cells and their
migration into the intima [13]. Smooth muscle cells produce collagen to form a fibrous cap [14,15] while macrophages
secrete proteases which degrade collagen, thinning the fibrous cap [16–18]. Atherosclerotic plaques with thin fibrous
caps, poor in collagen and smooth muscle cells and rich in inflammatory cells including macrophages and containing
large necrotic cores are prone to rupture [12]. Atherosclerotic plaque rupture leads to thrombosis and occlusion of
the remaining lumen of the artery, leading to myocardial infarction or stroke [12] (see Figure 1).
Although atherosclerosis has been recognized for over two decades as a chronic inflammatory disease [3], conventional therapeutic interventions to prevent atherosclerosis are largely aimed at alleviating hyperlipidemia. These
include statins (3-hydroxy-3-methylglutaryl-CoA reductase inhibitors) and proprotein convertase subtillisin kexin
type 9 (PCSK9) inhibitory antibodies, which up-regulate LDL receptor gene expression and reduce LDL receptor
protein degradation, respectively [19]. More recent findings, however, have demonstrated the therapeutic benefit of
targeting specific inflammatory pathways, such as those mediated by interleukin 1β in humans [20,21]. The identification of additional inflammatory pathways that could be targeted to protect against atherosclerosis development
would be beneficial.
In a recent article published in Clinical Science, Sun et al. [22] provide preclinical data that implicates one such
target. They report that silencing the expression of junctional adhesion molecule-like (JAML) protein protects against
atherosclerosis development. JAML shares structural features with junctional adhesion molecule (JAM) family members, which are immunoglobulin superfamily proteins that are expressed at cell junctions on epithelial and endothelial
cells and in leukocytes and platelets [23,24]. They have been associated with leukocyte adhesion to and transmigration across the endothelium [23,24]. Two other members of this family, JAM-A and JAM-C have been associated with
monocyte infiltration and acceleration of lesion formation in atherosclerosis-prone mice [25,26]. JAML was reported
to be present in both monocytes and neutrophils, to be highly expressed under inflammatory conditions and to play
crucial roles in monocyte and neutrophil adhesion and trans-endothelial migration [23,27–30]. Furthermore, the
gene encoding JAML (adhesion molecule, interacts with CXADR antigen 1 [AMICA1]) has been implicated as part
of a microRNA regulated network, up-regulated in blood cells from patients with myocardial infarction [31]. Despite
this, the role of JAML in atherosclerosis had not previously been examined.
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In their study, reported in Clinical Science, Sun et al. [22] first demonstrated that JAML is expressed in atherosclerotic plaques both from humans and from apolipoprotein E (apoE) deficient mice, in the latter case with increased
expression upon high fat diet feeding. In human atherosclerotic plaques, JAML protein was present in macrophages,
smooth muscle and endothelial cells, and in cultured cells, JAML protein levels were highest in murine macrophages
and increased upon incubation with OxLDL [22].
To examine the role of JAML in atherosclerosis, Sun et al. [22] treated apoE deficient mice with a JAML-targeting,
short hairpin ribonucleic acid (shRNA), which they showed reduced JAML protein levels in the aorta and carotid
arteries of treated mice [22]. They analyzed two models of atherosclerosis to examine effects of JAML silencing on
early and late stages of plaque development. To examine relatively early stages of plaque development, Sun et al. fed
apoE deficient mice a high fat diet for 6 weeks before using a lentivirus to deliver either a JAML-silencing shRNA or
a control shRNA that left JAML expression intact. Mice were maintained on the high fat diet for a further 4 weeks
before analysis. Importantly, Sun et al. [22] also analyzed a cohort of mice fed the high fat diet for 6 weeks to establish
the average baseline level of atherosclerosis corresponding to the time their intervention began. While atherosclerotic
plaques more than doubled in average size between 6 and 10 weeks of high fat diet feeding in the control treated mice,
average atherosclerotic plaque growth was held to a 40–50% increase in the mice in which JAML expression was silenced [22]. To determine the effects of JAML silencing on advanced atherosclerotic plaques, Sun et al. [22] used a
model system in which apoE-/- mice fed a high fat diet underwent surgery to have a restrictive collar placed around
their right common carotid artery (RCCA) [22]. This narrows the artery, triggering hemodynamic stress which, together with the high fat diet, trigger atherosclerotic plaque development in the affected carotid artery [32,33]. 10
weeks into the high fat diet feeding, the restrictive collars were removed and JAML shRNA or control scrambled
shRNA were infused into the RCCA [22]. Mice were maintained on the high fat diet for another 4 weeks prior to
analysis of atherosclerotic plaques in the RCCA. As for their early atherosclerosis study, the present study included
a group of mice harvested and analyzed at a time corresponding to when the JAML shRNA treatment was initiated
to establish a baseline level of atherosclerosis to better determine the effects of JAML silencing. In this advanced
atherosclerosis model, the plaques that developed in the RCCA virtually completely occluded the artery and did not
appear to be different in size. However, Sun and co-workers found that necrotic cores grew from approximately 7.5
to 23% of the plaque area in the control mice treated with scrambled shRNA whereas necrotic cores grew from 7.5%
only to approximately12% of the total plaque area in the mice that received the JAML silencing shRNA. Furthermore
in both the early and advanced atherosclerosis studies, JAML silencing led to reduced plaque lipid and macrophage
content and increased content of smooth muscle cells and collagen, considered to be markers of plaque stabilization from rupture. Therefore, in both the early and advanced atherosclerosis models, JAML silencing dramatically
attenuated plaque development [22].
Sun and colleagues also demonstrated that aortic plaques from JAML-treated apoE-/- mice exhibited lower abundance of neutrophils in addition to the reduced macrophage content, and that there were no effects of JAML silencing on macrophage proliferation either in culture or in aortic atherosclerotic plaques in apoE-/- mice suggesting
that JAML silencing may have reduced monocyte and possibly neutrophil recruitment into plaques [22], consistent
with JAML’s known role mediating leukocyte trans-endothelial migration [23,27–30]; however, they did not test this
directly.
Intriguingly, Sun and co-workers, also detected lower levels of the inflammatory cytokines tumor necrosis factor
α (TNFα) and interleukin 6 (IL-6) in plaques from mice in which JAML was silenced [22]. To examine the mechanism behind this, they examined the effects of JAML silencing on OxLDL-induced cytokine production by mouse
macrophages in culture. They showed that JAML silencing impaired OxLDL-mediated TNFα and IL-6 production by
macrophages by reducing the phosphorylation of the p65 subunit of the NF-κB transcription factor, inactivating this
pathway. They further demonstrated that JAML silencing reduced OxLDL-induction of the mitogen activated protein
(MAP) kinase, extracellular signal regulated kinase (ERK)1/2, but not the OxLDL-induction of the MAP kinases p38
or Jun N-terminal kinase (JNK). Prior studies have reported OxLDL signaling mediated by a variety of receptors, of
which the scavenger receptor cluster of differentiation 36 (CD36) is among the most well-studied [34–37]. OxLDL
signaling via CD36 has been reported to trigger p38 MAP kinase and JNK but not ERK1/2 phosphorylation [34]. The
finding that JAML silencing impaired OxLDL-mediated ERK1/2 but not p38 or JNK phosphorylation, suggests that
CD36-mediated OxLDL signaling was likely not affected by JAML silencing. Other cell surface molecules reportedly
involved in OxLDL signaling include the lectin-like oxidized LDL receptor-1 (LOX-1) and the focal adhesion kinase
(FAK) [35–37]. OxLDL-mediated signaling via LOX-1 and FAK has been reported to involve both ERK1/2 and NF-κB
activation [35–37] and both LOX-1 and FAK are reportedly expressed in macrophages [38,39], raising the possibility
that JAML could be involved in OxLDL signaling via these pathways. If and how JAML silencing may impair OxLDL
signaling via these or other receptors remains to be determined. One possible mechanism may include a role for JAML
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in inducing or maintaining expression of the key receptors (ruled out by Sun et al. [22] for CD36, but not tested for
LOX-1 or FAK). Another possibility is a more direct role for JAML in the signaling pathway; for example, JAML is
known to form complexes with other cell surface receptors such as the coxsackie and adenovirus receptor (CAR) and
to directly participate in signaling by recruitment of phosphatidyl-inositol 3 kinase (PI3K) to its cytoplasmic domain
[40]. PI3K initiates signaling via protein kinase B (AKT) and in some cell types cross-talk between the PI3K/AKT
pathway and the ERK1/2 pathway has been reported [41]. This raises the intriguing possibility that JAML could form
part of the OxLDL signaling complex. This, however, remains to be tested directly.
A number of open questions remain. What, if any, is the contribution of reduced monocyte and/or neutrophil
recruitment to the attenuated plaque development as a result of JAML silencing? What are the mechanisms by which
JAML silencing reduces OxLDL-mediated signaling leading to cytokine production? Can inhibition of JAML function
recapitulate the effects of JAML silencing in attenuating atherosclerosis progression and will the same effects be seen
in human disease?
Regardless of the mechanism involved, the study by Sun et al. [22] demonstrates a heretofore unappreciated role of
JAML in regulating OxLDL-mediated signaling in macrophages leading to NF-κB activation and inflammatory cytokine production and secretion. This, together with the previously identified role for JAML in mediating recruitment
of monocytes and neutrophils, suggests that JAML controls a number of key inflammatory processes driving plaque
progression. The findings of Sun and co-workers provide important proof of principle in a pre-clinical model system
that JAML may represent an attractive therapeutic target for slowing the development and promoting the stabilization
of atherosclerotic plaques.
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