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Now this is not the end. It is not even the beginning of the end. But it is, perhaps, the end of
the beginning. (Winston Churchill)

To my family

ABSTRACT
Atherosclerosis is a multi-factorial immune mediated disease in arterial wall characterized by
lipid driven inflammation through activation of the immune system. Chronic vascular
inflammation is an important component that modulates atherosclerosis evolution and its
complications. The interaction of innate immune activators from both host and environment
with innate immune receptors has been considered as one of fundamental mechanisms
accounting for the inflammatory responses that affect multiple pathogenic processes during
atherosclerosis. The aim of the thesis is to improve our understanding of innate immune
mechanisms in atherosclerosis. The objective of the thesis is to investigate the cellular
mechanism of NOD1 and TRIM21, to identify the innate immune phenotype of intimal
vascular smooth muscle cells (SMC) and to elucidate the activity and clinical relevance of
inflammasome-IL-1 signaling in atherosclerosis.
Paper I addresses how the local NOD1 signaling in vascular wall contributes to
atherosclerosis and vascular inflammation. We report that a phenotypically distinct
subpopulation of VSMC imprinted by NOD1high, a member of NOD-like receptor family,
have unique functions in promoting vascular inflammation and lesion development.
Paper II reports the identification of a SMC subpopulation with typical innate immune
features in human atherosclerosis lesion and rat neointimal lesion. Functional studies and
numerical quantifications further establish that these SMCs as important source of arterial
resident innate immune effector cells.
Paper III investigates inflammasome function and IL-1 generation in human atherosclerosis
lesion. IL-1α/β production is a common feature of advanced lesion, and is linked with the
regulation of multiple canonical and non-canonical inflammasome. Plaque IL-1β increases in
complex plaques and in the patients with hyperlipidemia and no or low-dose statin therapy.
Paper IV elucidates the mechanisms of Trim21, an ubiquitin E3 ligase with potent regulatory
function in innate immune responses, in the pathogenesis of atherosclerosis. TRIM21
deficiency drives the generation of non-pathogenic Th17 in a cell-intrinsic manner and leads
to a more stable plaque phenotype with higher collagen content.
This thesis illustrates the involvement and regulation of different modules in innate immunity
in the pathogenesis of atherosclerosis. These notions may provide novel understandings in the
inflammatory hypothesis of atherosclerosis and lead to new therapeutic strategies.
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1 INTRODUCTION
1.1

THE ADVANCES IN UNDERSTANDING OF ATHEROSCLEROSIS
PATHOGENESIS

Atherosclerosis is the underlying cause of cardiovascular diseases (CVDs), including
ischemic heart disease and stroke, the leading cause of death worldwide1. The development
of atherosclerosis has been linked with one or more risk factors, such as age, obesity,
hypertension, diabetes mellitus, tobacco use, genetic background, and in particular, high
plasma concentrations of low-density lipoprotein (LDL)2, 3.
The understanding on the pathogenesis of atherosclerosis has over the years been improved
from being a lipid accumulation disorder to a chronic inflammatory disease, characterized by
a sustained activation of immune responses that triggered by so called ‘‘danger signals’’
developed locally in the lesion along with atherosclerosis progression4, 5. The inflammatory
hypothesis was first proposed in 1994 on the basis of circulating acute-phase reactants Creactive protein (CRP) in the prediction of acute coronary syndrome (ACS)6. Nonetheless,
this hypothesis was yet validated until the very recent results from the Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTOS) were published. It shows for the first
time a significantly lower rate of recurrent cardiovascular events by targeting the interleukin1β (IL-1β) innate immunity pathway, independent of lipid-level lowering7. Thus,
inflammation itself as an independent causative pathogenesis in human atherosclerosis has
been finally established.
Atherosclerosis develops in the sub-endothelial area of large and medium sized artery and
more frequently at the vessel bifurcation region with disturbed blood flow2, initiated by
endothelial dysfunction and followed by sub-endothelial lipoprotein retention2. Activated
endothelial promotes the entry of circulating monocytes and other leukocytes into the intima
by up-regulating adhesive molecule expression and chemokine secretion. Infiltrated
monocytes differentiate into macrophages and undergo a transformation into foam cells after
a continuous engulfment of lipoproteins, which builds up the lipid-laden plaques. In parallel,
accumulated lipoproteins are subjected to complex modifications on both lipid and protein
components, partially owing to oxidations and protease and lipase mediated reactions in the
lesion. This process transforms lipoproteins, leading to generation of “danger signals” that
elicit a series of inflammatory response and immune activation, which involves both innate
and adaptive immune system. In addition, vascular smooth muscle cells (VSMCs) also
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response to the vessel injuries and inflammation by migrating to the intima and contributing
to the fibrous cap formation8, 9.
As a consequence of the chronic maladaptive inflammatory response with impaired
resolution, atherosclerosis lesion is characterized by severe necrosis and plaque destruction,
and eventually causes arterial thrombosis and end-organ ischemia10. The pathological features
of clinical vulnerable atherosclerosis plaques comprise thinning of fibrous cap, large necrotic
area and severe inflammation, which displaying a high risk of plaque rupture and fissure
formation11. Additionally, acute thrombotic vascular events also occur in plaques with
superficial erosion, characterized by endothelial detachment and neutrophil and platelet
activation12, 13. Of note, due to the intensive lipid-lowering treatment, a decreased occurrence
of plaque rupture caused acute thrombotic vascular events has been achieved. On the other
hand, plaque erosion has been accounted for causing more than 30% of total ACS, which
contributes considerably to the residual burden of risk13, 14.
1.1.1 The innate immune system and atherosclerosis
In general, the arteries can be seen as an integral components of the immune system15. Innate
immunity, first line of host defense and capable to mobilize in minutes2, plays important roles
in both vessel homeostasis and the pathogenesis of atherosclerotic development. Innate
immune regulation starts from endothelial activation characterized by adhesion molecule
expression and chemokine secretion, followed by immune cell recruitment and complex
cellular interactions in atherosclerotic lesion2, 16. A great number of studies have shown that
disruption of key innate immune components can considerably influence atherosclerosis
burden17.
In atherosclerosis lesion, molecular patterns from both host and exogenous sources are shown
to promote lesion development. Accumulation of modified LDL promotes the inflammatory
response throughout lesion development16. On the other hand, pathogenic infection and tissue
injury mediated danger signals have also been implicated as inducers of lesion
inflammation16.
Several different cell types are implicated in the innate immune response in atherosclerosis,
most importantly those of the mononuclear phagocyte lineage such as macrophages15.
Activation of the innate immune cells relies on the expression of a group of innate immune
receptors, which comprises scavenger receptors (SRs), Toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) etc16. The receptors
recognize various pathogen-associated molecular patterns (PAMPs) from exogenous invaders
2

and host-derived damage-associated molecular patterns (DAMPs) that are formed at sites of
sterile inflammation16. So far, compelling evidence has shown the innate immune recognition
and activation play pivotal roles in the development of the disease18-20.
1.1.2 The adaptive immune system and atherosclerosis
Compared to innate immunity, adaptive immunity is characterized by its exquisite specificity
and long-lasting memory that favours recognition of millions of different molecular
structures. As the main constituents of adaptive immune system, T and B cells are essential
participators in atherogenesis and plaque stability. The adaptive immune response targeting
auto-antigenic components derived from LDL particles orchestrate plaque development
together with innate immune response. The specificity of adaptive immune recognition relies
on the expression of T-cell receptor and the B-cell receptor, which is generated by germ-line
rearrangement that governed by key enzymes including recombination-activating genes
(RAGs)5, 9.
T cells are present in all stages of disease in mice and humans, whereas B cells are
occasionally found in plaques but more in the adventitial layer of the arterial wall5, 21-23.
Global deficiency of T and B cells leads to a substantial reduced atherosclerosis, which has
been shown in hypercholesteraemic mice lacking RAG1 or RAG2, two essential enzymes for
T and B cell maturation24, 25. However, dissecting the roles of different subsets of T and B
cells in atherosclerosis suggests a diverse and complex network.
CD4+ T helper cells (Th cells) are the main adaptive immune cells in atherosclerosis and
different Th cell subsets have substantial distinct roles in disease development26. As the major
Th subset in atherosclerosis plaque, Th1 cells have been well demonstrated as a
proatherogenic population. Indeed, mice lacking T-bet (key transcription factor for Th1
differentiation) or IFN-γ (signature cytokine for Th1) displayed remarkable reduced
atherosclerosis27-29. On the contrary, regulatory T cells (Tregs) display athero-protective roles
which partially mediated by cytokines like IL-10 and TGFβ30-32. In addition, conflicting
results on the role of Th17 cells and its signature cytokine IL-17 have been shown in disease
development and plaque stability33. Other T cell subpopulations have also been described in
atherosclerosis, including Th2, CD8+ T cell, TCRγδ+ T cell and NKT cell. However, the
functions and importance of these minor subsets in atherosclerosis is still ambiguous5, 9.
Similar to T cells, opposing roles from different B cell subsets have been described in
atherosclerosis5,
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. Conventional B2 cells are suggested to be proatherogenic, as an

attenuated atherosclerosis formation was observed after B2 cells depletion by anti-CD20
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antibody (rituximab) in hyperlipidaemia mice35. By contrast, B1 cells with the germlineencoded natural antibodies and a newly described regulatory B-cell subtype show protective
effect against atherosclerosis36, 37. However, mechanistic clarification of how these cells
influence atherogenesis is still uncompleted.

1.2

INNATE IMMUNE MECHANISMS IN ATHEROSCLEROSIS

1.2.1 Innate immune activators
1.2.1.1 Endogenous innate immune activators
In the context of atherosclerosis, plaque-accumulated LDL has been considered to constitute
the primary endogenous innate immune activator in terms of both quantity and immune
activity and is considered a relative causal risk factor according to the modified Koch’s
postulates1,
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. LDL levels are correlated with augmented individual susceptibility to

atherosclerosis and its complications1. Several interventions that lowering LDL levels by
independent mechanisms diminish the incidence of cardiovascular events1.
However, although LDL has an indispensible role in plaque formation and development, the
mechanistic links between high LDL level and atherogenesis remains elusive. Despite
oxidized LDL (oxLDL) and its early form induced by mild oxidation, minimally modified
LDL (mmLDL) have been shown to trigger a cellular response in macrophages39, key
question remains on identification of the bioactive component of LDL particles that triggers
innate immune activation in atherosclerosis. Recent studies by Ketelhuth et al. identified a
distinct native peptide derived from apolipoprotein B100 that displays sequence-specific
proinflammatory bioactivity40. This study provided new mechanistic insights to better
understand the disease-promoting effects of LDL in the pathogenesis of atherosclerosis.
Cholesterol crystals have also been demonstrated to be a host derived danger signal, and their
accumulation in the arterial wall is considered as an early cause of inflammation in
atherosclerosis, rather than a consequence41,42. Mechanistically, cholesterol crystals employ
the complement system to activate NLR family pyrin domain-containing 3 (NLRP3)inflammasome and result in mature IL-1β production43.
In addition, phospholipids, another type of essential component in the LDL particle, also play
important roles in atherogenesis. Phosphocholine (PC)-containing oxidized phospholipids
(OxPL) have been shown to be highly immunogenic and pro-inflammatory and are found in
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atherosclerosis lesions in humans, particularly in vulnerable and disrupted plaques44. A recent
study also suggested that elevated OxPL levels can be used as a biomarker for predicting
cardiovascular outcomes in patients with established stable coronary heart disease45.
Moreover, endogenous danger signals can also originate from the products of lesional
inflammation. Heat shock proteins (HSPs) generated from cell necrosis trigger the production
of proinflammatory cytokines and is mediated by TLR2 and TLR4 signaling46. High-mobility
group box 1 (HMGB1) produced by macrophages and vascular cells or released through
passive diffusion from surrounding necrotic cells has been shown to promote a local
inflammatory response through activation of TLR2 and TLR447.
Nevertheless, recent discoveries regarding neutrophil extracellular traps (NETs) as a novel
host-derived pro-atherogenic danger signal. NETs are net-like chromatin fibers that are
released from dying neutrophils and comprise nuclear chromatin in association with nuclear
histones and granular antimicrobial proteins48. During activation, the release of NETs is
triggered along with reactive oxygen species (ROS) production49. The presence of NETs in
the luminal portion of atherosclerotic lesions has been reported in both human and mice50, 51.
A recent study by Warnatsch et al. showed that NET-deficient mice exhibited a reduction in
atherosclerotic lesion growth with dampened IL-1 production. Mechanistically, the release of
NETs triggered by cholesterol crystals can function as a danger signal for priming IL-1
transcription in macrophages, activating Th-17 cells and amplifying immune cell recruitment
in atherosclerotic plaques52.
1.2.1.2 Exogenous innate immune activators
A number of pathogens have been reported in epidemiological studies to be associated with
an elevated risk of atherosclerosis, including Chlamydia pneumoniae (C.pn), Helicobacter
pylori, and Porphyromonas gingivalis53, 54. In addition, previous studies have shown the
presence of pathogen derived materials in human atherosclerotic plaque, suggesting a direct
etiological role55. A pro-atherogenic effect of C.pn infection in ApoE-/- mice has been shown
and mainly mediated via a TLR2/TLR4-driven pathway56. Recent study also discovered that
NLRP3 inflammasome-IL-1 signaling was highly involved in C.pn-induced atherosclerosis
by dampening cholesterol efflux57. Nevertheless, during acute infections, CVD events
including myocardial infarction and stroke are increased58. However, a direct causative effect
rather than an immune-mediated systemic inflammation for the suggested pathogens within
the lesion still needs to be established16. In summary, despite its strong association with
disease occurrence, pathogen infection cannot be confirmed to be the causative agent or the
5

specific pathogenesis of atherosclerosis, and the contribution of infection to atherosclerosis
remains to be defined.
In addition, recent studies suggested that intestinal microbiota is a key component in the
pathogenesis of metabolic disorders and cardiovascular diseases. Gut microbiota is
considered as an endocrine organ and interacts with the host through many pathways.
Specifically, trimethylamine N–oxide (TMAO), a oxidation product of the microbial
metabolite trimethylamine TMA, is shown to be a potential promoter of atherosclerosis and
cardiometabolic diseases59.
On the other hand, metabolism-independent processes of intestinal microbiota have also been
implied to contribute to cardiovascular disease. In particular, impaired intestinal barrier
function is considered to contribute to bacterial translocation. Thus, the invasion of bacterial
products (e.g., lipopolysaccharide and peptidoglycans) in the systemic circulation and local
tissue stimulates and instructs the host immune response though innate immune receptors,
thus heightening the inflammatory state in atherosclerosis60. Alteration of the gut microbial
composition in atherosclerosis patients has been shown by Karlsson et al. using metagenomic
sequencing, indicating a microbiome featured by producing proinflammatory peptidoglycans
rather than anti-inflammatory carotenes61. Modulation of gut microbiota through diet,
prebiotic and probiotic use and transplantation may favor the host metabolic profile in a
desired direction60.
1.2.2 Innate immune receptors
1.2.2.1 The orchestrated PRR network
A wide range of pathogen recognition receptors (PRRs) expression profiles has been
observed in human atherosclerotic lesions62. Moreover, atherosclerotic plaque contains a
mixture of various PRR ligands as described above. Therefore, it is likely that multiple innate
immune pathways are activated either simultaneously or alternatively along with the disease
progression16.
Two principal classes of PRRs have been proposed to function in atherosclerosis: endocytic
receptors and signaling receptors. Endocytic receptors include scavenger receptors (SRs), Ctype lectins, and opsonic receptors, which are responsible for the metabolism of lipoprotein,
the clearance of apoptotic cells, the elimination of pathogens, and antigen uptake and
presentation63. The signaling receptors consist of TLRs and NLRs that are critical for the
activation of proinflammatory pathways upon infection. TLRs are membrane-anchored and
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consist of a leucine-rich repeats domain and a Toll/IL-1R homology domain, which are
responsible for ligand sensing and signaling transduction respectively. NLRs are a family of
cytoplasmic PRRs and have a NATCH domain responsible for self-oligomerization in
addition to leucine-rich repeats domain and effector domain63. An indispensible basis of TLR
and NLR signaling depends on the recruitment of several adaptors. Adaptor-like myeloid
differentiation factor 88 (MyD88) and TIR-domain-containing adaptor protein inducing IFNβ (TRIF) are the adaptor proteins for most TLRs, whereas receptor-interacting serinethreonine kinase 2 (RIP2) for NOD1 and NOD2. Once activated, these adaptor molecules
relay the downstream kinases and transcription factors to modulate inflammatory response64.
As a complex milieu, multiple innate immune mechanisms are in play simultaneously or
sequentially in atherosclerotic lesions, which inevitably lead to a crosstalk between different
signaling pathways. This likely determines the specificity of innate immune response in
atherosclerosis. For instance, CD36 and lectin-like oxidized low-density lipoprotein receptor1 (LOX-1) function as co-receptors with TLR2 and regulate inflammatory response65, 66. In
return, activation of TLR3, TLR4, and TLR9 in macrophages induce the scavenger receptors
expression thus leading to an increased phagocytosis67.
On the other hand, the activation of TLRs or NLRs can trigger shared signaling cascades,
such as MyD88 or RIP2, and result in NFκB activation, which increases the levels of
transcription mediators such as pro-IL-1β and pro-IL-1816. Nonetheless, bioactive form of
these cytokines requires processing by NLRP3 inflammasome activation, which can be
considered a second signal (Figure 1). With these two signals, these potent proinflammatory
cytokines can induce inflammation, cause tissue damage, enhance cascade signaling and play
an important role in the pathogenesis of atherosclerosis68, 69. As a consequence, the loop
effect contributes to an irreversible and chronic inflammation lesion.

7

Figure 1. TLR and NLR signaling pathways. Activation of TLRs (e.g., TLR4) and NLRs (e.g., NOD2)
facilitates the recruitment of adaptor protein MyD88/TRIF and RIP2, respectively. The activated MyD88,
TRIF and RIP2 pathways lead to the activation of NF-κB, IRF3 and MAPKs pathways, which drives the
production of inflammatory mediators. Furthermore, activation of NLRP3 triggers the forming of
inflammsomes, which is essential for IL-1β maturation.

1.2.2.2 Toll-like receptors
So far, 10 human TLRs and 13 mouse TLRs have been characterized19. They are capable of
recognizing a wide spectrum of microbial and host-derived danger signals. The location of
most TLRs is found on the cell surface, however TLR3 and TLR7-9 are positioned in
intracellular compartments19. As the earliest and widely investigated TLRs in atherosclerosis,
TLR2 and TLR4 have been shown to be pro-atherosclerotic in hyperlipidemia mice in the
absence of exogenous stimulation70,71. TLR4 deficient ApoE-/- mice showed attenuated
atherosclerosis lesion and macrophage content after high fat diet70. Similarly, TLR2
deficiency in Ldlr-/- mice on high-fat diet displayed reduced lesion size and decreased
inflammatory cytokine levels71. Recent investigations on the roles of the remaining TLRs in
atherosclerosis demonstrate the diversity and complexity of this receptor family.
TLR3
TLR3 is carried by both myeloid cells such as macrophages and dendritic cells and vascular
cells such as SMCs and recognizes viral double-stranded RNA (dsRNA)72. Both pro- and
anti-atherogenic roles have been characterized for TLR3 in atherosclerosis. The observation
by Cole et al. that TLR3 deficiency accelerated the onset of atherosclerosis in ApoE-/- mice
8

suggested a protective role of TLR3 in early atherosclerosis (at 15 weeks of age) but not in
advanced atherosclerosis (at 30 weeks of age)72. In addition, another study by Ishibashi et al.
using Tlr3-/-Ldlr-/- mice showed no change in aortic root lesion area compared to Ldlr-/mice, despite a significant increase in the cap thickness with higher collagen and SMC
content, together with the suppression of MMP-2/9 activity73. Using a bone-marrow
transplantation strategy in Ldlr-/-, Lundberg et al. demonstrated that deleting TLR3 or its
essential signaling adaptors in immune cells significantly reduced both aortic inflammation
and atherosclerotic burden74. Taken together, the role of TLR3 is prone to be pro-atherogenic.
However, the TLR3-activating ligands in human atherosclerotic lesions remain to be
identified. The presence of cell death material such as host-derived RNA in the necrotic core
makes this a plausible means of TLR3 activation within the lesion.
TLR5
TLR5 is a cell surface receptor for bacterial flagellin and is ubiquitously expressed. Although
there is a enrichment in TLR5 expression in human carotid plaque compared to normal
arteries62, the functional relevance of TLR5 to atherosclerosis has remained unknown until
recently. A study by Ellenbroek et al. suggested that TLR5 deficiency in the myeloid cells
limited atherogenesis due to decreased macrophage accumulation, reduced necrotic core and
impaired T-cell responsiveness75. Kim et al. further demonstrated that activation of the
TLR5-Nox4 cascade contributes to atherogenesis development. Challenge of recombinant
FliC (rFliC) in ApoE-/- mice showed a marked increase in atherosclerosis, which is NOX4
dependent76.Based on both loss of function and gain of function studies, the role of TLR5 in
atherosclerosis seems to be consistently deleterious.
TLR7
However, a deleterious role of TLR activation in atherosclerosis does not apply to all the
members in this family. TLR7, another endosomal receptor, recognizes single-stranded RNA
from both viral and host. It is also a ubiquitously expressed receptor carried by macrophages,
T cells and capillary endothelial cells within human advanced carotid atherosclerotic
lesions77. The role of TLR7 in atherosclerosis has been described as protective78. TLR7
deficiency in ApoE-/- mice showed increased atherosclerosis lesion in comparison to the
control mice. This has been attributed to a TLR7-related constraining of inflammatory
macrophage activation and cytokine production78. A recent study on TLR7 in human
atherosclerotic plaques demonstrated an association of high TLR7 expression with better
clinical outcome. Increased TLR7 transcript in the plaque from patients who underwent
9

carotid endarterectomy was linked with fewer adverse cardiovascular events77. In addition,
the study further strengthened the function of TLR7 in atheroprotective cytokine IL-10
production, presumably through alternative macrophages (M2) and T cells77. However, the
underlying mechanism needs further investigation.
TLR9
TLR9, another endosomal TLR, recognizes the CpG motif in both bacterial and host DNA79.
This receptor is expressed by various cell types, including macrophages, B-cells, and
plasmacytoid dendritic cells (pDCs)79, 80. Like TLR3, TLR9 has been described as causing
both pro- and anti-atherosclerotic effects. An athero-protective role for TLR9 has been shown
in both Tlr9-/-ApoE-/- mice and TLR9 agonist type B CpG oligodeoxynucleotide (CpG
ODN)-treated ApoE-/- mice, in which CD4+ T cells were identified as potential mediators81.
However, in another study using a higher dose CpG ODN as a TLR9 agonist in ApoE-/mice, impaired re-endothelialization upon acute vascular injury and increased atherosclerotic
plaque development were observed82. Moreover, a recent study also showed TLR9 deficiency
attenuated atherogenesis in an angiotensin II-infused mouse model83. In addition, HMGB1, a
potential endogenous risk factor for atherosclerosis84, has been implicated in lesion
development in a TLR9 dependent pathway under vascular injury85. The discrepancies
between these different models might largely be due to the diverse and complex roles of
TLR9 in various cell populations in atherosclerosis.
1.2.2.3 NOD-like receptors
So far, more than 20 NLR genes have been found in humans. NLRs can be categorized
generally into two major subgroups on the basis of the N-terminal effector domain, including
NLR family caspase recruitment domain (CARD)-containing (NLRC) group and pyrin
domain-containing (NLRP) group19. One of the most distinct features of NLRP is the
assembly of inflammasome, a multi-protein complex formed in response to stimulation19, 86.
Compared to TLRs, the roles of NLRs are less investigated in atherosclerosis. However,
several recent studies have demonstrated a critical role for NLRs in lesion development.
NOD1
NOD1 is a cytosolic innate immune receptor that mediates bacterial peptidoglycan-induced
immune activation. NOD1 expression has been found in a wide array of cell types, including
arterial endothelial cells and VSMCs87,

88

. NOD1 recognizes D-glutamyl-meso-

diaminopimelic acid (meso-DAP), a dipeptide that occurs in the peptidoglycans of many
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Gram-negative bacteria and certain Gram-positive bacteria89, 90. Kanno et al. have shown a
pro-atherogenic role of NOD1 in the oral administration of a synthetic NOD1 ligand FK565
in ApoE-/- mice91. Moreover, NOD1 has also been demonstrated to play a pivotal role in sitespecific

vascular

inflammation,

particularly

coronary

arteritis

and

valvulitis88.

Mechanistically, endothelial NOD1 signaling promotes the recruitment of cardiac CD11c+
macrophages via VCAM-1 up-regulation, which exacerbates the inflamed micro- and
macrovasculature92, 93. However, the cellular basis of NOD1 signaling in the context of
vascular inflammation remains to be elucidated.
NOD2
Unlike NOD1, NOD2 is preferentially found in myeloid immune cells, intestinal epithelial
cells and Paneth cells94. NOD2 recognizes muramyl dipeptide (MDP), a bioactive motif of
peptidoglycans that occurs in both gram-positive and gram-negative bacteria94. Alterations in
NOD2 immune function drive a higher incidence of autoimmune diseases such as Crohn’s
disease95, 96.
A pro-atherogenic effect of NOD2 immunity was suggested on the basis that human culprit
atherosclerotic plaques with enhanced inflammatory responses were enriched with NOD2
ligands97 and was further supported by studies in experimental models of atherosclerosis,
which demonstrated that the ligation of NOD2 in vivo with its ligand aggravates
atherosclerosis, as indicated by increased lesion size with enlarged lipid-rich necrotic cores
and heightened vascular inflammatory responses. These pro-atherogenic effects are
dependent on NOD2 immunity carried by myeloid immune cells because the myeloidspecific ablation of NOD2 restrains the expansion of the lipid-rich necrotic core98. Moreover,
in human carotid plaques, NOD2 activation unregulated inflammatory lipid pathways,
preferentially the COX-prostaglandin E2 pathway99, and triggered IL-1β production98, thus
confirming the functional relevance of NOD2 in human atherosclerosis.
On the other hand, NOD2 immunity reportedly provides protection against P. gingivalisinduced atherosclerosis in ApoE-/- mice100. The discrepancy of NOD2 function in
atherosclerosis between this study and others leads to the caveat that the role of innate
immunity in atherosclerosis may change in accordance with environmental cues.
NLRP3
Another important member in the NLR family is inflammasome, a multimeric protein
complex that senses not only microbial infection but also a wide array of host-derived danger

11

signals and is essential for inflammatory cytokine production101, 102. As the most-studied
inflammasome, NLRP3 inflammasome induces the assembly of apoptosis-associated specklike protein containing a CARD (ASC), then trigger the cleavage of pro-caspase 1101, 102. The
cleaved caspase-1 promotes the maturation and secretion of IL-1β and IL-18101, 102.
The NLRP3 inflammasome was first identified as a critical component of the inflammatory
process that causes the inherited Muckle–Wells syndrome (MWS) and familial cold
autoinflammatory syndrome103. The NLRP3 inflammasome is also implicated in several other
autoinflammatory diseases including gout, Alzheimer’s disease, T2 diabetes, and
atherosclerosis103. Cholesterol crystals and oxidized LDLs, which are commonly deposited
with atherosclerotic plaques, have been reported to be endogenous danger signals that trigger
NLRP3 inflammasomes activation in macrophages104,105.
Current studies propose several models for the activation of the NLRP3 inflammasome. First,
extracellular ATP induces the caspase 1-dependent release of IL-1β through the activation of
P2X7 receptor106, subsequently activating potassium efflux. High concentrations of
potassium in the cell culture medium have been shown to inhibit potassium efflux and thus
suppress inflammasome activation107,

108

. Second, for crystalline materials and peptide

aggregates such as silica and crystalline or amyloid-β, phagocytosis is needed for
inflammasome activation since the secretion of IL-1β is suppressed by cytochalasin D, which
is an inhibitor of phagocytosis. Upon uptake, lysosomal membrane integrity is disrupted,
resulting in the leakage of lysosomal proteases into the cytosol where they activate the
NLRP3 inflammasomes109. Third, the dysfunction of mitochondria and the generation of
ROS by the mitochondrial respiratory chain have been shown to participate in inflammasome
activation110. Takeshi Ichinohe et al. showed that the mitochondrial protein mitofusin 2 plays
essential roles in RNA virus infection triggered NLRP3 activation111. Fourth, a recent
discovery shows that cAMP acts as a key molecular regulator that binds to NLRP3 and
promotes its ubiquitination and degradation, thus dampening its activation112.
However, the importance of the NLRP3 inflammasome in atherosclerosis has been
challenged by its controversial role in animal models. Ldlr-/- mice with NLRP3-deficient
bone marrow exhibit a 69% reduction in atherosclerotic lesion size compared to wild-type
bone marrow recipients41. Moreover, a recent study showed that silencing NLRP3 in ApoE-/mice effectively decreased lipid and macrophage contents in atherosclerotic lesions while
increasing smooth muscle cell and collagen contents, thus increasing the stability of
atherosclerotic lesions113. In contrast, another study in ApoE-/- mice crossing Nlrp3-/-, Asc-/-,
or Caspase1-/- showed mild differences between NLRP3 inflammasome component-deleted
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mice and control mice114. A possible explanation is that NLRP3 inflammasome priming or
even activation requires extra damage in the vasculature, such as radioactive damage in the
bone marrow transplantation model or viral infection in the NLRP3-silencing model,
respectively. In comparison, the endogenous danger signals in low-grade chronic
inflammatory processes such as atherosclerosis might be insufficient for NLRP3
inflammasome activation. Thus, the discrepancies between these mouse models await a direct
clarification of NLRP3 inflammasome function in human atherosclerosis.
1.2.3 Innate immune cells
A key pathology of atherosclerosis lesion is featured by the persistence of inflammation and
different innate immune cell populations including macrophage, mast cell, neutrophil and
natural killer cell18. These innate immune effector cells orchestrate the inflammatory
responses and contribute to plaque evolution115, 116. In addition to the classical hematopoietic
innate immune cell, vascular cells (endothelial cells and VSMCs) also respond to both
exogenous and host derived innate immune activators, indicative of innate immune
capability117.
1.2.3.1 Macrophages and monocytes
Lesional macrophage is considered to be primarily derived from circulating monocyte118.
Monocytes adhere and infiltrate through the activated endothelium, differentiate into
macrophages in the sub-endothelial space118.

On the other hand, local proliferation of

resident macrophage proliferation is likely an alternative mechanism accounting for
macrophage accumulation in atherosclerosis119, adding a new dimension to our understanding
of lesional leukokinetics. However, more mechanistic dissection is needed to understand the
orchestration of monocyte recruitment and macrophage self-renewal at various stages of
atherosclerosis.
The abundance of monocytes in the circulation is strongly associated with atherosclerotic
vascular disease3,

120, 121

. In ApoE-/- mice, continuous influx of monocytes is observed

throughout all stages of atherogenesis, which is considerably governed by chemokines and
the receptors like CCR2, CX3CR1 and CCR5122. Depletion of CCR2+Ly6Chigh monocytes in
ApoE-/- mice leads to a decreased plaque formation123, 124,

125

. In addition, ApoE-/- mice

lacking CX3CL1 or CX3CR1 also show attenuated atherosclerosis126-128. Thus, the
recruitment of circulating monocytes into plaques is a key step for lesion development.
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Once the monocytes into the lesion, a differentiation process into macrophages takes place
rapidly in response to the stimuli in the microenvironment124. As the most studied innate
immune cell in atherosclerosis lesion, macrophage has been considered as the signature cell
and the major effector cell responsible for innate immunity mediated inflammation. Excess
lipoprotein uptake and impaired exocytosis of lipids by macrophages is central in the
development of foam cells. In addition, dysregulated lipid metabolism and the resulting
endogenous danger signals that in plaques trigger PRRs, thereby activating the inflammatory
response by secreting cytokines such as IL-1β and IL-12, chemokines including monocyte
chemoattractant protein-1 (MCP-1) and chemokine (C-C motif) ligand (CCL) 2, proteases
and other potent immune effectors such as nitric oxide and reactive oxygen species3, 129. A
chronic inflammatory response then leads to a further expansion of specific cellular
components as well as severe cell death, and promotes detrimental plaque morphological
changes like necrosis core formation and fibrous cap thinning3.
The diversity and plasticity of macrophage phenotype have been well recognized for a long
time.

Homeostatic imbalance

in

microenvironmental

cues

and

the

intracellular

proinflammatory versus proresolving pathways affects macrophage phenotype and function
considerably118, 130. Compared to the classical activated macrophages (M1) that served as the
major inflammatory cells in atherosclerosis progression, several subsets of alternatively
activated macrophages (M2, M(Hb), Mhem, Mox, M4) have been implicated in inflammation
resolving and tissue repair118,

130-132

. However, due to the remarkable plasticity and

complicated regulatory network, lesional macrophages with different phenotypes may not be
classified into predetermined subsets, but rather function on a spectrum from inflammatory to
resolution and repair118.
1.2.3.2 Neutrophils
Pleiotropic roles of neutrophils have been linked to plaque development in atherosclerosis.
The proteolytic enzymes release, including myeloperoxidase (MPO), elastase and matrix
metalloproteinase (MMP), contributes to tissue damage and plaque destabilization133.
Neutrophils are detected in human atherosclerotic lesion, albeit in much lower numbers
compared to macrophages134, 135. The presence of neutrophils in the plaque is shown to be
associated to the features of plaque rupture and erosion135, 136, which goes in line with a
prognostic role of peripheral neutrophil counts in cardiovascular events137, 138. In ApoE-/mice, neutrophils have been implicated in early atherosclerosis formation139. Moreover,
Zernecke et al. showed that neutrophil depletion by anti-PMN antibody leads to a reduced
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plaque formation in ApoE-/- mice140. Of note, recent study by Franck et al. showed the
interplay between neutrophils and endothelial cells in regions of disturbed arterial flow as
mechanisms that contribute to plaque erosion in ApoE-/- mice136, which may serve as a
potential therapeutic target in controlling plaque erosion caused CVD risk.
1.2.3.3 Mast cells
Mast cells are present in human atherosclerotic lesions at sites of plaque erosion, rupture or
hemorrhage2, 141-143. Accumulating evidence establish the contribution of the mast cell to
atherosclerosis plaque progression and destabilization, through its role in lipoprotein
metabolism and inflammation144, 145. Specific proteases released from activated mast cells
such as chymase and tryptase result in matrix degradation, thus have detrimental effects on
the vessel wall. In addition, mast cells serve as a big source of growth factors, histamine and
chemokines, thereby actively contributing to lesion development146.
Indeed, lacking of mast cells in the mast cell-deficient mice (Ldlr-/-KitW-sh/W-sh) was linked
with a reduction in atherosclerosis lesion, which was attributed to an attenuation in both
hyperlipidaemia

and

vascular

inflammation145,

147

.

Consistently,

pharmacological

stabilization of mast cells significantly attenuates atherogenesis and plaque destabilization
in Ldlr-/- mice 88, 148.
1.2.3.4 Innate lymphoid cells
Innate lymphoid cells (ILCs) is a recently identified member in the lymphoid lineage,
reveal important roles in host immunity, tissue homeostasis and inflammation149, 150. ILCs
represent a heterogeneous population being composed of three subgroups: ILC1, ILC2 and
ILC3. The classification of these 3 subgroups is mainly based on their capacity to produce a
number of Th1, Th2 and Th17 cell-associated cytokines, which mirrors the adaptive Th
responses respectively151. The classically defined natural killer cells (NK cells), a potent
innate immune effector cell population, has recently been categorized into ILC1152.
ILC populations rely on common key developmental signals for their maintenance, as
through the cytokine receptor γ-chain (also known as IL-2Rγ), the transcriptional repressor
inhibitor of DNA binding 2 (ID2) and interleukin-7 receptor subunit-α (IL-7Rα)153-155. An
essential criterion is that they do not possess other immune cell lineage markers on the cellsurface, as negative for CD11c, CD14, CD3, TCRαβ, TCRγδ and CD19 etc149, 151.
Although a global depletion of all the ILC populations showed no effect in atherosclerosis
development in Ldlr-/-Rag1-/- mice, an expansion of ILCs successfully reduced
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atherosclerosis in these mice156. Moreover, studies targeting specific ILC populations
further suggest a diverse role of each cell subsets in atherosclerosis.
As a prototypical member of ILC1s, NK cells have been discovered in human and mouse
atherosclerosis lesions157, 158. Although the function of NK cells in atherosclerosis remains
controversial, an atherogenic role of these cells is shown from most of the studies159, 158, 160,
161

. Recent study by Selathurai et al. showed that specific depletion of NK cells by adopting

anti-Asialo-GM1 antibody reduced atherogenesis in ApoE-/- mice. On the other hand,
reconstituting NK cells in ApoE-/-Rag2-/-IL2rg-/- mice that deficient in all lymphocytes
augmented atherosclerosis162. However, the contribution of non-cytotoxic IFN-γ secreting
ILC1s has not been addressed.
The role of ILC2s and ILC3s has been mainly studied in tissue homeostasis and
inflammation at mucosal and barrier surfaces. Proinflammatory and tissue reparative
functions of ILC2s have been reported in disorders like atopic dermatitis, Crohn’s disease
and chronic rhinosinusitis152,

163-165

. Recently, studies investigating the role of ILC2 in

hyperlipidaemia mice attracted big attention to these cells in atherosclerosis156, 166. A very
recent study from Engelbertsen et al. showed a presence of ILC2s in para-aortic adipose
tissue and lymph nodes in ApoE-/- mice166. Moreover, a selective ablation of ILC2s
(Staggerer/RorαFlox-Cd127Cre mice) in Ldlr-/- mice significantly accelerated atherosclerosis,
which was mediated by IL-5 and IL-13 production166. These data indicate ILC2s as an
important source of atheroprotective immunity. The presence and role of ILC3s in murine
and human atherosclerotic lesions remains unclear.

1.3

VSMC IN ATHEROSCLEROSIS

1.3.1 VSMC heterogeneity
The mature VSMC is a highly specialized cell type whose major physiological function is
contraction to maintain the vessel tone and homeostasis of blood flow. However, VSMC is
not terminally differentiated and retains remarkable plasticity that allows rapid adaptations to
fluctuating environmental cues167, which differs them from skeletal and cardiac muscle cells
168

.

During the latest two decades, increasing number of publications demonstrate that the
presence of VSMC with distinct phenotypes in arteries of various species, including humans.
Even though the origin remains debated, the presence of phenotypically heterogeneous
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VSMC has been observed in the arterial wall that under both normal and atherosclerotic
conditions167, 169. Numerous attempts have been made to isolate VSMC subpopulations with
distinct phenotypes from both normal and disease arterial vessels, which established an even
broader scope of VSMC heterogeneity.
1.3.1.1 Contractile and synthetic VSMC phenotype
The provocative paradigm depicts that during atheromatous plaque formation or restenosis
after angioplasty, the complex network of growth factors, cytokines, chemokines and
proteolytic agents generated in the lesion induces medial SMC migrating to the
subendothelial space, where they proliferate and undergo a phenotypic switch from a
contractile to a synthetic phenotype170.
Contractile VSMCs (conventional VSMCs) are elongated or spindle-shaped, whereas
synthetic VSMCs (unconventional VSMCs) have an epithelioid, rhomboid or cobblestonelike morphology. Synthetic VSMCs contain increased number of organelles involved in
protein synthesis, in contrast to prevailing contractile filaments in contractile VSMCs. In
particular, synthetic VSMCs have several distinguished features when compared with
contractile SMCs: (1) high proliferative capability171, 172; (2) profound migratory activity172,
173

; (3) enhanced proteolytic activity172,

174

; (4) poorly differentiated172,

170

distinguished sensitivity to apoptotic stimuli

173

; and (5)

(Figure 2).

Figure 2. Characteristics of conventional and unconventional VSMCs.
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The contractile and synthetic VSMCs represent the two extremes of a spectrum of VSMC
phenotypes175. Numerous explorations have so far been carried out to define the markers of
differential VSMC subtypes. Apart from classical contractile proteins like smooth muscle cell
α-actin (SMA), myosin heavy chain 11 and SM22, etc., newly identified transforming growth
factor-1-induced transcript 1(TGFB1I1) is a novel marker for the contractile phenotype of
VSMC176. TGFB1I1 is tightly regulated by SRF/myocardin and is essential for maintaining
contractile phenotype in SMCs176. On the other hand, S100A4, a low molecular weight
calcium-binding proteins, was barely detectable in human coronary artery media but
markedly expressed in VSMCs of atheromatous and restenosis coronary artery lesions177.
Additionally, CRBP-1, Flt-1, c-kit, Calmodulin and Heparanase has also been defined as
specific signature of VSMC synthetic phenotype under aging or pathological conditions178,
179, 180, 181

. However, due to the phenotype plasticity and technical limitations, it is difficult to

address the question in vivo whether these markers represent an intrinsic phenotype or a
transient expression in response to the environmental stimulation.
1.3.1.2 VSMC contribute to foam cell formation in atherosclerosis
Unlike macrophages, the contribution of lesional SMCs to foam cell formation in human
atherosclerosis has received inadequate attention until recently Allahverian et al showed
about 50% of the total foam cells were VSMC derived in human coronary artery182. Similar
result was also observed in advanced atherosclerosis lesion in ApoE-/- mice183.
It is conceivable that under atheromatous conditions, VSMCs, one of the major cell
populations, may develop or activate the lipid metabolism pathway and contribute to the total
foam cell population. Although atherogenic lipoproteins uptake is mainly mediated by
scavenger receptors typically seen in macrophages, the expression of scavenger receptors
have also been found in VSMCs in both human and mouse atherosclerosis lesions184, 185, 186.
On the other hand, intracellular cholesterol removal is mediated by ATP-binding cassette
(ABC) transporters and scavenger receptor class B type I (SR-BI), which are lower expressed
in human coronary artery intimal SMCs compared with medial SMCs187. These descriptive
and comparative studies provide new insights that intimal SMCs serve as an important source
of lesional foam cells, differing from the differentiated SMCs in the tunica media.
Furthermore, the consequences of the increase in VSMC derived foam cells leads to not only
the enlargement of lesion size, but also an alteration of lesion microenvironment and plaque
stability. Lipid loading of VSMCs is associated with acquirement of macrophage markers,
pro-inflammatory cytokines188-190, phagocytic properties188, migration and calcification
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properties191 and impairment in collagen and fibronectin assembly192. Overall, these
alternations synergistically increase the vulnerability of atherosclerotic plaques.
1.3.1.3 VSMC-macrophage trans-differentiation in atherosclerosis
Along with the re-evaluation of VSMC derived foam cells in atherosclerosis, studies by
Allahverdian et al. also proposed that nearly 40% of CD68+ cells co-expressed SMA in
human coronary atherosclerosis lesion182. This has triggered intense discussions on the
phenotypic transition between VSMCs and macrophages, and has brought a tricky question
regarding the ambiguous origin for the cells in atherosclerosis lesion.
A trans-differentiation from VSMC to macrophage was suggested by using SM22α lineage
tracing technique in ApoE-/- mice, which showed medial SMCs underwent clonal expansion,
converted to MAC-2+ and CD68+ cells and lost classic SMC marker expression193. These in
vivo observations are consistently with the in vitro observation showing that cholesterol
loading of VSMC activates macrophage markers expression188. However, the functionality
and pathological relevance of these VSMC-derived macrophage-like cells compared to
classic monocyte-derived plaque macrophages require further studies.
On the other hand, in a human cross-gender bone marrow transplantation study, 10% SMA+
cells in atherosclerosis lesion showed a myeloid origin194. Similar phenomenon was also
observed in mice subjected to wire-induced arterial injury, which showed a fraction of bone
marrow derived cells express SMA after migrated into the injured vessel wall. However,
further lineage identifications demonstrated that these myeloid derived SMA+ cells do not
acquire a fully differentiated VSMC phenotype, which requires SM-MHC and calponin
expression195. Moreover, multiple cell types other than SMC can also express SMA, which
requires more comprehensive lineage identification. Thus, despite the trans-differentiation of
VSMCs from bone marrow or peripheral mononuclear cells has been shown in vitro196, 197,
the in vivo evidence supporting a myeloid origin of VSMCs is still missing.
1.3.2 Role of VSMC in inflammation
1.3.2.1 Innate immune receptors expressed by VSMC
Some of TLRs and NLRs, which are the classical innate immune sensor, are also expressed
by VSMCs and play functional roles in SMC biology. TLR2 is important for the recognition
of bacterial lipotelchoic acid and lipoprotein, and to promote inflammation in VSMCs in
ApoE-/- mice198, 199. Moreover, Lee et al. showed that MMP2 and pro-inflammatory cytokines
can be produced in TLR2-Nox1-dependent manner in VSMCs, leading to increasing
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monocyte-endothelial cell adhesion and trans-endothelial migration of monocytes200. In
addition, TLR4 mediates LPS induced nitric oxide production in human aortic VSMCs201.
However, a comprehensive characterization on the immune phenotype of VSMC is still
lacking.
1.3.2.2 VSMC produce immune effective mediators
Cytokines, chemokines and other proinflammatory mediators are potent immune effectors in
maintaining or commoving tissue homeostasis. Within the vessel wall, VSMCs can
significantly contribute to the cytokine dependent inflammatory network202.
A classic example is the discovery of inducible nitric oxide synthase (iNOS) expression and
nitrite oxide (NO) production in VSMCs. Aside from the important roles in the physiological
regulation of vascular tone and platelet aggregation and adhesion, NO serves as an important
innate immune effector produced by iNOS in host defense. INOS, which was originally
identified in cytokine-activated macrophages, can also be rapidly induced in VSMCs in vivo
during the formation of the neointima in a rat balloon injury model. Moreover, intimal SMCs
produced remarkably higher levels of NO than medial SMCs upon stimulation with IFNγ and
LPS203.
Recently, Kiyan et.al showed oxLDL impaired the expression of contractile proteins and
myocardin in VSMC and promoted NFκB dependent colony-stimulating factors (G-CSF and
GM-CSF) expression and other proinflammatory cytokines like IL-8 upregulation204. Zeiffer
et.al also have identified a NFκB-mediated proinflammatory phenotype of neointimal SMCs
that is characterized by increased P-selectin and chemokine expression and thereby
effectively supports leukocyte recruitment205. In addition, VSMCs have shown the
competence of producing TNF-α, IL-6, MMP2, MCP-1 and CX3CL-1, despite many of them
are traditionally described as myeloid immune cells derived cytokines or chemokines126, 206,
207, 208-210

.

1.3.2.3 Crosstalk between VSMC and leucocytes
Lesional SMCs often reside in close proximity to invading macrophage and T cell clusters,
constituting inflammation niches211. Interaction of SMCs with these leucocytes or activated
endothelial cells may result in many subsequent enhancements of cellular responses, thereby
perpetuating the atherosclerotic development. Ostriker et al. showed that SMC-derived
transforming growth factor beta (TGF-β) modulates the phenotype of maturing macrophages
in vitro212. In return, SMC-modulated macrophages can further promote SMC activation to a
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greater extent compared to unmodulated macrophages212. Meanwhile, macrophage–SMC coculture experiments demonstrated the macrophage differentiation in the presence of M-CSF
produced by smooth muscle cells213.
In addition, VSMCs have been shown to orchestrate the homeostasis of both innate and
adaptive immunity in atherosclerosis through regulation of artery tertiary lymphoid organs
(ATLOs) development23. ATLOs refer to the lymphoid aggregates with varying degrees of
complexity ranging from lymphocyte clusters to well-structured unencapsulated lymph nodelike tissues in the adventitia of the diseased arteries. In ApoE-/- mice, ATLOs are formed in
the adventitia adjacent to atherosclerotic plaques during aging. ALTOs have been suggested
as powerhouses of advanced atherosclerosis immunity as the size and structure of ATLOs is
correlated with the disease severity214. On the other hand, ATLOs seemingly also can afford
protection from advanced atherosclerosis214, 215. This is supported by a recent study from
Habenicht et al. that showed VSMC lymphotoxin b receptors (LTbRs) protected against
atherosclerosis development by maintaining the morphology and function of ATLOs.
Atherosclerosis was markedly exacerbated in Ltbr-/- ApoE-/- mice, which has been linked to
the key role of LTbR signaling in initiating the transdifferentiation of VSMCs to a lymphoid
tissue organizer-like phenotype215. Their data suggest that the immune system employs
VSMC-LTbRs to maintain the immune homeostasis in the vasculature via ATLOs.
1.3.3 Transcriptional regulation of VSMC phenotype
Extensive studies have demonstrated that vascular SMC differentiation and phenotypic
modulation are governed by a delicate network of transcription regulatory mechanisms and
controlled by a dynamic array of environmental cues216. Moreover, recent advances in this
area have provided significant insight into master transcriptional pathways that control SMC
phenotype in atherosclerosis and restenosis (Table1).
Myocardin is a muscle restricted transcriptional co-activator of serum response factor. By
interaction with serum response factor, myocardin binds and selectively activates the
degenerate CC(A/T-rich)6GG (CArG) cis-elements of virtually all the CArG-dependent SMC
marker genes that confer contractile, morphological and structural properties of conventional
VSMC217-219.
Matthew et al. recently showed myocardin deficiency accelerates atherogenesis in ApoE-/mice220. Mechanistically, increased myocardin potently abrogates the production of a large
number of inflammatory molecules in VSMCs220. This has been putatively attributed to the
inhibition of intracellular proinflammatory pathway mediators CCAAT/enhancer-binding
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protein (C/EBP) transcription factor (CEBPB) and CEBPD CCAAT/enhancer-binding
protein (C/EBP) transcription factor delta (CEBPD) by myocardin220,

221

. CEBPB and

CEBPD have been reported to synergistically increase and sustain the inflammatory gene
expressions in VSMCs220, 221. Taken together, myocardin displays a critical regulatory role in
vessel inflammation.
Recently, the advances in SMC specific gene modified mice have enormously improved our
understanding in VSMC origin and function222. Krüppel-like factor 4 (KLF4), a stem cell
pluripotency gene, is a transcription factor (TF) that plays a crucial role in regulating
phenotypic transitions of SMCs223,

224

. Strikingly, SMC-specific conditional knockout of

KLF4 resulted a marked reduction in lesion size and increases in plaque stability. This is
associated with a selective reduction of SMC-derived macrophage-like cells in the lesion223,
224

, which strongly indicates that KLF4-dependent SMC phenotype transitions are critical in

lesion pathogenesis. Intriguingly, another pluripotency gene octamer-binding transcriptional
factor 4(OCT4) has recently shown to be atheroprotective. SMC specific Oct4 knockout
within ApoE-/- mice resulted in increased lesion size and decreased plaque stability, including
increased necrotic core and intra-plaque hemorrhage with a thinner fibrous cap. These
changes were linked to an impaired SMC migration related to fibrous cap formation225. Thus,
the roles of these two key pluripotency genes, KLF4 and OCT4, turned to be contradictory in
atherosclerosis. This may reflect a counterbalanced and complex regulation of these genes in
VSMC phenotype. Nevertheless, even though striking discoveries have been made on these
mice, how to translate the knowledge to human atherosclerosis is another challenging task.
Table 1. Transcriptional regulation of VSMC phenotype in vascular diseases
TF

Model

Lesion phenotype

Reference

Myocardin ApoE-/-Myocd+/- mice

Lesion↑, macrophage-like cell↑

220

KLF4

ApoE-/-Myh-Klf4-/- mice

Lesion↓, cap↑

226

OCT

ApoE-/-Myh-Oct4-/- mice

Lesion↑, SMC migration↓

225

TET2

Locally Tet2-/- mice

Neointima↑, MyH11↑

227

NF-κB

Sm22α-IκB-/- mice

Neointima↓, SMC proliferation↓

228

IRF7

Irf7-/- rat

Neointima↑, SMC proliferation↑

229

22

IRF8

Irf8-/- mice

Neointima↓, SMC differentiation ↑ 230

IRF9

Irf9-/- mice

Neointima↓, SMC proliferation↓

231

HIFα

Locally Hifα-/- mice

Neointima↓, VEGF-A; Flt-1↓

232

GATA6

Locally GATA6 inhibition mice

Neointima↓, SMC proliferation↓

233

STAT3

Locally STAT3 inhibition mice

Neointima↓

234

TET2 (Ten-eleven translocation-2); HIF (Hypoxia-inducible factors); GATA6 (GATA-binding factor 6);
STAT3 (Signal transducer and activator of transcription 3).
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2 AIMS
The studies included in this thesis aimed to improve our understanding of innate immune
mechanisms in atherosclerosis.
The specific aims were to:
I.

Investigate the role and cellular mechanism of NOD1 in atherosclerosis

II.

Identification of the innate immune phenotype of intimal SMCs and its relevance
in atherosclerosis

III.

Elucidate the activity and clinical relevance of IL-1 and inflammasome in human
atherosclerosis plauqe

IV.
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Explore the role and cellular mechanism of TRIM21 in atherosclerosis

3 METHODOLOGICAL CONSIDERATIONS
3.1

MOUSE MODELS OF ATHEROSCLEROSIS

Mouse models are useful for exploring the role of target molecules in atherosclerosis.
Compared with the complexity of human population, animal models provide a rather
identical genetic and environmental background, which enables a better observation of
certain biological phenomena without being influenced by many unpredictable factors.
Moreover, mouse models allow mechanistic investigations by pharmacological interventions
and genetic modifications235.
However, wild-type mice like C57BL/6 strain are generally resistant to atherosclerosis due to
a HDL dominant serum cholesterol profile. Therefore, genetically modified hyperlipidemia
mouse models such as Ldlr-/- and ApoE-/- on the C57BL/6 background are more widely used
as experimental models of atherosclerosis236.
LDLr is expressed mainly on hepatocytes and binds to ApoE and ApoB-100 on the
lipoproteins, thus functions as the main mechanism to remove intermediated density
lipoprotein (IDL) and LDL from the plasma237. ApoE is an apolipoprotein mainly found in
IDL, and mediates cholesterol metabolism by binding to LDLr and chylomicron remnant
receptor. The lack of either LDLr or ApoE severely disturbs the lipid metabolism and leads to
hyperlipidemia. Compared to LDLr, ApoE is produced by both hepatocytes and bone marrow
cells. Thus, transplantation of bone marrows with wild-type ApoE to ApoE-/- mice will
rescue the hyperlipidemia and atherogenesis238. Therefore Ldlr-/- mice were used as the
recipients in the bone marrow transplantation model in this thesis.
To study the role of hematopoietic NOD1 and TRIM21 in a hyperlipidemia condition in vivo,
Nod1-/- or Trim21-/- mice (C57BL/6 background) were used as donors in a bone marrow
transplantation model in Paper I and IV. 6-9 weeks old Ldlr-/- mice were irradiated with
lethal doses and received bone marrow cells lacking NOD1 or TRIM21 from the donor mice.
A high fat diet for 6-12 weeks was used for atherosclerosis development after 4 weeks
recovery from the transplantation.
Bone marrow transplantation model is hematopoietic-specific and rather time-efficient
compared to double knockout mouse model. However, total body irradiation causes not only
acute but also long term persistent multiple tissue and organ damages, adding a new
confounding variable to LDL-induced atherosclerosis. Thus, data need to be interpreted with
appropriate caveats and proper controls.
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On the other hand, a pharmacologically synthesized ligand of NOD1, FK565, was used to
investigate the direct effect of NOD1 activation in Ldlr-/- mice in Paper I.
Pharmacologically intervention provides an exogenous activation or blockage of targeted
signaling pathway in addition to the endogenous regulation network. This allows an efficient
dose- and time-dependent investigation, and avoids the compensatory effect in genetic
modified mouse models. However, the efficacy and specificity of the ligands or inhibitors
need to be critically evaluated, and the gap between the exogenous intervention and the
endogenous regulation need to be kept in mind.
Despite the rapid advances in experimental atherosclerosis from mouse models have provided
us striking insights in the disease pathogenesis, the translation of the data from mice to
human is still a big task due to the inherent differences between species. Thus, it is very
important to put more considerations into the animal model selection, data interpretation and
method standardization239.
3.2

RAT CAROTID ARTERY BALLOON INJURY AND VSMC CULTURE

A rat carotid balloon injury model was used in Paper I and II. Male adult Sprague-Dawlery
rats (3 months old) were subjected to angioplasty injury by repeatedly forwarding and
withdrawing an inflated F2 balloon catheter to left common carotid artery under general
anesthetization240. This well-characterized model provides an ideal tool to investigate the
biological behaviors of VSMCs under neointima formation.
Three different types of rat VSMCs were used in the studies. They were normal adult medial
SMC, intimal SMC and neonatal arterial SMC. The normal medial SMC were isolated from
the medial layer of the thoracic aorta of male adult Sprague-Dawley rats, and intimal SMC
were derived from the carotid artery of male adult rats 2 weeks after balloon angioplasty. At
this time point, the intima could be easily identified and separated from the media under a
dissection microscope. The neonatal SMC were derived from the thoracic aorta of rat pups (4
days). All three types of VSMC were prepared from tissues by using enzymatic dissociation
techniques or by explanation. Cells were maintained under standard cell culture conditions
(+37°C, 5% CO2). Rat medial, intimal and newborn SMCs were grown in DMEM
supplement with 10% (vol/vol) FCS, 1 mmol/L L-glutamine and antibiotics (penicillin G 100
U/mL, and streptomycin 100 µg/mL). Cells were passaged with trypsin, and used from
passages 5 to 10 for all experiments.
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The comparisons among three SMC populations give us a comprehensive view of the
similarities and diversities of these SMCs, which enables a better understanding the role of
VSMC under pathological conditions like vascular injury, inflammation and atherosclerosis.
However, it is important to adjust certain factors like proliferation rate among different
populations before analyzing other cell behaviors such as SMC migration. Another potential
issue of using primary VSMC culture is the plasticity or phenotypic transformation of the
SMC in vitro. Thus, it is necessary to routinely evaluate of the cell morphology and other
biological behaviors, and examine the expressions of the cell linage markers.
3.3

HUMAN CAROTID ATHEROSCLEROSIS PLAQUE CULTURE

Human atherosclerotic plaque tissue ex vivo culture has been used to determine the functional
relevance of the innate immune receptors in human atherosclerosis98, 99. This has been so far,
one of the most useful tools to understand the biological and pathological functions of target
molecules or pathway in human atherosclerosis lesion. Compared with cell culture
experiments, tissue culture keeps a rather intact lesion microenvironment and cell-cell
interaction. The variety of cell types and extracellular components, the abundant of cytokines
or chemokines, to the most extent mimics the complex inflammatory milieu in vivo with high
clinical relevance. This model was used to investigate the function and regulation of NOD1
and inflammasome in human atherosclerotic plaques in Paper I and III.
Of note, the heterogeneity of the plaque may cause big variations between individuals. Thus,
a standardized protocol and adequate number of replicates is essential to show the real
biological difference. On the other hand, the plaque heterogeneity may link to other
biological phenomena or clinical presentations, which provides important information to
understand the clinical relevance of the observation.
However, the complexity of the plaque tissue may bring difficulties for certain analysis like
western blot. The enrichment of various extracellular matrixes considerably dilutes the target
proteins and also brings trouble for the normalization. To remove the noise from non-cellular
components, plaque isolated cells were used in some experiments.
3.4

BIOBANK OF HUMAN ATHEROSCLEROSIS PLAQUES

The Biobank of Karolinska Endarterectomies (BiKE) was established in 2001 as a
collaborative research effort between the Experimental Cardiovascular Research Unit at
Karolinska Institutet and the Department of Vascular Surgery at Karolinska University
Hospital241-243. The biobank consists of more than 400 carotid plaques from patients
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undergoing carotid endarterectomies at Karolinska University Hospital upon informed
consent. Carotid endarterectomy is recommended in cases with more than 70% stenosis as
determined by ultrasonography. The atherosclerosis specimens were snap frozen followed by
RNA purification for gene expression microarrays, or tissue fixation for histological analysis.
So far, total gene expression profiling was performed on RNA samples from 127 plaques by
Affymetrix Gene Array U133 Plus 2.0 (Paper I, III and IV). Non-atherosclerotic normal
arteries were obtained from 10 macroscopically disease-free iliac arteries or aorta from organ
donors without a history of cardiovascular disease at Karolinska University Hospital. The
vessels were dissected and the intima and media used for RNA isolation and microarrays.
A critical limitation of this biobank is the lack of ideal control tissues. It is noteworthy that
the distinct gene expression profile between plaques and lesion-free arteries may considerably
due to the difference in cell composition and the complexity of the tissue environment.
Another noteworthy point is the plaques used here only represent the advanced stages of
atherosclerosis lesion, and the majority of the patients were under Statins therapy. Therefore,
the data may not provide the whole picture of disease development, and the effect of statins
on plaque progression may remain unrevealed and require validation in a larger cohort.
3.5

MOLECULAR BIOLOGICAL TECHNIQUES

3.5.1 mRNA expression analysis
Quantification of mRNA concentrations was performed by real-time quantitative PCR (qPCR
and microarray analysis. For qPCR, mRNA was extracted and reversely transcribed to
complimentary DNA (cDNA), which was amplified and quantified “real-time” in a PCR
reaction utilizing the SYBR green or Taqman system (PaperI, II and IV). Normalization
was performed by comparing the expression values to the housekeeping genes. Chip-based
microarray analyses, utilizing hybridization techniques to quantify the transcriptome, were
performed in human carotid atheroma (Paper I, III and IV). Data was normalized using
robust multi-array analysis (RMA), utilizing light intensity comparisons inter- and intra-chip.
3.5.2 protein expression analysis
Analysis of protein expressions was performed by western blot, enzyme-linked
immunosorbent assay (Elisa), immunostaining and flow cytometry analysis. Western blot
was used as a classic and important technique for protein identification and semiquantification in tissues and cells (Paper I and III). Elisa was used for measurement of
protein concentrations in serum, plasma and cell culture supernatants (Paper I-IV).
Immunocytochemistry or immunofluorescence staining was used for analysis of protein
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localization and quantification in the fixed human or mouse tissues (Paper I- IV). Double or
triple immunofluorescence staining analyzed by confocal microscopy allowed us to further
investigate the relationship between different proteins, thus providing valuable information to
understand the cell biology.
analysis

investigating

In addition, multicolor flow cytometry allowed a cellular

multiple

extracellular

and

intracellular

protein

expression

simultaneously (Paper IV).
Of note, all these antibody-techniques above require a high specificity of the antibodies and
well-reserved antigen epitopes. Appropriate sample preservation, adequate background
blotting, optimized antibody concentration and proper positive/negative controls are essential
for the data quality. For multicolor confocal imaging and flow cytometry, the compensation
and adjustment of voltage between different channels is of utmost importance for a wellperformed analysis.
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4 RESULTS AND DISCUSSION
4.1

NOD1HIGH VASCULAR SMOOTH MUSCLE CELL IS IMPLICATED IN
VASCULAR INFLAMMATION AND DAMAGE

Paper I investigated the molecular mechanism of NOD1 in the pathogenesis of
atherosclerosis by using Ldlr-/- mice fed with high-fat diet and challenged for 10 weeks with a
chemically synthesized NOD1-specific ligand FK565. Severe atherosclerosis was observed in
mice that were treated with NOD1 ligand, demonstrated by a 3-fold increase of
atherosclerotic plaque area in the aortic arch compared to the control mice (Figure 3A). Of
note, stimulation of NOD1 resulted in the development of occlusive atherosclerosis in the
coronary and innominate artery, causing fatal lumen occlusion with a large amount
macrophage infiltration (Figure 3B). These findings indicate a crucial role of NOD1mediated signaling in accelerating atherogenesis and development of severe coronary
inflammation.

Figure 3. Exposure to NOD1 ligand in drinking water exacerbates development of atherosclerosis
and results in occlusive coronary arteritis in Ldlr-/- mice. High-fat diet fed Ldlr-/- mice were treated for
10 weeks with NOD1 ligand FK565 (FK, 21 µg/ml) or without the ligand (Ctrl) in drinking water. (A)
Representative images and quantifications of atherosclerotic lesion in aortic arch stained with Sudan IV.
Data are presented as mean ± SEM, FK n = 5 and Ctrl n = 10. Mann-Whitney test, ** p < 0.01. (B)
Representative micrographs of Oil Red O and immunohistochemistry staining for SM-α-actin and CD68 in
coronary artery from the mice as in (A). Scale bar, 100 µm.

Despite being extensively used for studying the pathogenesis of atherosclerosis, the Ldlr-/mouse fed with high-fat diet does not usually develop the culprit coronary atherosclerosis as
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shown in the NOD1-ligand treated Ldlr-/- mice. Furthermore, immunohistochemistry
examination of the aortic root lesion in NOD1 ligand treated mice demonstrated heavy damage
of elastic lamellae including internal elastic lamina, and exaggerated infiltration of CD68+
macrophages, Ly6G+ neutrophils and CD3+ lymphocytes across atherosclerotic lesion into
tunica media (Figure 4),

Figure 4. Arterial wall destruction accompanied by inflammatory infiltration into arterial media
characterizes the functional role of NOD1 activation. Immunofluorescence images of macrophage
(CD68), neutrophil (Ly6G), and T lymphocyte (CD3) infiltrate in aortic root from the mice as in Figure 3.
Scale bars, 50 µm. Numeric analyses of inflammatory cell infiltrates in the media are presented at right of
corresponding images. Dotted lines mark media of aorta. Data are presented as mean ± SEM, FK n = 4-6
and Ctrl n = 10. Mann-Whitney test, ** p < 0.01.

Given the fact that NOD1 is implicated in vascular inflammatory disorders, the cellular basis
of NOD1 signaling in the context of vascular inflammation remains to be elucidated. While
myeloid NOD1 pathway has been shown as irrelevance to disease progression, endothelial
NOD1 signaling is regarded as necessary for the recruitment of myeloid cells, thus
contributing to the pathogenesis of acute coronary arteritis and atherosclerosis92, 93. In our
study, immunostaining for NOD1 protein noted that a number of SMC (α-actin positive) in
brachiocephalic artery were distinguished from other α-actin positive SMC by expressing
high levels of NOD1, hereafter termed NOD1high SMC. Nevertheless, activated NF-κB, one
defined canonical signal of NOD1 activation, was exclusively associated NOD1high SMC in
atherosclerotic lesion of Ldlr-/- mice subjected to NOD1 ligand (Figure 5). These
observations suggest NOD1high SMC as the main cellular basis in the NOD1-ligand induced
transvascular inflammation.
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Figure 5. Involvement of NOD1high SMC in atherosclerosis in Ldlr-/- mice. Immunofluorescence
micrographs of NOD1 and NF-κB p65 in the brachiocephalic artery from NOD1-ligand treated (FK) and
untreated mice (Ctrl) as in Figure 3. Arrowheads denote NOD1 or NF-κB (red) expression in Sm-α-actin
(SMA, green) positive SMC. Scale bar, 50 µm. Data are representative of 3 independent experiments.

To better understand the role of SMC NOD1 signaling, we used rat carotid balloon injury
model which developed neointima resembles many aspects of accelerated atherogenesis and
restenosis. Immunostaining for NOD1 expressing cells further supported the occurrence of a
phenotypically distinctive population of NOD1high SMC in neointima (Figure 6A).
Genotyping of the SMC confirmed that constitutive NOD1 mRNA was three-fold higher in
neointima-derived SMC vs medial SMC (Figure 6B). Of note, NOD1high SMC was
characterized by spontaneous releasing of CCL5 in the absence of extra stimulation (Figure
6C). These findings in combination suggest that NOD1high SMC have unique capability in
producing chemokine thereby contributing to NOD1-induced transvascular inflammation and
accelerated atherosclerosis.
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Figure 6. NOD1high SMCs function as NOD1 effector cell. (A) Immunohistochemistry staining of
NOD1 in rat carotid arteries 14 days after balloon injury. Arrowheads indicate endothelium. Arrows
indicate internal elastic lamina. (B) NOD1 mRNA in rat primary SMC isolated from media of uninjured
carotid artery (Medial) or neointima of injured carotid artery (Intimal) measured by RT-PCR. (C) ELISA
assessment of CCL5 production by the SMCs as in (B) in the absence exogenous stimuli for 24 h. Results
are presented as mean ± SEM. Mann-Whitney test, ** p < 0.01. Data are representative of 3 independent
experiments.

Furthermore, NOD1 was also found expressed in a notable number of SM α-actin positive
SMC in human atherosclerotic lesion. Stimulation of ex vivo atheromatous tissue culture with
NOD1 ligand resulted in MAPK p-38 and JNK dependent generation of IL-1b, IL-6 and IL-8
and IL-10 (Figure 7). These data demonstrate for the first time a SMC based NOD1 pathway
with inflammatory activities in human atherosclerosis.

Figure 7. NOD1 mediates innate immune inflammation in human atherosclerosis. NOD1 induced IL1β, IL-6, IL-8 and IL-10 production by human carotid plaques pre-treated with or without p38 inhibitor
(SB203080), ERK inhibitor (PD98059), JNK inhibitor (SP00125), or NF-ĸB inhibitor (BAY117082) 30
min in prior to DAP. The cytokines in supernatant were determined by ELISA 24 h after the treatments.
Data are presented as mean ± SEM, n = 7. Wilcoxon matched-pairs signed rank test, * p < 0.05.

In summary, we propose a subpopulation of vascular SMC defined by NOD1high imprint in
humans and rodents have unique function in promoting transvascular inflammation and
lesion development in response to infection and vascular injury. However, whether bacterial
peptidoglycans alone are responsible for the activation of NOD1 or NOD2 in atherosclerosis
or require additional endogenous danger signals remains to be elucidated.
4.2

INTIMAL VSMCS HAVE AN INNATE IMMUNE EFFECTOR CELL
PHENOTYPE IN ATHEROSCLEROSIS

Paper II further analyzed the innate immune phenotype of human plaque intimal SMCs with
NOD1high imprint, pointed to the existence of such SMCs with innate immune capacity in
human atherosclerosis plaque characterized by the constitutively expression of a panel of
PPRs including TLR2, NOD2 and NLRP3 which typically observed in macrophages (Figure
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8A, 8B). The distinguished activated NFκB, iNOS and chemokine expression featured in
these intimal SMCs may qualify them a considerable competence as innate immune effector
cells. Notably, these TLR2+NOD2+NOD1high SMCs surrounded by macrophages and T cells
promote severe inflammation niches formation and further exacerbate the stenosis in human
plaque (Figure 8C).

Figure 8. Identification of lesional SMCs with innate immune phenotype in human atherosclerosis.
(A) Immunofluorescence micrographs of SM-α-actin (SMA), Calponin, SM22 or MYH11 in human
carotid plaques, images are captured from the region indicated in the white-box of the schematic plaque.
(B-C) Immunofluorescence micrographs of (B) NOD1, NOD2 or TLR2 and (C) NOD2, NFκBp65 or
iNOS in SM-α-actin positive cells from adjacent sections in human carotid plaques in A. Nuclei are stained
by DAPI. Arrows show the cells positive for corresponding markers indicated in each image. Images are
representative from 5 individuals.

In line with the observation in human plaque, examination of innate immune phenotype of rat
neointimal NOD1high SMCs suggested a similar innate immune phenotype to human intimal
SMCs. Besides NOD1, rat neointimal SMCs were characterized by constitutively expressing
a broad profile of innate immune receptor such as NOD2, NLRP3 and TLR2-5, some of
which are typically only seen in myeloid cells. Intriguingly, IFIT-1, normally silent or
expressed at very low constitutive levels, was also remarkably high expressed in rat
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neointimal SMCs (Figure 9). IFIT-1 has been shown to specifically recognize and bind
mRNAs or proteins of a number of viruses, thus play important role in host defense against
viral infection244. This may considerably compensate role of TLR7-9 that are lower expressed
in intimal SMCs than myeloid cells.
Thus, these data suggest that rat NOD1high SMC recapitulate the immune phenotype of
human NOD1high SMC in atherosclerosis and distinguished from medial SMCs and
macrophages by the TLR2+NOD2+NOD1high signature, thus being an ideal model for
deciphering their immune function.
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Figure 9. Rat neointimal SMCs display a unique innate immune signature. qPCR analysis for ()Nod12; Nlrp1/3; P2rx7; Tlr2-9 and Ifit-1 in the rat medial (M-SMC) and neointimal SMC (I-SMC) populations
and peripheral blood derived monocytes. Data is presented as mean ± SEM, *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001, unpaired t test, n=3-6.

Functional studies demonstrated that this innate immune signature confer rat
TLR2+NOD2+NOD1high SMC the ability to react to an extensive list of microbial
components, leading to production of inflammatory mediators including nitric oxide,
cytokines and chemokine (Figure 10A). Moreover, rat TLR2+NOD2+NOD1high SMC possess
intrinsic innate effector activity, spontaneously producing leukocyte chemokine CCL-5 in the
absence of exogenous stimuli (Paper I), and the activity will be further enhanced when innate
immune receptor NOD1 and NOD2 are activated. CCL-5 has been recognized as an
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important chemokine in immune cell recruiting, however, a recent study identified another
role of CCL-5/CCR5 axis in promoting SMC proliferation and phenotype transition from
contractile to synthetic245. Thus, the production of CCL-5 from these SMC may serve as an
important therapeutic target in the context of atherosclerosis.
Additionally,
+

our
+

current
high

TLR2 NOD2 NOD1

and

previous

studies

have

also

showed

that

rat

SMC distinguish from medial SMC by spontaneously activated

NFκB signals and hyper-responsiveness to pathogen derived stimuli203 (Figure 10B). Of note,
since NLRP3 inflammsome components are highly expressed in intimal SMCs, we could not
observe IL-1 production upon inflammsome activation. One explanation could be the
presence of constitutive inhibitory mechanisms that impedes inflammasome mediated IL-1
production in SMC246. However, a recent study implied a non-canonical role of NLRP3
inflammasome in promoting foam cell formation in SMCs, which provides new insights in
understating the SMC immune phenotype in the context of atherosclerosis247. In all, these
findings from rat TLR2+NOD2+NOD1high SMCs strongly support the innate competence of
intimal SMCs in human atherosclerosis, based on their similarities in the immune phenotype.

Figure 10.

NOD-like receptors driven iNOS expression and chemokine production in rat

TLR2+NOD2+NOD1high SMC. (A) Nitrite oxide production in rat intimal SMCs after DAP or MDP
(1µg/ml) with or without IFNγ (100U/ml) stimulation for 72-hour is analyzed in the supernatant by griess
reagent system. (B) CCL5 production in rat neointimal SMCs after 24-hour DAP or MDP (1µg/ml) with or
without Rip2 or NFκB inhibitors (SB203580 1µg/ml, BAY-11-7082 10nM) is measured in the supernatant
by Elisa. Data is presented as mean ± SEM, ***p < 0.001; ****p < 0.0001, one-way ANOVA followed by
Tukey’s multiple comparisons test, n=3-6.

Of note, the numerical quantification of human plaque cells showed comparable amount of
TLR2+NOD2+NOD1high SMCs and macrophages with similar innate immune phenotype
(Figure 11). Together with the phenotypic characterization of human intimal SMCs and
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functional investigations in rat neointimal SMCs, these data strongly support a distinguished
innate immune capacity of the TLR2+NOD2+NOD1high SMCs in inflammation initiation and
propagation. The innate immune receptors equipped by these SMCs enables them to direct
interact with environmental danger signals, triggering the activation of intracellular signaling
like NFκB and RIP2, and mediating the production of NO, chemokines and cytokines. In
comparison, lesional macrophages, the classic innate immune effector cell in atherosclerosis
lesion, with the expression of most innate immune receptors except NOD1, may serve as the
dominant effector cell in phagocytosis, efferocytosis and the cytokine production such as IL1β and TNF-α etc.

Figure 11.

TLR2+NOD2+NOD1high SMCs serve as potent innate effector cells in human

atherosclerosis. (A-B) Immunofluorescence micrographs of (A) NOD2 and (B) TLR2 expressing SMCs
(SM-α-actin+) and macrophages (CD68+) in human carotid plaques. Images are captured from the region
indicated in the white-box of the schematic plaque in Figure 8A. Arrows show NOD2/TLR2 expressing
SMCs and arrowheads show NOD2/TLR2 expressing macrophages. Pie charts show the percentage of
NOD2/TLR2 positive SMCs and macrophages in total NOD2/TLR2 expressing cells (quantified as the
average of five fields for each specimen, n=8-22).

In conclusion, the identification of the intimal SMC population with TLR2+NOD2+NOD1high
imprint in human plaque highlights the importance of SMCs in atherosclerotic inflammation
and stabilization, arguing an indispensable role for SMCs in addition to monocyte-derived
macrophages and other myeloid lineage cells. Moreover, the clarification of innate immune
phenotype of SMCs provides a mechanistic explanation of the pro-inflammatory properties in
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intimal SMC that has been implicated previously. Instead of passively recognized
inflammatory activity, SMCs may function as potent innate immune effector cells in vascular
inflammation and immune homeostasis.
4.3

INFLAMMASOME DRIVEN IL-1 PRODUCTION IS LINKED TO
HYPERLIPIDEMIA AND PLAQUE COMPLEXITY

Despite the CANTOS trial demonstrated IL-1β as an appealing therapeutic target for human
atherosclerosis and related complications, there are still serious gaps in our understanding of
IL-1 production in atherosclerosis. Paper III investigated the inflammasome-IL-1 activity
and regulation in advanced atherosclerosis using transcriptome analysis, immunostaining and
ex vivo culture in human atherosclerotic plaques. Firstly, a heat map generated from
microarray based gene expression analysis in carotid plaques revealed that atherosclerotic
plaques were enriched with a broad reservoir of inflammasome transcripts, characterized by
top expression of both canonical inflammasome sensors Nlrp1-3248, Nlrp8-9, Nlrp11-12,
Nlrc3-5, Naip, Pyrin and Absent in melanoma 2, (Aim2), and also non-canonical
inflammasome components caspase-4, -5. Of them, Nlrp6, Nlrp12, Nlrc4, caspase-4 and the
recently reported Nlrp3248 were highly expressed in symptomatic plaques compared to
asymptomatic plaques (Figure 12). These highly suggest that apart from NLRP3, there are
possibly additional inflammasome pathways relevant to IL-1 signaling in atherosclerosis.

Figure 12. Selected inflammasome components are associated with symptomatic atherosclerotic
plaques. Heat map representation of the top 5 differentially expressed inflammasome genes in
atherosclerotic plaques from patients without clinical symptoms (asymptomatic, n = 40) and patients with
clinical symptoms (symptomatic, n=85). Gene expression was determined by ribonucleic acid microarray
analysis. P values are based on Mann-Whitney U test. The scale bar shows color-coded differential
expression, with red indicating higher levels of expression and blue indicating lower levels of expression.

Consistently, the markedly elevated levels of NLRP3 and NLRC4 in atherosclerotic plaques
were furthermore underscored by the IL-1β production in response to their external ligands
(ATP and S.typh, respectively) in plaque-derived tissue (Figure 13A). Despite a
proatherosclerotic role of AIM2 in mice has been proposed from recent studies249, 250, we did
not observe AIM2 induced IL-1β response in our current plaque culture model. However,
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other potential effectors from AIM2 activation had not been evaluated in our study. Thus, the
contribution of AIM2 in human atherosclerosis needs to be further investigated. Additionally,
increased plaque caspase-4 expression and LPS stimulation boosted IL-1β together pointed to
the direction of non-canonical inflammasome activation, an alternative mechanism that has
been demonstrated for IL-1β in murine macrophages in vitro but has not been shown in
human atherosclerotic plaques.
Of note, an equivalent quantity of IL-1α production upon LPS stimulation was also observed
in human plaques (Figure 13B). Given the pro-atherosclerotic role of IL-1α from previous
study251, an uncontrolled IL-1α generation can be as important as IL-1β in the pathogenesis of
atherosclerosis. In all, these data suggest that most advanced atherosclerotic plaques retain a
considerable inducible IL-1 capacity, being constituted by canonical and non-canonical
inflammasomes.

Figure 13. Canonical and non-canonical inflammasome activity in atherosclerotic plaques. (A) IL-1β
production by atherosclerotic plaque samples in response to NLRP3 activators ATP (5 mmol/l), NLRC4
activator Salmonella typhimurium (S. typh) (10 mmol/l), or AIM2 activator (poly dA dT) (10 mg/ml). The
concentration of IL-1β in the supernatant was quantified using ELISA. Data are shown as mean±SEM; n=
3 to 7. (B) Release of IL-1 cytokines from atherosclerotic plaque samples upon lipopolysaccharide (LPS)
challenge (100 ng/ml for 24 h). IL-1α (n=16) and IL-1β (n=24) concentrations in the supernatant were
measured by ELISA. P values are based on Mann-Whitney’s U test. ns, not significant.

An important observation of the present study is the relationship between plaque IL-1
signaling and the classic proatherogenic risk factor LDLc. Compared with individuals with
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circulating LDLc below 130 mg/dl, the average of LPS inducible IL-1β was more than twofold higher in the individuals whose circulating LDLc over the borderline high (>130 mg/dl),
indicative of a potential role of LDL in the regulation of plaque IL-1 signaling (Figure 14A).
Indeed, danger signals derived from LDL like oxidized LDL and cholesterol crystals has been
shown to provide both signal 1 and signal 2 for priming and activating inflammasome and
promote IL-1 production in macrophages41, 104, 252. LDLc levels may thus, indeed, serve as an
important parameter for plaque IL-1 signaling and identification of the patients prone to
inflammasome activation. Furthermore, we found that atherosclerotic plaque tissues from
patients on no or low-intensity statin therapy mounted much higher IL-1β production upon
stimulation. Taken together, these data lend support for an aggressive lipid-lowering therapy
in patients with advanced atherosclerosis as an important translational aspect. However,
optimal LDLc goals must be carefully evaluated due to the individualized risk factors in
clinical practice. The LDLc values provide clinicians with actionable information to help
further optimize medications and improve outcomes.
Another important finding is that IL-1 signaling was significantly upregulated in the culprit
lesions featured by imaging signs of one of the complexities as hemorrhage, ulceration or
calcification (Figure 14B). In combination with increased expression of inflammasome
components in symptomatic plaques, these data suggest inflammasome pathways are primed
and prone to activation in more complex and biologically active plaques.

Figure 14. Plaque high IL-1 activity is linked with uncontrolled hypercholesterolemia and disease
complexity. (A) Analysis of the relationship between LPS induced plaque IL-1 responses and serum total
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cholesterol, LDLc and triglycerides. P-values based on Mann-Whitney’s U test, data shown as mean ±
SEM, n=14. (B) IL-1β fold-increase by LPS stimulation (100 ng/ml, 24 hours) in cultured carotid plaques
with low or high degree of complexity measured by ELISA in supernatant. P-values based on MannWhitney’s U test, data shown as mean ± SEM, n=6-15.

At last, we show that LPS-triggered IL-1β and IL-1α secretion could be effectively inhibited
by MCC950, a recently developed NLRP3 inhibitor253 (Figure 15). This is in keeping with an
experimental in vivo study noting a reduction in atherosclerotic lesion development by
inhibition of the inflammasome with MCC950254. On the other hand, since the current IL-1βblocking antibody still has the drawbacks such as heightened risk for infection and high
economic cost7, targeting the inflammasomes with MCC950 may be a promising therapeutic
alternative to inhibit the IL-1 signaling in atherosclerosis.

Figure 15. Inflammasome inhibitor dampens plaque IL-1 activity. ELISA assessment of LPS induced
IL-1α and IL-1β production in the carotid artery plaque tissues pre-treated with or without MCC950 (100
nM). MCC, MCC950; n=6, Wilcoxon matched-pairs test.

4.4

TRIM21 INFLUENCES ATHEROSCLEROSIS VIA REGULATION OF TH17
RESPONSES

Previous studies have shown that TRIM21 is predominantly expressed in haematopoietic
cells and play important roles in controlling innate immune responses and tissue
inflammation255, 256. However, the role of TRIM21 in atherosclerosis is unknown. Paper IV
investigated the role and cellular mechanism of TRIM21 in atherosclerosis using a bone
marrow transplantation mouse model. A myeloid TRIM21 deficiency was achieved by
reconstituting bone marrow from Trim21-/- mice into Ldlr-/- mice, which followed by a highfat diet kept for 6 or 12 weeks after the transplantation. Herein, Trim21-/- bone marrow
chimeras developed significantly larger atherosclerotic plaques (Figure 16A). Intriguingly,
multiple signs of increased plaque stability were observed in these Trim21-/-Ldlr-/- chimeric
mice, indicated by increased collagen content and fibrous cap thickness (Figure 16B). In
addition, increased CD4+ T cells with higher IL-17A production instead of IFNγ was also
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observed in the lesion, implicating a Th17 response driven by TRIM21 deficiency in disease
development (Figure 16C, 16D).

Figure 16. Trim21 deficiency increases atherogenesis and fibrous content with enhanced local Th17
response in plaques. (A) Lethally irradiated Ldlr-/- mice were transplanted with bone marrow from
Trim21+/+ or Trim21-/- mice, and fed a high-fat diet for 12 weeks (n= 8; 10). Lesion size was measured by
Oil Red-O staining at the aortic root. (B) Collagen content visualized in polarized light after Picrosirius
Red staining in the aortic root. (C) CD4 Positive cells detected by immunohistochemistry staining in the
aortic root. (D) Gene expression of CD4, IL-17A, and IFNγ in the aorta assessed by RT-PCR relative to
HPRT. Trim21+/+->Ldlr-/- depicted with open circles and Trim21-/-->Ldlr-/- with black boxes. P-values
based on Mann-Whitney U test, *P<0.05, ***P< 0.001, ****P< 0.0001, data shown as mean ± SEM.

To understand how TRIM21 is influencing T cell biology, an in vitro T cell differentiation
experiment was performed using naïve T cells. Consistently, instead of Th1 or Th2
differentiation, Trim21 deficient T cells differentiated into Th17 cells as shown by both
intracellular cytokine staining and quantitative RT-PCR (Figure 17A-C). These data for the
first time demonstrated that Trim21 directly regulates the generation of Th17 cells in a cellintrinsic manner. Moreover, further investigation of the phenotype of Th17 cells generated by

42

Trim21-/- cells indicated a rather nonpathogenic phenotype based on gene expression
profiling257, 258. Due to the mysterious role of Th17 in atherosclerosis, our data may bring new
clues for future studies.

Figure 17. Enhanced Th17 differentiation of naïve Trim21-/- CD4+ T cells. CD4+CD44-CD62L+ naïve
T cells were cultured under conditions promoting T helper cell differentiation for 5 days. Cells were
analyzed by flow cytometry and RT-PCR. For flow cytometric analysis, live CD3+ T cells were stained and
analyzed for the expression of lineage specific cytokines. (A) Cells differentiated into Th1, (B) Th2 cells,
and (C) Th17 cells. Trim21+/+ open circles and Trim21-/- black boxes (n= 6 in each group), representative
data of three independent experiments. P-values based on Mann-Whitney U test, *P<0.05, **P< 0.01, data
shown as mean ± SEM.

To elucidate the clinical relevance of TRIM21 in human atherosclerosis and translate our
findings from mouse experiments, we analyzed the transcription level of TRIM21 and Th17associated genes in human atherosclerosis plaque using BiKE cohort. Surprisingly, almost all
the essential regulators of Th17 response were inversely correlated with TRIM21 expression,
including key transcriptional factors as IRF4 and RORγT, crucial cytokines for Th17 cells
maintaining as GM-CSF and IL-23, and the signature cytokine IL17A. Furthermore, inverse
correlation was also found between TRIM21 and Collagen type 1, which went in line with the
increased collagen content in the plaques of Trim21-deficient mice (Figure 18).
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Figure 18. TRIM21 expression correlates to the Th17 pathway in human atherosclerotic plaques.
Pearson correlation analysis between gene expression of TRIM21 and IRF4, RORγt, GM-CSF, IL-23, IL17A and Collagen type 1 in atherosclerotic plaques (obtained from 127 patients undergoing carotid
endarterectomy), respectively.

In conclusion, we here demonstrate a potent regulatory role and provide a mechanistic insight
of TRIM21 in atherosclerosis development. TRIM21 deficiency leads to a more stable plaque
phenotype with higher collagen content, which is linked to a newly discovered role for
TRIM21 as an intrinsic negative regulator of Th17 differentiation.

4.5

CONCLUDING REMARKS

This thesis illustrated the roles of NOD1, intimal SMCs, NLRP3 inflammasome and TRIM21
in contribution to the complex pathogenesis of atherosclerosis (Figure 19). Specific
conclusions include the following:
Paper I provides key insights on the role of NOD1 in vascular biology and its molecular
mechanisms. Activation of NOD1 causes extensive atherosclerosis throughout aorta and
striking occlusive atherosclerosis in both coronary and innominate arteries that are
accompanied by transmural infiltrates and arterial wall demolition. NOD1high SMCs are likely
the vascular innate immune cell capable of detecting vascular infection and injury,
transducing danger signals into inflammatory responses and accelerating atherosclerosis.
On the basis of the study in NOD1high SMCs, Paper II further identifies a SMC
subpopulation in human atherosclerosis lesion possessing a TLR2+NOD2+NOD1high imprint
with distinguished proinflammatory activity. The considerable numeral capacity and
functional potential of this SMC population suggest them as an important source of arterial
resident innate immune effector cells in human atherosclerosis that may have been
underestimated.

44

On the other hand, the role of NLRP3 inflammasome and IL-1 signaling seems to be
dominated by macrophages. In Paper III, the expression and activity of multiple canonical
and non-canonical inflammasome pathways in atherosclerotic plaques have been
investigated. Producing IL-1 has been shown as a hallmark of advanced atherosclerosis,
while IL-1β yield is markedly increased in more complex plaques and in individuals with
higher levels of circulating LDL cholesterol or receiving no or low statin treatment.
Moreover, IL-1generation in human atherosclerotic plaques is suppressible by inhibition of
the inflammasome, providing a novel angle to the reduction of plaque inflammation.
Last but not least, Paper IV strongly supports the notion that Trim21 negatively regulates the
generation of non-pathogenic Th17 cells that proposes a novel mechanism of the stabilization
of atherosclerotic plaque.
Taken together, the innate immune system is presented as a diverse and coordinated
regulatory network, which plays important roles in the pathogenesis in atherosclerosis.

Figure 19. Schematic summary of the innate immune mechanisms in atherosclerosis. Activation of
NOD1 and other innate immune receptors in intimal VSMCs leads to a potent chemokine production,
which drives a continuous macrophage and T cell recruitment into the lesion. Lesional macrophages sense
the danger signals generated in the plaque that triggers the activation of inflammasomes, which controls IL1 production and is associated with disease activity. In addition, non-pathogenic Th17 cells regulated by
Trim21 promote fibrous cap formation, thus contribute to plaque stabilization.

45

5 ACKNOWLEDGEMENTS
This 5 years journey of my PhD has been an adventure in my life, full of joy and challenges.
Thanks to all the people who shared a part of the journey with me and every tiny
achievements and difficulties we’ve been through together. All of these make who I am
today.
I would like to thank my main supervisor, Zhongqun Yan, for bring me to the world of
science, for training me to gain scientific independence and for your tremendous support and
trust. Most importantly, you showed me a good example of being a scientist, that is always
being curious, honest and critical. You have been an excellent guide on these five years’
wonderful adventure.
Göran K Hansson, my co-supervisor, thank you for providing me an opportunity to start my
PhD in the lab. I appreciate every discussion we had in the raw-data meeting, thank you for
bringing up interesting questions and sharing your knowledge and ideas with me.
Joerg Herrmann, my supervisor at Mayo Clinic, thank you for the support for our projects. I
enjoy every discussion with you, your positive attitude and great passion about science and
clinic always give me energy to continue. The 3 months research visiting in Mayo was a
fruitful and unforgettable experience to me. I survived the -20 degrees in Rochester with your
warm welcome and a fantastic Christmas party with your family.
Peder Olofsson, thank you for your support and encouragement, especially in the later part
of my PhD study. You shared your experiences to me and helped me to find the direction in
my career. Eva Sundman Olofsson, thank you for letting me get to know the Swedish
medical care system in your clinic, you are absolutely a model that I want to become in the
future.
Per Eriksson, thank you for your support, ideas and knowledge. I enjoyed a lot involving in
the joint activities in our cardiovascular research unit.
Harvest Gu, my mentor, thank you for being there whenever I need your advices and tips.
Gabrielle Paulsson-Berne, thank you for the effort in maintaining the routine in the lab and
sharing the Swedish culture (sweet rules) with us. Thank you so much for the support and
suggestions for pushing my PhD study forward.

46

Daniel Ketelhuth, thank you for sharing your knowledge in my projects and advices for my
future career.
Magnus Bäck, thank you for the input and comments for my projects and giving me the
opportunity to present my project in the KI-Mayo meeting.
Stephen Malin, thank you for sharing me your great knowledge in science and every tip you
gave me to improve myself. Thank you for the effort for organizing the journal clubs and the
seminars.
Ingrid Törnberg, I feel always being taken care of by you, really miss you a lot! You can
always fix the problem I had in my experiments. I really miss the music from your radio, and
the Swedish strawberries from your garden and your sense of humor.
Anneli Olsson, thank you for all the great help under these years. It had been a while that we
two were the earliest in the lab, and it’s a good start to begin the days with a little Swedish
conversation.
Linda Haglund, I appreciate a lot for your help with my projects, for teaching every basic
techniques step by step from the scratch, for analyzing every possible mistake in the data.
André Strodthoff, thank you for your help in the projects and showing me the technique.
Eva Palmaeus, Ann Hellström and Lillemor Melander, thanks a lot for the help with
handling the tons of tedious administration work, which saved a lot of time and energy for us.
Xiaoying Zhang (Cheryl) and Yajuan Wang, thank you for helping me to get adapted to
the new environment quickly and smoothly, for showing me the basic knowledge and
technique and sharing me the experiences in your studies. Pei Zhao, thank you for the
accompany in the lab for 3 months. I miss the time that we designed experiments, analyzing
data and also exploring Stockholm and Athens.
Susanna Brauner, it’s always been a wonderful pleasure to work with you! Your clear mind
and efficient way of working impress me a lot. We’ve been through a lot for our TRIM21
paper, which is a precious learning experience for me. I hope we’ll be co-workers again.
Marie Wahren-Herlenius and Gudny Ella Thorlacius, thank you for all the contributions
in the project.
Ulf Hedin and Joy Roy, thank you for the contribution for my projects and sharing the
knowledge under all the discussions. Ljubica Perisic, Malin Kronqvist and Mette
Lengquist, thanks a lot for your help for these years.
47

Martin Halle and Tina Christersdottir, thank you for the great help for my projects and the
time we spent under the years.
Cecilia Österholm Corbascio and Heidi Wähämaa, thank you for the generosity for
providing us the material or methods for my experiments.
Feilong Wang, perhaps I would not be able to survive the winter in Rochester without your
great help. I’m so grateful to have you there as a generous colleague and a thoughtful friend.
Lisa Nesbitt and Darrell Loeffler, thanks a lot for your help for my 3 months at Mayo.
Andrés Laguna Fernández, I feel so lucky to have you as my colleague, my friend and my
mentor in the past years. You cheered me up in my difficult times and shared my joy when I
made progress.
Anton Gisterå, it’s always nice to have you around, I can’t remember how many weekends
we both worked in the office, how many lab techniques you taught me (western blot and enface) and how many gym trainings after work.
Konstantinos Polyzos, my great labmate! I really enjoyed the time we spent together in
learning new techniques, sharing thoughts on each other’s projects and cheering each other
up after a long day.
Glykeria Karadimou, sweet Glykeria! Thank you for always being on my side (office desk
and support). The lab is always full of joy when you’re here.
Monica Centa, it’s so nice to have you around! We’ve been helping each other a lot at work
and sharing a lot feelings in life. And thank you so much for the help with my dissertation
application with Glykeria.
Martin Berg, always calm and gentleman! Thanks a lot for the support in lab and also the
help in correcting my Swedish homework.
Marcelo Petri, thanks a lot for your generous help in the lab, Swedish course and the
information for exam preparations.
Miguel Carracedo, I always feel happy to hear you call my Chinese name, and to have you
as my colleague and friend. Most importantly, to help me get into the lab building every time
I forgot my access card at weekends.
Gonzalo Artiach Castañón, it’s hard to believe a hardworking PhD student like you can also
be a talented pianist!
48

Katrin Habir, thank you for your support during the years and helping me with my Swedish.
John Pirault, it’s so nice to have you sitting beside me for almost 4 years for answering my
every tiny silly question about the experiments and results.
Reiner Mailer, I was always impressed by your hard-working and the informative FACS
data (>20 graphs on one A4 paper) as you presented in our morning meetings.
Roland Baumgartner, my generous colleague and friend (like you said, Austrians always
help)! Thanks a lot for the support and your homemade beers and tiramisu!
Maria Forteza de los Reyes, I appreciate a lot of our discussions about the projects, and so
many interesting conversations about music and movies.
Silke Thul, your warm smile and fantastic cakes are the sweetest we have in the lab.
Hildur Arnardottir, thank you for the time we spent in the lab and being my schoolmate in
Swedish learning.
April Caravaca, the queen of energy! Memories always come to the happy moments with
you, CMM pubs, our small Halloween parade…
Laura Tarnawski, thanks for every small discussion about science in the lab and the nice
company when we hang out.
Karolina Ahlsten, it’s great to have you around for your warm smile and your tips for
Gotland!
Sven-Christian Pawelzik, every time when I stayed a bit late in the lab, there’s always you
who stayed longer, perhaps much longer.
Nikolas Skenteris, Ilona Kareinen, Sanna Hellberg, Alessandro Gallina, Bianca Suur,
Lisa Hofste, Maria Rosén Klement, Hanna Agardh, Olga Ovchinnikova, Anna
Lundberg, Daniel Johansson, Daniela Strodthoff, Leif Söderström, Lasse Folkersen,
Kajsa Prokopec, Albert Dahdah, Jasmin Barimani, Teodora Andonova, Tanize Faulin,
Kathryn Anne Potter, Carolin Dreyer, Martina Walter, thank you all for sharing parts of
my PhD journey in CMM L8:03. I appreciate our every conversation about science, culture
and life. Being a member of the group together with you has been a wonderful time.
Lars Maegdefessel, thank you for clarifying the experimental models and organizing the
interesting journal clubs. Hong Jin, Suzanne Eken, Ekaterina Chernogubova, Yuhuang

49

Li (Daniel), Yan Chang, thank you for the help and support under the years. Special thanks
to Hong Jin for your kindness and generosity, I feel close to you since the first day we met.
Ewa Ehrenborg, thank you for all the encouragements and inspiring comments under my
PhD studies. Thank you for the nice company in the EAS meeting in Glasgow.
Angela Silveira, thanks a lot for the effort in many management works, especially for the
moving of our unit.
Ning Xu Landén, thank you for always being there whenever I need your help and advice
since the first day I arrived in Stockholm. I still remember you and David Landén helped me
a lot with my moving even when you still had the cold, and all the fantastic Christmas dinners
we had together.
Nailin Li, thank you for your encouragements under my PhD studies. Thank you for the
course organizing.
Andrew H. Lichtman and Sheila Leavitt, I’ll always remember our beautiful cruise trip in
Stockholm and the inspiring talk in Harvard.
Hong Chen and Rong Mu, thank you for the supervision during my MD, and the support for
my PhD studies.
Jingyi Ren, it’s my great pleasure to have you as my supervisor, mentor and friend. My PhD
journey wouldn’t start without your tips and recommendations. You always care about my
study, career and life no matter where I am, which makes me feel so warm even in the cold
and dark Swedish winter.
Zhengguo Qiao, thank you for starting our connections between Beijing and Stockholm at
the beginning, and your help with my early research plans.
Jonas Ludvigsson, thank you for the refreshing morning walks and the interesting
conversations in Swedish.
My friends in CMM, Helena Costa, Abdul-Aleem Mohammad, Anna Martinez Casals,
Ewa Kurzejamska, Sharan Ananthaseshan, KC Yaiw, Xinling Xu, Huanhuan Cui
(Leah), Masany Jung, Afsar Rahbar, Piotr Religa, Belghis Davoudi, Natalia Landázuri
Sáenz, Mattia Russel Pantalone, Peter Saliba Gustafsson, Jesper Gådin, Mona Ahmed,
Björn Gustafsson, Marita Wallin, Jiangning Yang, Zhichao Zhou, Ya-Ting Chang, ChiNan Tseng (Jack), Silvia Aldi, Lei Du, Louisa Cheung, Hoyin Lam, Varsha Prakash, it’s

50

my great pleasure to have you around, every talk at lunch or Fika with you refuel the rest of
my day. Thank you for all the help and support, for every sunny smile in the corridor and
every warm greeting to start a day.
All my friends in Sweden, China and USA, Jiangrong Wang, Xiaoyuan Ren, Chang Liu,
Xiao Tang, Tian Li, John, Ran Yang, Tong Gong, Jie Song, Yanpeng Yang, Quan Tang,
Yanying Liu, Xingmei Zhang, Mingmei Shang, Jing Guo, Ming Liu, Yiqiao Wang,
Meng Chen, Jingru Yu, Yuanyuan Zhang, Dongmei Tong, Aoxue Wang, Xi Li,
Dongqing Li, Tiantian Liu, Min Yang, Yuanjun Ma, Donghao Lyu, Benjamin Liu,
Yuan Xu, Tenghao Zheng, Xiaonan Zhang, Lidi Xu, Yixin Wang, Ying Qu, Xin Wang,
Hongya Han, Xinyan Miao, Min Guo, Huang Huey-Jy, Xiaofei Li, Limin Ma, Xuan Li,
Shuyang Yao, Xinsong Chen, Ran Ma, Bojing Liu, Xicong Liu, Yabin Wei … So many
delightful memories come to my mind when I think of you guys, thank you for all the
moments we shared together. Distances between us nowadays might be thousand miles away,
however the friendship is still as fresh as yesterday and is the treasure that I’ll always keep.
Jingcheng Xie, thank you for the encouragement at the beginning and the support over the
years.
Gunilla Colldahl and Tore Scherstén, thank you for the support, for reading my long emails
and giving me the valuable advises, for all the joyful moments we had together.
Fredrik, thank you for your support and understanding. My anxiety and worry goes away as
long as you’re around, you make me the luckiest girl.
My parents Yu Jiang and Fengqin Lyu, 爸爸妈妈，谢谢您们赐予我生命，一直以
来的支持和关爱，给我追寻梦想的自由和勇气。

51

6 REFERENCES
1.
Libby P, Ridker PM and Hansson GK. Progress and challenges in translating
the biology of atherosclerosis. Nature. 2011;473:317-25.
2.
Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N
Engl J Med. 2005;352:1685-95.
3.
Tabas I and Lichtman AH. Monocyte-Macrophages and T Cells in
Atherosclerosis. Immunity. 2017;47:621-634.
4.
Hansson GK and Hermansson A. The immune system in atherosclerosis.
Nature immunology. 2011;12:204-12.
5.
Ketelhuth DF and Hansson GK. Adaptive Response of T and B Cells in
Atherosclerosis. Circulation research. 2016;118:668-78.
6.
Liuzzo G, Biasucci L, Gallimore J, Grillo R, Rebuzzi A, Pepys M and Maseri
A. The prognostic value of C-reactive protein and serum amyloid a protein in severe unstable
angina. N Engl J Med. 1994;331:417-24.
7.
Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C,
Fonseca F, Nicolau J, Koenig W, Anker SD, Kastelein JJP, Cornel JH, Pais P, Pella D,
Genest J, Cifkova R, Lorenzatti A, Forster T, Kobalava Z, Vida-Simiti L, Flather M,
Shimokawa H, Ogawa H, Dellborg M, Rossi PRF, Troquay RPT, Libby P, Glynn RJ and
Group CT. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N
Engl J Med. 2017;377:1119-1131.
8.
Libby P and Hansson GK. Inflammation and immunity in diseases of the
arterial tree: players and layers. Circulation research. 2015;116:307-11.
9.
Gistera A and Hansson GK. The immunology of atherosclerosis. Nat Rev
Nephrol. 2017;13:368-380.
10.
Tabas I, Garcia-Cardena G and Owens GK. Recent insights into the cellular
biology of atherosclerosis. The Journal of cell biology. 2015;209:13-22.
11.
Virmani R, Burke A, Kolodgie F and Farb A. Vulnerable Plaque- The
Pathology of Unstable Coronary Lesions. J Interv Cardiol. 2002;15:439-46.
12.
Libby P. Superficial erosion and the precision management of acute coronary
syndromes: not one-size-fits-all. European heart journal. 2017;38:801-803.
13.
Crea F and Libby P. Acute Coronary Syndromes: The Way Forward From
Mechanisms to Precision Treatment. Circulation. 2017;136:1155-1166.
14.
Bentzon JF, Otsuka F, Virmani R and Falk E. Mechanisms of plaque formation
and rupture. Circulation research. 2014;114:1852-66.
15.
Hansson GK. Innate and Adaptive Immunity in the Pathogenesis of
Atherosclerosis. Circulation research. 2002;91:281-291.
16.
Lundberg AM and Hansson GK. Innate immune signals in atherosclerosis.
Clinical immunology. 2010;134:5-24.
17.
Hansson GK and Libby P. The immune response in atherosclerosis: a doubleedged sword. Nature reviews Immunology. 2006;6:508-19.
53

18.
Libby P, Lichtman AH and Hansson GK. Immune effector mechanisms
implicated in atherosclerosis: from mice to humans. Immunity. 2013;38:1092-104.
19.
Lundberg AM and Yan ZQ. Innate immune recognition receptors and damageassociated molecular patterns in plaque inflammation. Current opinion in lipidology.
2011;22:343-9.
20.
Spirig R, Tsui J and Shaw S. The Emerging Role of TLR and Innate Immunity
in Cardiovascular Disease. Cardiology research and practice. 2012;2012:181394.
21.
Ketelhuth DF and Hansson GK. Cellular immunity, low-density lipoprotein and
atherosclerosis: break of tolerance in the artery wall. Thromb Haemost. 2011;106:779-86.
22.
Frostegård J, Ulfgren A, Nyberg P, Hedin U, Swedenborg J, Andersson U and
Hansson G. Cytokine expression in advanced human atherosclerotic plaques- dominance of
pro-inflammatory (Th1) and macrophage-stimulating cytokines. Atherosclerosis.
1999;145:33-43.
23.
Mohanta SK, Yin C, Peng L, Srikakulapu P, Bontha V, Hu D, Weih F, Weber
C, Gerdes N and Habenicht AJ. Artery tertiary lymphoid organs contribute to innate and
adaptive immune responses in advanced mouse atherosclerosis. Circulation research.
2014;114:1772-87.
24.
Song L, Leung C and Schindler C. Lymphocytes are important in early
atherosclerosis. Journal of Clinical Investigation. 2001;108:251-259.
25.
Daugherty A, Puré E, Delfel-Butteiger D, Chen S, Leferovich J, Roselaar S and
Rader D. The effects of total lymphocyte deficiency on the extent of atherosclerosis in
apolipoprotein E-:- mice. The Journal of clinical investigation. 1997;100:1575-80.
26.
Zhou X, Nicoletti A, Elhage R and Hansson G. Transfer of CD4(+) T Cells
Aggravates Atherosclerosis in Immunodeficient Apolipoprotein E Knockout Mice.
Circulation. 2000;102:2919-22.
27.
Gupta S, Pablo A, Jiang X, Wang N, Tall A and Schindler C. IFN-g Potentiates
Atherosclerosis in ApoE Knock-out Mice. The Journal of clinical investigation.
1997;99:2752-61.
28.
Buono C, Come CE, Stavrakis G, Maguire GF, Connelly PW and Lichtman
AH. Influence of interferon-gamma on the extent and phenotype of diet-induced
atherosclerosis in the LDLR-deficient mouse. Arteriosclerosis, thrombosis, and vascular
biology. 2003;23:454-60.
29.
Buono C, Binder C, Stavrakis G, Witztum J, Glimcher L and Lichtman A.
T‑bet deficiency reduces atherosclerosis and alters plaque antigen-specific immune
responses. Proceedings of the National Academy of Sciences of the United States of America.
2005;102:1596-601.
30.
Klingenberg R, Gerdes N, Badeau RM, Gistera A, Strodthoff D, Ketelhuth DF,
Lundberg AM, Rudling M, Nilsson SK, Olivecrona G, Zoller S, Lohmann C, Luscher TF,
Jauhiainen M, Sparwasser T and Hansson GK. Depletion of FOXP3+ regulatory T cells
promotes hypercholesterolemia and atherosclerosis. The Journal of clinical investigation.
2013;123:1323-34.
31.
Dinh TN, Kyaw TS, Kanellakis P, To K, Tipping P, Toh BH, Bobik A and
Agrotis A. Cytokine therapy with interleukin-2/anti-interleukin-2 monoclonal antibody
complexes expands CD4+CD25+Foxp3+ regulatory T cells and attenuates development and
progression of atherosclerosis. Circulation. 2012;126:1256-66.
54

32.
Kita T, Yamashita T, Sasaki N, Kasahara K, Sasaki Y, Yodoi K, Takeda M,
Nakajima K and Hirata K. Regression of atherosclerosis with anti-CD3 antibody via
augmenting a regulatory T-cell response in mice. Cardiovascular research. 2014;102:107-17.
33.
Taleb S, Tedgui A and Mallat Z. IL-17 and Th17 cells in atherosclerosis: subtle
and contextual roles. Arteriosclerosis, thrombosis, and vascular biology. 2015;35:258-64.
34.
Kyaw T, Tipping P, Bobik A and Toh BH. Opposing roles of B lymphocyte
subsets in atherosclerosis. Autoimmunity. 2017;50:52-56.
35.
Ait-Oufella H, Herbin O, Bouaziz JD, Binder CJ, Uyttenhove C, Laurans L,
Taleb S, Van Vre E, Esposito B, Vilar J, Sirvent J, Van Snick J, Tedgui A, Tedder TF and
Mallat Z. B cell depletion reduces the development of atherosclerosis in mice. J Exp Med.
2010;207:1579-87.
36.
Kyaw T, Tay C, Krishnamurthi S, Kanellakis P, Agrotis A, Tipping P, Bobik A
and Toh BH. B1a B lymphocytes are atheroprotective by secreting natural IgM that increases
IgM deposits and reduces necrotic cores in atherosclerotic lesions. Circulation research.
2011;109:830-40.
37.
Strom AC, Cross AJ, Cole JE, Blair PA, Leib C, Goddard ME, Rosser EC, Park
I, Hultgardh Nilsson A, Nilsson J, Mauri C and Monaco C. B regulatory cells are increased in
hypercholesterolaemic mice and protect from lesion development via IL-10. Thromb
Haemost. 2015;114:835-47.
38.
Goldstein JL and Brown MS. The LDL Receptor. Arteriosclerosis, thrombosis,
and vascular biology. 2009;29:431-438.
39.
Miller YI, Viriyakosol S, Worrall DS, Boullier A, Butler S and Witztum JL.
Toll-like receptor 4-dependent and -independent cytokine secretion induced by minimally
oxidized low-density lipoprotein in macrophages. Arteriosclerosis, thrombosis, and vascular
biology. 2005;25:1213-9.
40.
Ketelhuth DF, Rios FJ, Wang Y, Liu H, Johansson ME, Fredrikson GN, Hedin
U, Gidlund M, Nilsson J, Hansson GK and Yan ZQ. Identification of a danger-associated
peptide from apolipoprotein B100 (ApoBDS-1) that triggers innate proatherogenic responses.
Circulation. 2011;124:2433-43, 1-7.
41.
Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG,
Abela GS, Franchi L, Nunez G, Schnurr M, Espevik T, Lien E, Fitzgerald KA, Rock KL,
Moore KJ, Wright SD, Hornung V and Latz E. NLRP3 inflammasomes are required for
atherogenesis and activated by cholesterol crystals. Nature. 2010;464:1357-61.
42.
Janoudi A, Shamoun FE, Kalavakunta JK and Abela GS. Cholesterol crystal
induced arterial inflammation and destabilization of atherosclerotic plaque. European heart
journal. 2016;37:1959-67.
43.
Samstad EO, Niyonzima N, Nymo S, Aune MH, Ryan L, Bakke SS, Lappegard
KT, Brekke OL, Lambris JD, Damas JK, Latz E, Mollnes TE and Espevik T. Cholesterol
crystals induce complement-dependent inflammasome activation and cytokine release.
Journal of immunology. 2014;192:2837-45.
44.
van Dijk RA, Kolodgie F, Ravandi A, Leibundgut G, Hu PP, Prasad A,
Mahmud E, Dennis E, Curtiss LK, Witztum JL, Wasserman BA, Otsuka F, Virmani R and
Tsimikas S. Differential expression of oxidation-specific epitopes and apolipoprotein(a) in
progressing and ruptured human coronary and carotid atherosclerotic lesions. J Lipid Res.
2012;53:2773-90.
55

45.
Byun YS, Lee JH, Arsenault BJ, Yang X, Bao W, DeMicco D, Laskey R,
Witztum JL, Tsimikas S and Investigators TNTT. Relationship of oxidized phospholipids on
apolipoprotein B-100 to cardiovascular outcomes in patients treated with intensive versus
moderate atorvastatin therapy: the TNT trial. Journal of the American College of Cardiology.
2015;65:1286-95.
46.
Ohashi K, Burkart V, Flohe S and Kolb H. Cutting Edge: Heat Shock Protein
60 Is a Putative Endogenous Ligand of the Toll-Like Receptor-4 Complex. The Journal of
Immunology. 2000;164:558-561.
47.
Park JS, Svetkauskaite D, He Q, Kim JY, Strassheim D, Ishizaka A and
Abraham E. Involvement of toll-like receptors 2 and 4 in cellular activation by high mobility
group box 1 protein. The Journal of biological chemistry. 2004;279:7370-7.
48.
Brinkman V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss D,
Weinrauch Y and Zychlinsky A. Neutrophil Extracellular Traps Kill Bacteria. Science.
2004;303:1532-5.
49.
Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, Weinrauch
Y, Brinkmann V and Zychlinsky A. Novel cell death program leads to neutrophil
extracellular traps. The Journal of cell biology. 2007;176:231-41.
50.
Megens RT, Vijayan S, Lievens D, Doring Y, van Zandvoort MA, Grommes J,
Weber C and Soehnlein O. Presence of luminal neutrophil extracellular traps in
atherosclerosis. Thromb Haemost. 2012;107:597-8.
51.
de Boer OJ, Li X, Teeling P, Mackaay C, Ploegmakers HJ, van der Loos CM,
Daemen MJ, de Winter RJ and van der Wal AC. Neutrophils, neutrophil extracellular traps
and interleukin-17 associate with the organisation of thrombi in acute myocardial infarction.
Thromb Haemost. 2013;109:290-7.
52.
Warnatsch A, Ioannou M, Wang Q and Papayannopoulos V. Inflammation.
Neutrophil extracellular traps license macrophages for cytokine production in atherosclerosis.
Science. 2015;349:316-20.
53.
Desvarieux M, Demmer RT, Rundek T, Boden-Albala B, Jacobs DR, Jr., Sacco
RL and Papapanou PN. Periodontal microbiota and carotid intima-media thickness: the Oral
Infections and Vascular Disease Epidemiology Study (INVEST). Circulation. 2005;111:57682.
54.
Harskamp RE and van Ginkel MW. Acute respiratory tract infections: a
potential trigger for the acute coronary syndrome. Annals of medicine. 2008;40:121-8.
55.
Kozarov E, Dom B, Shelburne C, Dunn WJ and Progulske-Fox A. Human
atherosclerotic plaque contains viable invasive Actinobacillus actinomycetemcomitans and
Porphyromonas gingivalis. Arteriosclerosis, thrombosis, and vascular biology. 2005;25:17-8.
56.
Naikl Y, Sorrentino R and Wong M. TLR/MyD88 and liver X receptor alpha
signaling pathways reciprocally control Chlamydia pneumoniae-induced acceleration of
atherosclerosis. Journal of immunology. 2008;181:7176-85.
57.
Tumurkhuu G, Dagvadorj J, Porritt RA, Crother TR, Shimada K, Tarling EJ,
Erbay E, Arditi M and Chen S. Chlamydia pneumoniae Hijacks a Host Autoregulatory IL1beta Loop to Drive Foam Cell Formation and Accelerate Atherosclerosis. Cell metabolism.
2018;28:432-448 e4.

56

58.
Smeeth L, Thiomas S, Hall A, Hubbard R, Farrington P and Vallance P. Risk of
myocardial infarction and stroke after acute infection or vaccination. N Engl J Med.
2004;351:2611-18.
59.
Tang WH and Hazen SL. The contributory role of gut microbiota in
cardiovascular disease. The Journal of clinical investigation. 2014;124:4204-11.
60.
Tang WH, Kitai T and Hazen SL. Gut Microbiota in Cardiovascular Health and
Disease. Circulation research. 2017;120:1183-1196.
61.
Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B, Petranovic D,
Backhed F and Nielsen J. Symptomatic atherosclerosis is associated with an altered gut
metagenome. Nature communications. 2012;3:1245.
62.
Edfeldt K, Swedenborg J, Hansson G and Yan Z. Expression of toll-like
receptors in human atherosclerotic lesions: a possible pathway for plaque activation.
Circulation. 2002;105:1158-1161.
63.
Kersse K, Bertrand MJ, Lamkanfi M and Vandenabeele P. NOD-like receptors
and the innate immune system: coping with danger, damage and death. Cytokine & growth
factor reviews. 2011;22:257-76.
64.
Brown J, Wang H, Hajishengallis GN and Martin M. TLR-signaling networks:
an integration of adaptor molecules, kinases, and cross-talk. Journal of dental research.
2011;90:417-27.
65.
Triantafilou M, Gamper FG, Haston RM, Mouratis MA, Morath S, Hartung T
and Triantafilou K. Membrane sorting of toll-like receptor (TLR)-2/6 and TLR2/1
heterodimers at the cell surface determines heterotypic associations with CD36 and
intracellular targeting. The Journal of biological chemistry. 2006;281:31002-11.
66.
Jeannin P, Bottazzi B, Sironi M, Doni A, Rusnati M, Presta M, Maina V,
Magistrelli G, Haeuw JF, Hoeffel G, Thieblemont N, Corvaia N, Garlanda C, Delneste Y and
Mantovani A. Complexity and complementarity of outer membrane protein A recognition by
cellular and humoral innate immunity receptors. Immunity. 2005;22:551-60.
67.
Doyle SE, O'Connell RM, Miranda GA, Vaidya SA, Chow EK, Liu PT, Suzuki
S, Suzuki N, Modlin RL, Yeh WC, Lane TF and Cheng G. Toll-like receptors induce a
phagocytic gene program through p38. J Exp Med. 2004;199:81-90.
68.
Kirii H, Niwa T, Yamada Y, Wada H, Saito K, Iwakura Y, Asano M, Moriwaki
H and Seishima M. Lack of interleukin-1beta decreases the severity of atherosclerosis in
ApoE-deficient mice. Arteriosclerosis, thrombosis, and vascular biology. 2003;23:656-60.
69.
Elhage R. Reduced atherosclerosis in interleukin-18 deficient apolipoprotein Eknockout mice. Cardiovascular research. 2003;59:234-240.
70.
Michelsen KS, Wong MH, Shah PK, Zhang W, Yano J, Doherty TM, Akira S,
Rajavashisth TB and Arditi M. Lack of Toll-like receptor 4 or myeloid differentiation factor
88 reduces atherosclerosis and alters plaque phenotype in mice deficient in apolipoprotein E.
Proceedings of the National Academy of Sciences of the United States of America.
2004;101:10679-84.
71.
Mullick AE, Tobias PS and Curtiss LK. Modulation of atherosclerosis in mice
by Toll-like receptor 2. The Journal of clinical investigation. 2005;115:3149-56.
72.
Cole J, Navin T, Cross A, Goddard M, Alexopoulou L, Mitra A, Davies A,
Flavell R, Feldmann M and Monaco C. Unexpected protective role for Toll-like receptor 3 in
57

the arterial wall. Proceedings of the National Academy of Sciences of the United States of
America. 2011;108:2372-2377.
73.
Ishibashi M, Sayers S, D'Armiento JM, Tall AR and Welch CL. TLR3
deficiency protects against collagen degradation and medial destruction in murine
atherosclerotic plaques. Atherosclerosis. 2013;229:52-61.
74.
Lundberg AM, Ketelhuth DF, Johansson ME, Gerdes N, Liu S, Yamamoto M,
Akira S and Hansson GK. Toll-like receptor 3 and 4 signalling through the TRIF and TRAM
adaptors in haematopoietic cells promotes atherosclerosis. Cardiovascular research.
2013;99:364-73.
75.
Ellenbroek GH, van Puijvelde GH, Anas AA, Bot M, Asbach M, Schoneveld
A, van Santbrink PJ, Foks AC, Timmers L, Doevendans PA, Pasterkamp G, Hoefer IE, van
der Poll T, Kuiper J and de Jager SC. Leukocyte TLR5 deficiency inhibits atherosclerosis by
reduced macrophage recruitment and defective T-cell responsiveness. Sci Rep. 2017;7:42688.
76.
Kim J, Seo M, Kim SK and Bae YS. Flagellin-induced NADPH oxidase 4
activation is involved in atherosclerosis. Sci Rep. 2016;6:25437.
77.
Karadimou G, Folkersen L, Berg M, Perisic L, Discacciati A, Roy J, Hansson
GK, Persson J and Paulsson-Berne G. Low TLR7 gene expression in atherosclerotic plaques
is associated with major adverse cardio- and cerebrovascular events. Cardiovascular
research. 2017;113:30-39.
78.
Salagianni M, Galani IE, Lundberg AM, Davos CH, Varela A, Gavriil A,
Lyytikainen LP, Lehtimaki T, Sigala F, Folkersen L, Gorgoulis V, Lenglet S, Montecucco F,
Mach F, Hedin U, Hansson GK, Monaco C and Andreakos E. Toll-like receptor 7 protects
from atherosclerosis by constraining "inflammatory" macrophage activation. Circulation.
2012;126:952-62.
79.
Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, Matsumoto M,
Hoshino K, Wagner H, Takeda K and Akira S. A Toll-like receptor recognizes bacterial
DNA. Nature. 2000;408:740-5.
80.
Hartmann G, Battiany J, Poeck H, Wagner M, Kerkmann M, Lubenow N,
Rothenfusser S and Endres S. Rational design of new CpG oligonucleotides that combine B
cell activation with high IFN- > induction in plasmacytoid dendritic cells. Eur J Immunol.
2003;33:1633-41.
81.
Koulis C, Chen YC, Hausding C, Ahrens I, Kyaw TS, Tay C, Allen T,
Jandeleit-Dahm K, Sweet MJ, Akira S, Bobik A, Peter K and Agrotis A. Protective role for
Toll-like receptor-9 in the development of atherosclerosis in apolipoprotein E-deficient mice.
Arteriosclerosis, thrombosis, and vascular biology. 2014;34:516-25.
82.
Krogmann A, Lüsebrink E, Steinmetz M, Asdonk T, Lahrmann C, Lütjohann
D, Nickenig G and Zimmer S. Proinflammatory Stimulation of Toll-Like Receptor 9 with
High Dose CpG ODN 1826 Impairs Endothelial Regeneration and Promotes Atherosclerosis
in Mice. PloS one. 2016;11:e0146326.
83.
Fukuda D, Nishimoto S, Aini K, Tanaka A, Nishiguchi T, Kim‐Kaneyama Jr,
Lei XF, Masuda K, Naruto T, Tanaka K, Higashikuni Y, Hirata Y, Yagi S, Kusunose K,
Yamada H, Soeki T, Imoto I, Akasaka T, Shimabukuro M and Sata M. Toll‐Like Receptor
9 Plays a Pivotal Role in Angiotensin II–Induced Atherosclerosis. Journal of the American
Heart Association. 2019;8.

58

84.
Kanellakis P, Agrotis A, Kyaw TS, Koulis C, Ahrens I, Mori S, Takahashi HK,
Liu K, Peter K, Nishibori M and Bobik A. High-mobility group box protein 1 neutralization
reduces development of diet-induced atherosclerosis in apolipoprotein e-deficient mice.
Arteriosclerosis, thrombosis, and vascular biology. 2011;31:313-9.
85.
Hirata Y, Kurobe H, Higashida M, Fukuda D, Shimabukuro M, Tanaka K,
Higashikuni Y, Kitagawa T and Sata M. HMGB1 plays a critical role in vascular
inflammation and lesion formation via toll-like receptor 9. Atherosclerosis. 2013;231:227-33.
86.
Philpott DJ, Sorbara MT, Robertson SJ, Croitoru K and Girardin SE. NOD
proteins: regulators of inflammation in health and disease. Nat Rev Immunol. 2014;14:9-23.
87.
Moreno L, McMaster SK, Gatheral T, Bailey LK, Harrington LS, Cartwright N,
Armstrong PC, Warner TD, Paul-Clark M and Mitchell JA. Nucleotide oligomerization
domain 1 is a dominant pathway for NOS2 induction in vascular smooth muscle cells:
comparison with Toll-like receptor 4 responses in macrophages. British journal of
pharmacology. 2010;160:1997-2007.
88.
Nishio H, Kanno S, Onoyama S, Ikeda K, Tanaka T, Kusuhara K, Fujimoto Y,
Fukase K, Sueishi K and Hara T. Nod1 ligands induce site-specific vascular inflammation.
Arteriosclerosis, thrombosis, and vascular biology. 2011;31:1093-9.
89.
Chamaillard M, Hashimoto M, Horie Y, Masumoto J, Qiu S, Saab L, Ogura Y,
Kawasaki A, Fukase K, Kusumoto S, Valvano MA, Foster SJ, Mak TW, Nunez G and
Inohara N. An essential role for NOD1 in host recognition of bacterial peptidoglycan
containing diaminopimelic acid. Nature immunology. 2003;4:702-7.
90.
Girardin SE, Boneca IG, Carneiro LA, Antignac A, Jehanno M, Viala J, Tedin
K, Taha MK, Labigne A, Zahringer U, Coyle AJ, DiStefano PS, Bertin J, Sansonetti PJ and
Philpott DJ. Nod1 detects a unique muropeptide from gram-negative bacterial peptidoglycan.
Science. 2003;300:1584-7.
91.
Kanno S, Nishio H, Tanaka T, Motomura Y, Murata K, Ihara K, Onimaru M,
Yamasaki S, Kono H, Sueishi K and Hara T. Activation of an innate immune receptor, Nod1,
accelerates atherogenesis in Apoe-/- mice. Journal of immunology. 2015;194:773-80.
92.
Motomura Y, Kanno S, Asano K, Tanaka M, Hasegawa Y, Katagiri H, Saito T,
Hara H, Nishio H, Hara T and Yamasaki S. Identification of Pathogenic Cardiac CD11c+
Macrophages in Nod1-Mediated Acute Coronary Arteritis. Arteriosclerosis, thrombosis, and
vascular biology. 2015;35.
93.
Gonzalez-Ramos S, Paz-Garcia M, Rius C, Del Monte-Monge A, Rodriguez C,
Fernandez-Garcia V, Andres V, Martinez-Gonzalez J, Lasuncion MA, Martin-Sanz P,
Soehnlein O and Bosca L. Endothelial NOD1 directs myeloid cell recruitment in
atherosclerosis through VCAM-1. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology. 2019;33:3912-3921.
94.
Caruso R, Warner N, Inohara N and Nunez G. NOD1 and NOD2: signaling,
host defense, and inflammatory disease. Immunity. 2014;41:898-908.
95.
Ogura Y, Bonen DK and Inohara N. A frameshift mutation in NOD2 associated
with susceptibility to Crohn's disease. Nature. 2001;411:603-606.
96.
Hugot JP, Chamaillard M and Zouali H. Association of NOD2 leucine-rich
repeat variants with susceptibility to Crohn's disease. Nature. 2001;411:599-603.

59

97.
Laman JD, Schoneveld AH, Moll FL, Meurs M and Pasterkamp G.
Significance of Peptidoglycan, a Proinflammatory Bacterial Antigen in Atherosclerotic
Arteries and Its Association With Vulnerable Plaques. Am J Cardiol. 2002;90:119-123.
98.
Johansson ME, Zhang XY, Edfeldt K, Lundberg AM, Levin MC, Boren J, Li
W, Yuan XM, Folkersen L, Eriksson P, Hedin U, Low H, Sviridov D, Rios FJ, Hansson GK
and Yan ZQ. Innate immune receptor NOD2 promotes vascular inflammation and formation
of lipid-rich necrotic cores in hypercholesterolemic mice. Eur J Immunol. 2014;44:3081-92.
99.
Liu HQ, Zhang XY, Edfeldt K, Nijhuis MO, Idborg H, Back M, Roy J, Hedin
U, Jakobsson PJ, Laman JD, de Kleijn DP, Pasterkamp G, Hansson GK and Yan ZQ. NOD2mediated innate immune signaling regulates the eicosanoids in atherosclerosis.
Arteriosclerosis, thrombosis, and vascular biology. 2013;33:2193-201.
100.
Yuan H, Zelkha S, Burkatovskaya M, Gupte R, Leeman SE and Amar S.
Pivotal role of NOD2 in inflammatory processes affecting atherosclerosis and periodontal
bone loss. Proceedings of the National Academy of Sciences of the United States of America.
2013;110:E5059-68.
101.
Latz E, Xiao TS and Stutz A. Activation and regulation of the inflammasomes.
Nature reviews Immunology. 2013;13:397-411.
102.
Dinarello CA. Immunological and inflammatory functions of the interleukin-1
family. Annual review of immunology. 2009;27:519-50.
103.
Davis BK, Wen H and Ting JP. The inflammasome NLRs in immunity,
inflammation, and associated diseases. Annual review of immunology. 2011;29:707-35.
104.
Rajamäki K, Lappalainen J, Oörni K, Välimäki E, Matikainen S, Kovanen P
and Eklund K. Cholesterol crystals activate the NLRP3 inflammasome in human
macrophages: a novel link between cholesterol metabolism and inflammation. PloS one.
2010;5:e11765.
105.
Sheedy FJ, Grebe A, Rayner KJ, Kalantari P, Ramkhelawon B, Carpenter SB,
Becker CE, Ediriweera HN, Mullick AE, Golenbock DT, Stuart LM, Latz E, Fitzgerald KA
and Moore KJ. CD36 coordinates NLRP3 inflammasome activation by facilitating
intracellular nucleation of soluble ligands into particulate ligands in sterile inflammation.
Nature immunology. 2013;14:812-20.
106.
Niemi K, Teirila L, Lappalainen J, Rajamaki K, Baumann MH, Oorni K, Wolff
H, Kovanen PT, Matikainen S and Eklund KK. Serum amyloid A activates the NLRP3
inflammasome via P2X7 receptor and a cathepsin B-sensitive pathway. Journal of
immunology. 2011;186:6119-28.
107.
Kanneganti TD and Lamkanfi M. K(+) drops tilt the NLRP3 inflammasome.
Immunity. 2013;38:1085-8.
108.
Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran TM and
Nunez G. K(+) efflux is the common trigger of NLRP3 inflammasome activation by bacterial
toxins and particulate matter. Immunity. 2013;38:1142-53.
109.
De Nardo D and Latz E. NLRP3 inflammasomes link inflammation and
metabolic disease. Trends in immunology. 2011;32:373-9.
110.
Iyer S, He Q and JR. J. Mitochondrial cardiolipin is required for nlrp3
inflammasome activation. Immunity. 2013;39:311-23.

60

111.
Ichinohe T, Yamazaki T, Koshiba T and Yanagi Y. Mitochondrial protein
mitofusin 2 is required for NLRP3 inflammasome activation after RNA virus infection. Proc
Natl Acad Sci U S A. 2013;110:17963-8.
112.
Yan Y, Jiang W, Liu L, Wang X, Ding C, Tian Z and Zhou R. Dopamine
controls systemic inflammation through inhibition of NLRP3 inflammasome. Cell.
2015;160:62-73.
113.
Zheng F, Xing S, Gong Z, Mu W and Xing Q. Silence of NLRP3 suppresses
atherosclerosis and stabilizes plaques in apolipoprotein E-deficient mice. Mediators of
inflammation. 2014;2014:507208.
114.
Menu P, Pellegrin M, Aubert JF, Bouzourene K, Tardivel A, Mazzolai L and
Tschopp J. Atherosclerosis in ApoE-deficient mice progresses independently of the NLRP3
inflammasome. Cell death & disease. 2011;2:e137.
115.
Chavez-Sanchez L, Espinosa-Luna JE, Chavez-Rueda K, Legorreta-Haquet
MV, Montoya-Diaz E and Blanco-Favela F. Innate immune system cells in atherosclerosis.
Archives of medical research. 2014;45:1-14.
116.
Weber C, Zernecke A and Libby P. The multifaceted contributions of leukocyte
subsets to atherosclerosis: lessons from mouse models. Nature reviews Immunology.
2008;8:802-15.
117.
Loppnow H, Werdan K and Buerke M. Vascular cells contribute to
atherosclerosis by cytokine- and innate-immunity-related inflammatory mechanisms. Innate
immunity. 2008;14:63-87.
118.
Tabas I and Bornfeldt KE. Macrophage Phenotype and Function in Different
Stages of Atherosclerosis. Circulation research. 2016;118:653-67.
119.
Robbins CS, Hilgendorf I, Weber GF, Theurl I, Iwamoto Y, Figueiredo JL,
Gorbatov R, Sukhova GK, Gerhardt LM, Smyth D, Zavitz CC, Shikatani EA, Parsons M, van
Rooijen N, Lin HY, Husain M, Libby P, Nahrendorf M, Weissleder R and Swirski FK. Local
proliferation dominates lesional macrophage accumulation in atherosclerosis. Nature
medicine. 2013;19:1166-72.
120.
Murphy AJ and Tall AR. Disordered haematopoiesis and athero-thrombosis.
European heart journal. 2016;37:1113-21.
121.
Panizzi P, Swirski FK, Figueiredo JL, Waterman P, Sosnovik DE, Aikawa E,
Libby P, Pittet M, Weissleder R and Nahrendorf M. Impaired infarct healing in
atherosclerotic mice with Ly-6C(hi) monocytosis. Journal of the American College of
Cardiology. 2010;55:1629-38.
122.
Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra J, Garin A,
Liu J, Mack M, van Rooijen N, Lira SA, Habenicht AJ and Randolph GJ. Monocyte subsets
differentially employ CCR2, CCR5, and CX3CR1 to accumulate within atherosclerotic
plaques. The Journal of clinical investigation. 2007;117:185-94.
123.
Swirski FK, Pittet MJ, Kircher MF, Aikawa E, Jaffer FA, Libby P and
Weissleder R. Monocyte accumulation in mouse atherogenesis is progressive and
proportional to extent of disease. Proceedings of the National Academy of Sciences of the
United States of America. 2006;103:10340-5.
124.
Swirski FK, Libby P, Aikawa E, Alcaide P, Luscinskas FW, Weissleder R and
Pittet MJ. Ly-6Chi monocytes dominate hypercholesterolemia-associated monocytosis and

61

give rise to macrophages in atheromata. The Journal of clinical investigation. 2007;117:195205.
125.
Stoneman V, Braganza D, Figg N, Mercer J, Lang R, Goddard M and Bennett
M. Monocyte/macrophage suppression in CD11b diphtheria toxin receptor transgenic mice
differentially affects atherogenesis and established plaques. Circulation research.
2007;100:884-93.
126.
Lesnik P, Haskell CA and Charo IF. Decreased atherosclerosis in CX3CR1–/–
mice reveals a role for fractalkine in atherogenesis. Journal of Clinical Investigation.
2003;111:333-340.
127.
Combadiere C. Decreased Atherosclerotic Lesion Formation in
CX3CR1/Apolipoprotein E Double Knockout Mice. Circulation. 2003;107:1009-1016.
128.
Teupser D, Pavlides S, Tan M, Gutierrez-Ramos J, Kolbeck R and Breslow JL.
Major reduction of atherosclerosis in fractalkine (CX3CL1)-deficient mice is at the
brachiocephalic artery, not the aortic root. Proceedings of the National Academy of Sciences
of the United States of America. 2004;101:17795-800.
129.
Moore KJ, Sheedy FJ and Fisher EA. Macrophages in atherosclerosis: a
dynamic balance. Nat Rev Immunol. 2013;13:709-21.
130.
De Paoli F, Staels B and Chinetti-Gbaguidi G. Macrophage Phenotypes and
Their Modulation in Atherosclerosis. Circulation Journal. 2014;78:1775-1781.
131.
Chinetti-Gbaguidi G, Baron M, Bouhlel MA, Vanhoutte J, Copin C, Sebti Y,
Derudas B, Mayi T, Bories G, Tailleux A, Haulon S, Zawadzki C, Jude B and Staels B.
Human atherosclerotic plaque alternative macrophages display low cholesterol handling but
high phagocytosis because of distinct activities of the PPARgamma and LXRalpha pathways.
Circulation research. 2011;108:985-95.
132.
Stoger JL, Gijbels MJ, van der Velden S, Manca M, van der Loos CM, Biessen
EA, Daemen MJ, Lutgens E and de Winther MP. Distribution of macrophage polarization
markers in human atherosclerosis. Atherosclerosis. 2012;225:461-8.
133.
Doring Y, Drechsler M, Soehnlein O and Weber C. Neutrophils in
atherosclerosis: from mice to man. Arteriosclerosis, thrombosis, and vascular biology.
2015;35:288-95.
134.
Naruko T. Neutrophil Infiltration of Culprit Lesions in Acute Coronary
Syndromes. Circulation. 2002;106:2894-2900.
135.
Ionita MG, van den Borne P, Catanzariti LM, Moll FL, de Vries JP, Pasterkamp
G, Vink A and de Kleijn DP. High neutrophil numbers in human carotid atherosclerotic
plaques are associated with characteristics of rupture-prone lesions. Arteriosclerosis,
thrombosis, and vascular biology. 2010;30:1842-8.
136.
Franck G, Mawson T, Sausen G, Salinas M, Masson GS, Cole A, BeltramiMoreira M, Chatzizisis Y, Quillard T, Tesmenitsky Y, Shvartz E, Sukhova GK, Swirski FK,
Nahrendorf M, Aikawa E, Croce KJ and Libby P. Flow Perturbation Mediates Neutrophil
Recruitment and Potentiates Endothelial Injury via TLR2 in Mice: Implications for
Superficial Erosion. Circulation research. 2017;121:31-42.
137.
Haumer M, Amighi J, Exner M, Mlekusch W, Sabeti S, Schlager O,
Schwarzinger I, Wagner O, Minar E and Schillinger M. Association of neutrophils and future
cardiovascular events in patients with peripheral artery disease. Journal of vascular surgery.
2005;41:610-7.
62

138.
Mayer FJ, Gruenberger D, Schillinger M, Mannhalter C, Minar E,
Koppensteiner R, Arbesu I, Niessner A and Hoke M. Prognostic value of neutrophils in
patients with asymptomatic carotid artery disease. Atherosclerosis. 2013;231:274-80.
139.
Drechsler M, Megens RT, van Zandvoort M, Weber C and Soehnlein O.
Hyperlipidemia-triggered neutrophilia promotes early atherosclerosis. Circulation.
2010;122:1837-45.
140.
Zernecke A, Bot I, Djalali-Talab Y, Shagdarsuren E, Bidzhekov K, Meiler S,
Krohn R, Schober A, Sperandio M, Soehnlein O, Bornemann J, Tacke F, Biessen EA and
Weber C. Protective role of CXC receptor 4/CXC ligand 12 unveils the importance of
neutrophils in atherosclerosis. Circulation research. 2008;102:209-17.
141.
Shi GP, Bot I and Kovanen PT. Mast cells in human and experimental
cardiometabolic diseases. Nature reviews Cardiology. 2015;12:643-58.
142.
Willems S, Vink A, Bot I, Quax PH, de Borst GJ, de Vries JP, van de Weg SM,
Moll FL, Kuiper J, Kovanen PT, de Kleijn DP, Hoefer IE and Pasterkamp G. Mast cells in
human carotid atherosclerotic plaques are associated with intraplaque microvessel density
and the occurrence of future cardiovascular events. European heart journal. 2013;34:3699706.
143.
Kupreishvili K, Fuijkschot WW, Vonk AB, Smulders YM, Stooker W, Van
Hinsbergh VW, Niessen HW and Krijnen PA. Mast cells are increased in the media of
coronary lesions in patients with myocardial infarction and may favor atherosclerotic plaque
instability. J Cardiol. 2017;69:548-554.
144.
Kovanen PT. Mast cells: multipotent local effector cells in atherothrombosis.
Immunol Rev. 2007;217:105-22.
145.
Heikkila HM, Trosien J, Metso J, Jauhiainen M, Pentikainen MO, Kovanen PT
and Lindstedt KA. Mast cells promote atherosclerosis by inducing both an atherogenic lipid
profile and vascular inflammation. J Cell Biochem. 2010;109:615-23.
146.
Bot I, Shi GP and Kovanen PT. Mast cells as effectors in atherosclerosis.
Arteriosclerosis, thrombosis, and vascular biology. 2015;35:265-71.
147.
Sun J, Sukhova GK, Wolters PJ, Yang M, Kitamoto S, Libby P, MacFarlane
LA, Mallen-St Clair J and Shi GP. Mast cells promote atherosclerosis by releasing
proinflammatory cytokines. Nature medicine. 2007;13:719-24.
148.
Wang J, Sjoberg S, Tia V, Secco B, Chen H, Yang M, Sukhova GK and Shi
GP. Pharmaceutical stabilization of mast cells attenuates experimental atherogenesis in lowdensity lipoprotein receptor-deficient mice. Atherosclerosis. 2013;229:304-9.
149.
Walker JA, Barlow JL and McKenzie AN. Innate lymphoid cells--how did we
miss them? Nature reviews Immunology. 2013;13:75-87.
150.
Eberl G, Colonna M, Di Santo JP and McKenzie AN. Innate lymphoid cells.
Innate lymphoid cells: a new paradigm in immunology. Science. 2015;348:aaa6566.
151.
Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, Koyasu S,
Locksley RM, McKenzie AN, Mebius RE, Powrie F and Vivier E. Innate lymphoid cells--a
proposal for uniform nomenclature. Nature reviews Immunology. 2013;13:145-9.
152.
Artis D and Spits H. The biology of innate lymphoid cells. Nature.
2015;517:293-301.

63

153.
Yokota Y, Mansouri A, Mori S, Suqawara S, Adachi S, Nishikawa S and Gruss
P. Development of peripheral lymphoid organs and natural killer cells depends on the
helix±loop±helix inhibitor Id2. Nature. 1999;25:702-6.
154.
Boos MD, Yokota Y, Eberl G and Kee BL. Mature natural killer cell and
lymphoid tissue-inducing cell development requires Id2-mediated suppression of E protein
activity. J Exp Med. 2007;204:1119-30.
155.
Spits H and Di Santo JP. The expanding family of innate lymphoid cells:
regulators and effectors of immunity and tissue remodeling. Nature immunology. 2011;12:217.
156.
Engelbertsen D, Foks A, Alberts-Grill N, Kuperwaser F, Chen T, Lederer J,
Jarolim P, Grabie N and Lichtman A. Expansion of CD25+ Innate Lymphoid Cells Reduces
Atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology. 2015;35:2526-35.
157.
Bobryshev YV and Lord RS. Identification of natural killer cells in human
atherosclerotic plaque. Atherosclerosis. 2005;180:423-7.
158.
Whitman SC, Rateri DL, Szilvassy SJ, Yokoyama W and Daugherty A.
Depletion of natural killer cell function decreases atherosclerosis in low-density lipoprotein
receptor null mice. Arteriosclerosis, thrombosis, and vascular biology. 2004;24:1049-54.
159.
Linton MF, Major AS and Fazio S. Proatherogenic role for NK cells revealed.
Arteriosclerosis, thrombosis, and vascular biology. 2004;24:992-4.
160.
Schiller NK. Inflammation in Atherosclerosis: Lesion Formation in LDL
Receptor-Deficient Mice With Perforin and Lystbeige Mutations. Arteriosclerosis,
thrombosis, and vascular biology. 2002;22:1341-1346.
161.
Martinez-Rodriguez JE, Munne-Collado J, Rasal R, Cuadrado E, Roig L, Ois
A, Muntasell A, Baro T, Alameda F, Roquer J and Lopez-Botet M. Expansion of the
NKG2C+ natural killer-cell subset is associated with high-risk carotid atherosclerotic plaques
in seropositive patients for human cytomegalovirus. Arteriosclerosis, thrombosis, and
vascular biology. 2013;33:2653-9.
162.
Selathurai A, Deswaerte V, Kanellakis P, Tipping P, Toh BH, Bobik A and
Kyaw T. Natural killer (NK) cells augment atherosclerosis by cytotoxic-dependent
mechanisms. Cardiovascular research. 2014;102:128-37.
163.
Salimi M, Barlow JL, Saunders SP, Xue L, Gutowska-Owsiak D, Wang X,
Huang LC, Johnson D, Scanlon ST, McKenzie AN, Fallon PG and Ogg GS. A role for IL-25
and IL-33-driven type-2 innate lymphoid cells in atopic dermatitis. J Exp Med.
2013;210:2939-50.
164.
Mjosberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B,
Fokkens WJ, Cupedo T and Spits H. Human IL-25- and IL-33-responsive type 2 innate
lymphoid cells are defined by expression of CRTH2 and CD161. Nature immunology.
2011;12:1055-62.
165.
Bernink JH, Peters CP, Munneke M, te Velde AA, Meijer SL, Weijer K,
Hreggvidsdottir HS, Heinsbroek SE, Legrand N, Buskens CJ, Bemelman WA, Mjosberg JM
and Spits H. Human type 1 innate lymphoid cells accumulate in inflamed mucosal tissues.
Nature immunology. 2013;14:221-9.
166.
Newland SA, Mohanta S, Clement M, Taleb S, Walker JA, Nus M, Sage AP,
Yin C, Hu D, Kitt LL, Finigan AJ, Rodewald HR, Binder CJ, McKenzie ANJ, Habenicht AJ

64

and Mallat Z. Type-2 innate lymphoid cells control the development of atherosclerosis in
mice. Nature communications. 2017;8:15781.
167.
Gomez D and Owens GK. Smooth muscle cell phenotypic switching in
atherosclerosis. Cardiovascular research. 2012;95:156-64.
168.
Perry RL and Rudnick MA. Molecular mechanisms regulating myogenic
determination and differentiation. Frontiers in bioscience : a journal and virtual library.
2000;5:D750-67.
169.
Goikuria H, Freijo M, Vega Manrique R, Sastre M, Elizagaray E, Lorenzo A,
Vandenbroeck K and Alloza I. Characterization of Carotid Smooth Muscle Cells during
Phenotypic Transition. Cells. 2018;7:23.
170.
Hao H, Gabbiani G and Bochaton-Piallat ML. Arterial smooth muscle cell
heterogeneity: implications for atherosclerosis and restenosis development. Arteriosclerosis,
thrombosis, and vascular biology. 2003;23:1510-20.
171.
McCaffrey T, Nicholson A, Szabo P, Weksler M and Weksler B. Aging and
arteriosclerosis. The increased proliferation of arterial smooth muscle cells isolated from old
rats is associated with increased platelet-derived growth factor-like activity. J Exp Med.
1988;167:163-74.
172.
Hao H, Ropraz P, Verin V, Camenzind E, Geinoz A, Pepper M, Gabbiani G
and Bochaton-Piallat M. Heterogeneity of smooth muscle cell populations cultured from pig
coronary artery. Arteriosclerosis, thrombosis, and vascular biology. 2002;22:1093-1099.
173.
Li Z, Cheng H, Lederer W, Froehlich J and Lakatta E. Enhanced proliferation
and migration and altered cytoskeletal proteins in early passage smooth muscle cells from
young and old rat aortic explants. Exp Mol Pathol. 1997;64:1-11.
174.
Bochaton-Piallat M, Gabbiani G and Pepper M. Plasminogen activator
expression in rat arterial smooth muscle cells depends on their phenotype and is modulated
by cytokines. Circulation research. 1998;82:1086-93.
175.
Rensen S, Doevendans P and van Eys G. Regulation and characteristics of
vascular smooth muscle cell phenotypic diversity. Neth Heart J. 2007;15:100-108.
176.
Wang X, Hu G, Betts C, Harmon EY, Keller RS, Van De Water L and Zhou J.
Transforming growth factor-beta1-induced transcript 1 protein, a novel marker for smooth
muscle contractile phenotype, is regulated by serum response factor/myocardin protein. The
Journal of biological chemistry. 2011;286:41589-99.
177.
Brisset AC, Hao H, Camenzind E, Bacchetta M, Geinoz A, Sanchez JC,
Chaponnier C, Gabbiani G and Bochaton-Piallat ML. Intimal smooth muscle cells of porcine
and human coronary artery express S100A4, a marker of the rhomboid phenotype in vitro.
Circulation research. 2007;100:1055-62.
178.
McCaffrey T, Nicholson A, Szabo P, Weksler M and Weksler B. Aging and
arteriosclerosis. The increased proliferation of arterial smooth muscle cells isolated from old
rats is associated with increased platelet-derived growth factor-like activity. J Exp Med.
1988;1:163-74.
179.
Neuville P, Geinoz A, Benzonana G, Redard M, Gabbiani F, Ropraz P and
Gabbiani G. Cellular Retinol-Binding Protein-1 Is Expressed by Distinct Subsets of Rat
Arterial Smooth Muscle Cells in Vitro and in Vivo. The American journal of pathology.
1997;150:509-21.

65

180.
Osterholm C, Folkersen L, Lengquist M, Ponten F, Renne T, Li J and Hedin U.
Increased expression of heparanase in symptomatic carotid atherosclerosis. Atherosclerosis.
2013;226:67-73.
181.
Coen M, Marchetti G, Palagi PM, Zerbinati C, Guastella G, Gagliano T,
Bernardi F, Mascoli F and Bochaton-Piallat ML. Calmodulin expression distinguishes the
smooth muscle cell population of human carotid plaque. The American journal of pathology.
2013;183:996-1009.
182.
Allahverdian S, Chehroudi AC, McManus BM, Abraham T and Francis GA.
Contribution of intimal smooth muscle cells to cholesterol accumulation and macrophage-like
cells in human atherosclerosis. Circulation. 2014;129:1551-9.
183.
Wang Y, Dubland JA, Allahverdian S, Asonye E, Sahin B, Erh Jaw J, Sin DD,
Seidman MA, Leeper NJ and Francis GA. Smooth Muscle Cells Contribute the Majority of
Foam Cells in ApoE (Apolipoprotein E)-Deficient Mouse Atherosclerosis. Arteriosclerosis,
thrombosis, and vascular biology. 2019.
184.
Gough PJ, Greaves DR, Suzuki H, Hakkinen T, Hiltunen MO, Turunen M,
Herttuala SY, Kodama T and Gordon S. Analysis of macrophage scavenger receptor (SR-A)
expression in human aortic atherosclerotic lesions. Arteriosclerosis, thrombosis, and vascular
biology. 1999;19:461-71.
185.
Nakata A, Nakagawa Y, Nishida M, Nozaki S, Miyagawa J, Nakagawa T and
al e. CD36, a novel receptor for oxidized low-density lipoproteins, is highly expressed on
lipid-laden macrophages in human atherosclerotic aorta. Arteriosclerosis, thrombosis, and
vascular biology. 1999;19:1333-39.
186.
Li H, Freeman MW and Libby P. Regulation of smooth muscle cell scavenger
receptor expression in vivo by atherogenic diets and in vitro by cytokines. The Journal of
clinical investigation. 1995;95:122-33.
187.
Choi HY, Rahmani M, Wong BW, Allahverdian S, McManus BM, Pickering
JG, Chan T and Francis GA. ATP-binding cassette transporter A1 expression and
apolipoprotein A-I binding are impaired in intima-type arterial smooth muscle cells.
Circulation. 2009;119:3223-31.
188.
Rong JX, Shapiro M, Trogan E and Fisher EA. Transdifferentiation of mouse
aortic smooth muscle cells to a macrophage-like state after cholesterol loading. Proceedings
of the National Academy of Sciences of the United States of America. 2003;100:13531-6.
189.
Klouche M, Rose-John S, Schmiedt W and Bhakdi S. Enzymatically degraded,
nonoxidized LDL induces human vascular smooth muscle cell activation, foam cell
transformation, and proliferation. Circulation. 2000;101:1799-805.
190.
Barlic J, Zhang Y and Murphy PM. Atherogenic lipids induce adhesion of
human coronary artery smooth muscle cells to macrophages by up-regulating chemokine
CX3CL1 on smooth muscle cells in a TNFalpha-NFkappaB-dependent manner. The Journal
of biological chemistry. 2007;282:19167-76.
191.
Chellan B, Rojas E, Zhang C and Hofmann Bowman MA. Enzyme-modified
non-oxidized LDL (ELDL) induces human coronary artery smooth muscle cell
transformation to a migratory and osteoblast-like phenotype. Scientific Reports. 2018;8.
192.
Frontini MJ, O'Neil C, Sawyez C, Chan BM, Huff MW and Pickering JG. Lipid
incorporation inhibits Src-dependent assembly of fibronectin and type I collagen by vascular
smooth muscle cells. Circulation research. 2009;104:832-41.
66

193.
Feil S, Fehrenbacher B, Lukowski R, Essmann F, Schulze-Osthoff K, Schaller
M and Feil R. Transdifferentiation of vascular smooth muscle cells to macrophage-like cells
during atherogenesis. Circulation research. 2014;115:662-7.
194.
Caplice NM, Bunch TJ, Stalboerger PG, Wang S, Simper D, Miller DV,
Russell SJ, Litzow MR and Edwards WD. Smooth muscle cells in human coronary
atherosclerosis can originate from cells administered at marrow transplantation. Proceedings
of the National Academy of Sciences of the United States of America. 2003;100:4754-9.
195.
Iwata H, Manabe I, Fujiu K, Yamamoto T, Takeda N, Eguchi K, Furuya A,
Kuro-o M, Sata M and Nagai R. Bone marrow-derived cells contribute to vascular
inflammation but do not differentiate into smooth muscle cell lineages. Circulation.
2010;122:2048-57.
196.
Stewart HJ, Guildford AL, Lawrence-Watt DJ and Santin M. Substrate-induced
phenotypical change of monocytes/macrophages into myofibroblast-like cells: a new insight
into the mechanism of in-stent restenosis. Journal of biomedical materials research Part A.
2009;90:465-71.
197.
Martin K, Weiss S, Metharom P, Schmeckpeper J, Hynes B, O'Sullivan J and
Caplice N. Thrombin stimulates smooth muscle cell differentiation from peripheral blood
mononuclear cells via protease-activated receptor-1, RhoA, and myocardin. Circulation
research. 2009;105:214-8.
198.
Yang X, Coriolan D, Schultz K, Golenbock DT and Beasley D. Toll-like
receptor 2 mediates persistent chemokine release by Chlamydia pneumoniae-infected
vascular smooth muscle cells. Arteriosclerosis, thrombosis, and vascular biology.
2005;25:2308-14.
199.
Schoneveld AH, Oude Nijhuis MM, van Middelaar B, Laman JD, de Kleijn DP
and Pasterkamp G. Toll-like receptor 2 stimulation induces intimal hyperplasia and
atherosclerotic lesion development. Cardiovascular research. 2005;66:162-9.
200.
Lee JH, Joo JH, Kim J, Lim HJ, Kim S, Curtiss L, Seong JK, Cui W, YabeNishimura C and Bae YS. Interaction of NADPH oxidase 1 with Toll-like receptor 2 induces
migration of smooth muscle cells. Cardiovascular research. 2013;99:483-93.
201.
Heo SK, Yun HJ, Noh EK, Park WH and Park SD. LPS induces inflammatory
responses in human aortic vascular smooth muscle cells via Toll-like receptor 4 expression
and nitric oxide production. Immunology letters. 2008;120:57-64.
202.
Loppnow H, Buerke M, Werdan K and Rose-John S. Contribution of vascular
cell-derived cytokines to innate and inflammatory pathways in atherogenesis. Journal of
cellular and molecular medicine. 2011;15:484-500.
203.
Yan ZQ and Hansson GK. Overexpression of inducible nitric oxide synthase by
neointimal smooth muscle. Circulation research. 1998;82:21-29.
204.
Kiyan Y, Tkachuk S, Hilfiker-Kleiner D, Haller H, Fuhrman B and Dumler I.
oxLDL induces inflammatory responses in vascular smooth muscle cells via urokinase
receptor association with CD36 and TLR4. Journal of molecular and cellular cardiology.
2014;66:72-82.
205.
Zeiffer U, Schober A, Lietz M, Liehn EA, Erl W, Emans N, Yan ZQ and
Weber C. Neointimal smooth muscle cells display a proinflammatory phenotype resulting in
increased leukocyte recruitment mediated by P-selectin and chemokines. Circulation
research. 2004;94:776-84.
67

206.
Sun J and Ding Y. NOD2 agonist promotes the production of inflammatory
cytokines in VSMC in synergy with TLR2 and TLR4 agonists. TheScientificWorldJournal.
2012;2012:607157.
207.
Loppnow H and Libby P. Proliferating or interleukin 1-activated human
vascular smooth muscle cells secrete copious interleukin 6. The Journal of clinical
investigation. 1990;85:731-8.
208.
Niemann-Jönsson A, Ares M, Yan Z, Bu D, Fredrikson G, Brånén L, Pörn-Ares
I, Nilsson A and Nilsson J. Increased rate of apoptosis in intimal arterial smooth muscle cells
through endogenous activation of TNF receptors. Arterioscler Thromb Vasc Biol.
2001;21:1909-14.
209.
Wang M, Zhang J, Spinetti G, Jiang LQ, Monticone R, Zhao D, Cheng L,
Krawczyk M, Talan M, Pintus G and Lakatta EG. Angiotensin II activates matrix
metalloproteinase type II and mimics age-associated carotid arterial remodeling in young rats.
The American journal of pathology. 2005;167:1429-42.
210.
Spinetti G, Wang M, Monticone R, Zhang J, Zhao D and Lakatta EG. Rat aortic
MCP-1 and its receptor CCR2 increase with age and alter vascular smooth muscle cell
function. Arteriosclerosis, thrombosis, and vascular biology. 2004;24:1397-402.
211.
Koga J and Aikawa M. Crosstalk between macrophages and smooth muscle
cells in atherosclerotic vascular diseases. Vascular pharmacology. 2012;57:24-8.
212.
Ostriker A, Horita H, Poczobutt J, Weiser-Evans MC and Nemenoff RA.
Vascular smooth muscle cell–Derived transforming growth factor-β promotes maturation of
activated, neointima lesion–like macrophages. Arterioscler Thromb Vasc Biol. 2014;34:877886.
213.
Smith JD, Trogan E, Ginsberg M, Grigaux C, Tian J and Miyata M. Decreased
atherosclerosis in mice deficient in both macrophage colony-stimulating factor (op) and
apolipoprotein E. Proceedings of the National Academy of Sciences of the United States of
America. 1995;92:8264-68.
214.
Yin C, Mohanta S, Srikakulapu P, Weber C and Habenicht A. Artery Tertiary
Lymphoid Organs: Powerhouses of Atherosclerosis immunity. Frontiers in immunology.
2016;7:eCollection.
215.
Hu D, Mohanta SK, Yin C, Peng L, Ma Z, Srikakulapu P, Grassia G,
MacRitchie N, Dever G, Gordon P, Burton FL, Ialenti A, Sabir SR, McInnes IB, Brewer JM,
Garside P, Weber C, Lehmann T, Teupser D, Habenicht L, Beer M, Grabner R, Maffia P,
Weih F and Habenicht AJ. Artery Tertiary Lymphoid Organs Control Aorta Immunity and
Protect against Atherosclerosis via Vascular Smooth Muscle Cell Lymphotoxin beta
Receptors. Immunity. 2015;42:1100-15.
216.
Mack CP. Signaling mechanisms that regulate smooth muscle cell
differentiation. Arteriosclerosis, thrombosis, and vascular biology. 2011;31:1495-505.
217.
Du KL, Ip HS, Li J, Chen M, Dandre F, Yu W, Lu MM, Owens GK and
Parmacek MS. Myocardin Is a Critical Serum Response Factor Cofactor in the
Transcriptional Program Regulating Smooth Muscle Cell Differentiation. Molecular and
Cellular Biology. 2003;23:2425-2437.
218.
Wang D, Li S, Hockemeyer D, Sutherland L, Wang Z, Schratt G, Richardson J,
Nordheim A and Olson E. Potentiation of serum response factor activity by a family of

68

myocardin-related transcription factors. Proceedings of the National Academy of Sciences of
the United States of America. 2002;99:14855-60.
219.
Wang D, Chang P, Wang Z, Sutherland L, Richardson J, Small E, Krieg P and
Olson E. Activation of cardiac gene expression by myocardin, a transcriptional cofactor for
serum response factor. Cell. 2001;105:851-62.
220.
Ackers-Johnson M and Talasila A. Myocardin regulates vascular smooth
muscle cell inflammatory activation and disease. Arteriosclerosis, thrombosis, and vascular
biology. 2015.
221.
V P. The role of C/EBP isoforms in the control of inflammatory and native
immunity functions. J Bio Chem. 1998;273:29279-82.
222.
Chakraborty R, Saddouk FZ, Carrao AC, Krause DS, Greif DM and Martin
KA. Promoters to Study Vascular Smooth Muscle. Arteriosclerosis, thrombosis, and vascular
biology. 2019;39:603-612.
223.
Cordes KR, Sheehy NT, White MP, Berry EC, Morton SU, Muth AN, Lee TH,
Miano JM, Ivey KN and Srivastava D. miR-145 and miR-143 regulate smooth muscle cell
fate and plasticity. Nature. 2009;460:705-10.
224.
Yoshida T, Kaestner KH and Owens GK. Conditional deletion of Kruppel-like
factor 4 delays downregulation of smooth muscle cell differentiation markers but accelerates
neointimal formation following vascular injury. Circulation research. 2008;102:1548-57.
225.
Cherepanova OA, Gomez D, Shankman LS, Swiatlowska P, Williams J,
Sarmento OF, Alencar GF, Hess DL, Bevard MH, Greene ES, Murgai M, Turner SD, Geng
YJ, Bekiranov S, Connelly JJ, Tomilin A and Owens GK. Activation of the pluripotency
factor OCT4 in smooth muscle cells is atheroprotective. Nature medicine. 2016;22:657-65.
226.
Shankman LS, Gomez D, Cherepanova OA, Salmon M, Alencar GF, Haskins
RM, Swiatlowska P, Newman AA, Greene ES, Straub AC, Isakson B, Randolph GJ and
Owens GK. KLF4-dependent phenotypic modulation of smooth muscle cells has a key role in
atherosclerotic plaque pathogenesis. Nature medicine. 2015.
227.
Liu R, Jin Y, Tang WH, Qin L, Zhang X, Tellides G, Hwa J, Yu J and Martin
KA. Ten-eleven translocation-2 (TET2) is a master regulator of smooth muscle cell plasticity.
Circulation. 2013;128:2047-57.
228.
Yoshida T, Yamashita M, Horimai C and Hayashi M. Smooth muscle-selective
inhibition of nuclear factor-kappaB attenuates smooth muscle phenotypic switching and
neointima formation following vascular injury. Journal of the American Heart Association.
2013;2:e000230.
229.
Huang L, Zhang SM, Zhang P, Zhang XJ, Zhu LH, Chen K, Gao L, Zhang Y,
Kong XJ, Tian S, Zhang XD and Li H. Interferon regulatory factor 7 protects against vascular
smooth muscle cell proliferation and neointima formation. Journal of the American Heart
Association. 2014;3:e001309.
230.
Zhang S, Gao L, Zhang X, Zhang R, Zhu L, Wang P, Tian S, Yang D, Chen K,
Huang L, Zhang X and Li H. Interferon regulatory factor 8 modulates phenotypic switching
of smooth muscle cells by regulating the activity of myocardin. Mol Cell Biol. 2014;34:400414.
231.
Zhang SM, Zhu LH, Chen HZ, Zhang R, Zhang P, Jiang DS, Gao L, Tian S,
Wang L, Zhang Y, Wang PX, Zhang XF, Zhang XD, Liu DP and Li H. Interferon regulatory

69

factor 9 is critical for neointima formation following vascular injury. Nature communications.
2014;5:5160.
232.
Christoph M, Ibrahim K, Hesse K, Augstein A, Schmeisser A, Braun-Dullaeus
RC, Simonis G, Wunderlich C, Quick S, Strasser RH and Poitz DM. Local inhibition of
hypoxia-inducible factor reduces neointima formation after arterial injury in ApoE-/- mice.
Atherosclerosis. 2014;233:641-7.
233.
Kwon JS, Joung H, Kim YS, Shim YS, Ahn Y, Jeong MH and Kee HJ.
Sulforaphane inhibits restenosis by suppressing inflammation and the proliferation of
vascular smooth muscle cells. Atherosclerosis. 2012;225:41-9.
234.
Daniel JM, Dutzmann J, Bielenberg W, Widmer-Teske R, Gunduz D, Hamm
CW and Sedding DG. Inhibition of STAT3 signaling prevents vascular smooth muscle cell
proliferation and neointima formation. Basic research in cardiology. 2012;107:261.
235.
Kapourchali FR, Surendiran G, Chen L, Uitz E, Bahadori B and Moghadasian
MH. Animal models of atherosclerosis. World journal of clinical cases. 2014;2:126-32.
236.
Ishibashi S, Herz J, Maeda N, Goldstein J and Brown M. The two-receptor
model of lipoprotein clearance- Tests of the hypothesis in "knockout" mice lacking the low
density lipoprotein receptor, apolipoprotein E, or both proteins. Proceedings of the National
Academy of Sciences of the United States of America. 1994;91:4431-5.
237.
Ishibashi S, Brown M, Goldstein J, Gerard R, Hammer R and Herz J.
Hypercholesterolemia in Low Density Lipoprotein Receptor Knockout Mice and its Reversal
by Adenovirus-mediated Gene Delivery. The Journal of clinical investigation. 1993;92:88393.
238.
Linton M, Atkinson J and Fazio S. Prevention of atherosclerosis in
apolipoprotein E-deficient mice by bone marrow transplantation. Science. 1995;267:1034-7.
239.
Daugherty A, Tall AR, Daemen MJAP, Falk E, Fisher EA, García-Cardeña G,
Lusis AJ, Owens AP, Rosenfeld ME and Virmani R. Recommendation on Design, Execution,
and Reporting of Animal Atherosclerosis Studies: A Scientific Statement From the American
Heart Association. Arteriosclerosis, thrombosis, and vascular biology. 2017;37.
240.
Bu DX, Erl W, de Martin R, Hansson GK and Yan ZQ. IKKbeta-dependent
NF-kappaB pathway controls vascular inflammation and intimal hyperplasia. FASEB J.
2005;19:1293-5.
241.
Folkersen L, van't Hooft F, Chernogubova E, Agardh HE, Hansson GK, Hedin
U, Liska J, Syvanen AC, Paulsson-Berne G, Franco-Cereceda A, Hamsten A, Gabrielsen A,
Eriksson P, BiKe and groups As. Association of genetic risk variants with expression of
proximal genes identifies novel susceptibility genes for cardiovascular disease. Circulation
Cardiovascular genetics. 2010;3:365-73.
242.
Agardh HE, Folkersen L, Ekstrand J, Marcus D, Swedenborg J, Hedin U,
Gabrielsen A and Paulsson-Berne G. Expression of fatty acid-binding protein 4/aP2 is
correlated with plaque instability in carotid atherosclerosis. Journal of internal medicine.
2011;269:200-10.
243.
Perisic L, Aldi S, Sun Y, Folkersen L, Razuvaev A, Roy J, Lengquist M,
Akesson S, Wheelock CE, Maegdefessel L, Gabrielsen A, Odeberg J, Hansson GK,
Paulsson-Berne G and Hedin U. Gene expression signatures, pathways and networks in
carotid atherosclerosis. Journal of internal medicine. 2016;279:293-308.

70

244.
Fensterl V and Sen GC. Interferon-induced Ifit proteins: their role in viral
pathogenesis. J Virol. 2015;89:2462-8.
245.
Lin CS, Hsieh PS, Hwang LL, Lee YH, Tsai SH, Tu YC, Hung YW, Liu CC,
Chuang YP, Liao MT, Chien S and Tsai MC. The CCL5/CCR5 Axis Promotes Vascular
Smooth Muscle Cell Proliferation and Atherogenic Phenotype Switching. Cell Physiol
Biochem. 2018;47:707-720.
246.
Young BJL, Sukhova GK, Foster D, Kisiel W, Libby P and Schönbeck U. The
serpin proteinase inhibitor 9 Is an endogenous inhibitor of interleukin 1
b–converting enzyme (Caspase-1) activity in human vascular smooth muscle cells. J Exp
Med. 2000;191:1535-1544.
247.
Wang R, Wu W, Li W, Huang S, Li Z, Liu R, Shan Z, Zhang C, Li W and
Wang S. Activation of NLRP3 Inflammasome Promotes Foam Cell Formation in Vascular
Smooth Muscle Cells and Atherogenesis Via HMGB1. Journal of the American Heart
Association. 2018;7.
248.
Paramel Varghese G, Folkersen L, Strawbridge RJ, Halvorsen B, Yndestad A,
Ranheim T, Krohg-Sorensen K, Skjelland M, Espevik T, Aukrust P, Lengquist M, Hedin U,
Jansson JH, Fransen K, Hansson GK, Eriksson P and Sirsjo A. NLRP3 Inflammasome
Expression and Activation in Human Atherosclerosis. Journal of the American Heart
Association. 2016;5.
249.
Paulin N, Viola J, Maas S, de Jong R, Fernandes-Alnemri T, Weber C,
Drechsler M, Döring Y and Soehnlein O. Double-Strand DNA Sensing Aim2 Inflammasome
Regulates Atherosclerotic Plaque Vulnerability. Circulation. 2018;138:321-323.
250.
Pan J, Han L, Guo J, Wang X, Liu D, Tian J, Zhang M and An F. AIM2
accelerates the atherosclerotic plaque progressions in ApoE−/− mice. Biochemical and
Biophysical Research Communications. 2018;498:487-494.
251.
Freigang S, Ampenberger F, Weiss A, Kanneganti T-D, Iwakura Y, Hersberger
M and Kopf M. Fatty acid–induced mitochondrial uncoupling elicits inflammasomeindependent IL-1α and sterile vascular inflammation in atherosclerosis. Nature immunology.
2013;14:1045-1053.
252.
Rhoads JP, Lukens JR, Wilhelm AJ, Moore JL, Mendez-Fernandez Y,
Kanneganti TD and Major AS. Oxidized Low-Density Lipoprotein Immune Complex
Priming of the Nlrp3 Inflammasome Involves TLR and FcgammaR Cooperation and Is
Dependent on CARD9. Journal of immunology. 2017;198:2105-2114.
253.
Coll RC, Robertson AA, Chae JJ, Higgins SC, Munoz-Planillo R, Inserra MC,
Vetter I, Dungan LS, Monks BG, Stutz A, Croker DE, Butler MS, Haneklaus M, Sutton CE,
Nunez G, Latz E, Kastner DL, Mills KH, Masters SL, Schroder K, Cooper MA and O'Neill
LA. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of
inflammatory diseases. Nature medicine. 2015;21:248-55.
254.
van der Heijden T, Kritikou E, Venema W, van Duijn J, van Santbrink PJ,
Slutter B, Foks AC, Bot I and Kuiper J. NLRP3 Inflammasome Inhibition by MCC950
Reduces Atherosclerotic Lesion Development in Apolipoprotein E-Deficient Mice.
Arteriosclerosis, thrombosis, and vascular biology. 2017.
255.
Espinosa A, Dardalhon V, Brauner S, Ambrosi A, Higgs R, Quintana FJ,
Sjostrand M, Eloranta ML, Ni Gabhann J, Winqvist O, Sundelin B, Jefferies CA, Rozell B,
Kuchroo VK and Wahren-Herlenius M. Loss of the lupus autoantigen Ro52/Trim21 induces
71

tissue inflammation and systemic autoimmunity by disregulating the IL-23-Th17 pathway. J
Exp Med. 2009;206:1661-71.
256.
Oke V and Wahren-Herlenius M. The immunobiology of Ro52 (TRIM21) in
autoimmunity: a critical review. J Autoimmun. 2012;39:77-82.
257.
Esplugues E, Huber S, Gagliani N, Hauser AE, Town T, Wan YY, O'Connor
W, Jr., Rongvaux A, Van Rooijen N, Haberman AM, Iwakura Y, Kuchroo VK, Kolls JK,
Bluestone JA, Herold KC and Flavell RA. Control of TH17 cells occurs in the small intestine.
Nature. 2011;475:514-8.
258.
Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M,
Monticelli S, Lanzavecchia A and Sallusto F. Pathogen-induced human TH17 cells produce
IFN-gamma or IL-10 and are regulated by IL-1beta. Nature. 2012;484:514-8.

72

