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Abstract

Despite the focus placed on cardiovascular research, the prevalence of vascular and valvular
calcification is increasing and remains a leading contributor of cardiovascular morbidity and
mortality. Accumulating studies provide evidence that cardiovascular calcification is an
inflammatory disease in which innate immune signaling becomes sustained and/or excessive,
shaping a deleterious adaptive response. The triggering immune factors and subsequent
inflammatory events surrounding cardiovascular calcification remain poorly understood, despite
sustained significant research interest and support in the field. Most studies on cardiovascular
calcification focus on innate cells, particularly macrophages’ ability to release calcification-prone
extracellular vesicles and apoptotic bodies. Even though substantial evidence demonstrates that
macrophages are key components in triggering cardiovascular calcification, the crosstalk between
innate and adaptive immune cell components has not been adequately addressed. The only
therapeutic options currently used are invasive procedures by surgery or transcatheter intervention.
However, no approved drug has shown prophylactic or therapeutic effectiveness. Conventional
diagnostic imaging is currently the best method for detecting, measuring, and assisting in the
treatment of calcification. However, they are unable to detect microscopic changes in the early
stage of disease; therefore, the vast majority of patients are diagnosed when macrocalcifications
are already established. In this review, we unravel the current knowledge of how innate and
adaptive immunity regulate cardiovascular calcification; and put forward differences and
similarities between vascular and valvular disease. Additionally, we highlight potential
immunomodulatory drugs with the potential to target calcification and propose avenues in need of
further translational inquiry.
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INTRODUCTION

Inflammation drives calcification

Cardiovascular disease (CVD) has accounted for the greatest number of deaths in the United
States over the past century [1]. Among CVD, atherosclerosis and calcific aortic valve
disease (CAVD) remain the primary contributors to mortality worldwide. Atherosclerosis
and aortic valve stenosis share epidemiological risk factors and may share similarities within
their mechanisms.

Atherosclerosis is a chronic inflammatory disease of the arteries, which leads to
mineralization in the intimal layer of the lesion. Atherosclerotic calcification is concomitant
with the development of advanced plaque and a hallmark of disease progression [2]. In
aortic valves, calcification leads to increased leaflet stiffness, resulting in eventual leaflet
impairment. Coupled with reduced blood flow, this can cause heart failure and death [3].
Calcification has been shown to be an accurate predictor in the identification of future
cardiovascular events and a key contributor in atherosclerosis and CAVD [4]. Currently,
there is no therapy to prevent or treat calcification in CVD, beckoning the necessity for
significant advancements in the field. Vascular calcification is a multifaceted disorder, as it
can be initiated during many conditions, either through inflammation and/or
hyperphosphatemia-associated pathways [5]. Extracellular vesicles (EVS), originating from
vascular smooth muscle cells (VSMCs) and macrophages, share functional similarities to
osteoblast-derived bone matrix vesicles and play an integral role in the genesis of
cardiovascular calcification [6, 7]. Calcifying EVs derived from osteogenic macrophages,
VSMCs or VICs, are enriched with pro-calcifying factors, including annexins and tissue
non-specific alkaline phosphatase (TNAP). These factors facilitate ion entrance into the
vesicle, providing all components needed for mineralization. The culmination of ions within
the EV begins the mineralization process, while membrane enzymes and proteins drive the
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localization [8]. Different degrees of calcium deposition are associated with progression and
severity of CVD [9]. In the early stage of disease, microscopic changes are undetectable by
conventional diagnostic imaging modalities. Therefore, most patients are diagnosed at
advanced stage of disease, when macrocalcifications are already established.

Using molecular imaging techniques, Aikawa et a/. showed an association between
macrophage burden and osteogenesis in experimental early-stage atherosclerosis [10, 11].
Subsequently, an experimental model of CAVD, employing noninvasive near-infrared optical
fluorescence molecular imaging, was developed. It detected inflammatory and osteogenic
activity in early stage of disease, reinforcing the inflammation-dependent mechanisms of
calcification [11, 12]. Additionally, this study identified the stages of disease progression.
During initiation, activated macrophages release pro-osteogenic factors, promoting
differentiation of valvular interstitial cells (VICs) into osteoblast-like cells. The propagation
stage is characterized by excessive production of EVs that contribute to the formation of
microcalcification [12, 13]. In the late stage, inflammatory activity is reduced and the
morphological leaflet changes with progressive macrocalcification [11, 12]. Similar
progressive stages occur during atherosclerotic lesion formation. These findings provide new
insights into the biology of inflammation-triggered osteoblastic activity, especially during
preclinical microcalcifications, and extends the paradigm that cardiovascular calcification is
an inflammatory disease. Although knowledge surrounding CVD has been increasing, the
triggering immune factors and subsequent inflammatory events remain poorly understood.
This review covers insights into the inflammatory mechanisms in valvular and vascular
calcification through an integrated combination of innate and adaptive immune response
studies.

INNATE IMMUNE RESPONSE

The innate immune system is the first line of defense and is activated by pathogen- or host
damage-associated molecular patterns (PAMPs or DAMPS). These patterns can be
recognized by membrane receptors, Toll-like receptors (TLRs). These receptors are
implicated in CVD because improper TLR activation either infiltrates immune cells or their
presence in resident cells can lead to amplification of inflammation promoting chronic
deleterious effects [14—16]. TLR activation initiates a cascade that results in the
translocation of NF-xB into the nucleus, where it induces proinflammatory gene expression
[17]. Innate components act through cell-dependent mechanisms or secreted factors, shaping
the ensuing adaptive immune response [18].

In healthy heart valves, aortic valve interstitial cells (VICs), aortic valve endothelial cells
(VECs), and tissue-resident innate immune cells are present [19]. Macrophages and
dendritic cells exist in the heart at birth, and can increase 10-15% during postnatal valve
development [19]. Innate and adaptive components reside in normal, non-inflamed mice
aorta, indicating that constitutive trafficking regulates leukocytes within the vessel wall [20].

Most studies on cardiovascular calcification are focused on innate cells, their ability to
release calcification-prone EV’s, and remodeling of the extracellular matrix (ECM) [6, 8].
Since most histopathological findings in human CVD are derived from explanted end-stage
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disease tissue, it is difficult to extrapolate the role of innate resident immune cells in
calcification.

Macrophages

Calcified aortic valve—Macrophages have been utilized to determine the degree of
calcification because of their significant presence in calcified leaflets, making determination
of their role in CAVD particularly important [21, 22]. Inflammatory cells enter into valvular
tissue through neovessels or through trans-endothelial migration mediated by adhesion
molecules, such as ICAM and VCAM [23, 24]. Proinflammatory macrophages (M1)
produce pleiotropic cytokines, such as TNF-a and IL-6, and are the predominant
macrophage subset present in CAVD [25, 26]. TNF-a and IL-6 have been associated with
increased expression of osteogenic morphogenetic protein 2 (BMP2) [22, 27-29]. In
addition, neutralization of TNF-a and IL-6 reduced osteogenic differentiation of VICs /n
vitro [25]. Furthermore, TNF-a strongly activates the canonical NF-xB pathway, leading to
expression of several genes involved in the inflammatory response, while also influencing
VIC mineralization [27, 28].

During macrophage polarization into a proinflammatory phenotype, arginine acts as a
substrate for nitric oxide synthase (NOS); thereby, contributing to nitric oxide (NO)
generation [30]. Increased oxidative stress leads to upregulation of Runx2 and receptor
activator of nuclear factor B ligand (RANKL), which mediates the crosstalk between
calcifying VSMCs and the migration and differentiation of macrophages into osteoclast-like
cells [31]. Additionally, high levels of superoxide and hydrogen peroxide are associated with
CAVD [32]. Lipid retention is a common histological finding in the ECM in CAVD and may
act as a potent agonist of the TLRs [33].

Oxidized-low density lipoproteins (ox-LDL) have been shown to stimulate TLR-2/4 and
promote VIC mineralization [34]. Activated VICs negatively modulate the osteogenic
response through TLR-2/4 activation by oxLDL. This can lead to down-regulation of 1L-37,
an anti-inflammatory cytokine, which suppresses NF-xB function and negatively modulates
the osteogenic response [35-37]. Furthermore, biglycan expression is increased in CAVD
and can participate in the retention of lipids within the valve tissue and promote osteogenic
transition through TLR-2 in VICs [38].

Macrophage-derived proteinases, such as cathepsins or metalloproteinases (MMP-2 and
MMP-9), lead to degradation of collagen and elastin in the valve matrix; thereby, disrupting
valve architecture and promoting osteogenic differentiation of myofibroblasts [39].
Expression of MMPs is influenced by IL-1p expression in cells from CAVD, [40]. /n vivo
studies showed that inflammatory macrophages promote VEC and VIC calcification in a
cathepsin S-dependent manner, especially during CAVD and aortic valve stenosis [21, 41].
In vivo proteolytic activity, measured via magneto fluorescent nanoparticle imaging probes,
demonstrated that macrophages specifically target inflammatory processes, highlighting
their importance during osteogenesis [21].

High-resolution microscopy revealed that macrophages release calcifying EVs that
contribute to cardiovascular calcification in hyperphosphatemic milieu [6, 42]. Furthermore,
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pro-inflammatory macrophage-derived EVs can deliver miR-214 to VICs, promoting
calcification [25]. This data shows an additional mechanism of EVs in immune osteogenesis,
as miR-214 is associated with an inflammatory response.

Atherosclerotic plaque—In atherosclerosis, macrophages play a central role by
engulfing oxLDL, leading to foam cell formation and inducing the upregulation of TLR-4.
This sequence promotes activation of the innate immune response and inflammatory
response [43]. TLR signaling leads to release of proinflammatory cytokines, promoting cell
adhesion and enhancing the release of MMPs by macrophages, which contribute to tissue
injury. TLR-4 is upregulated and concentrated in the area most sensitive to undergoing
plaque rupture [44]. Since infectious agents, such as Chlamydia pneumoniae, have been
detected in atherosclerotic lesions, it is likely that there is a link between the development of
atherosclerosis and the activation of proinflammatory TLR signaling [45, 46].

Macrophages secrete cytokines, proteases and other factors, driving the fate of plaque
towards either an unstable or stable phenotype. Unstable plaque associates with a
proinflammatory mechanism of promoting cell death and thinning of the fibrous cap. In
contrast, stable plaque is linked to resolving macrophages [47]. Since calcification occurs
concomitantly with inflammation, it remains difficult to unravel the specific effects of
different macrophage subtypes. While it was suggested that unstable plaque, with a high
content of proinflammatory macrophages, contains numerous macrocalcifications, several
reports show a large prevalence of macrocalcification in stable plaque, which tend to be
more fibrotic and rich in anti-inflammatory macrophages [48].

Pro-inflammatory macrophages release numerous cytokines in atherosclerotic plaque,
including TNF-a, IL-1p and IL-6, which can be implicated in arterial calcification. TNF-a
induces VSMC differentiation into an osteochondrogenic phenotype, releasing calcifying
EVs. In vitro, TNF-a. promotes osteochondrogenic differentiation of VSMCs through the
Msx2/Wnt and cAMP/PKA pathways [49, 50]. Similarly, TNF-a upregulates endothelial
cell production of BMPs [51]. Interestingly, treatment with TNFa-neutralizing antibody in
Ldlr”=mice under high fat diet reduces early calcium deposition in the aorta [50]. These
observations highlight the importance of TNF-a in plaque calcification.

IL-1B pathway inhibition decreases the development of arterial calcification in ApoE~~ and
Ldlr”~ mice atherosclerosis models [52, 53]. Nevertheless, blocking IL-1p does not reduce
calcification content in advanced plaque of ApoE~~ mice [54]. Concurrently, Cereni et a/
showed that high serum levels of IL-1f are associated with elevated coronary calcium score,
an independent predictor of cardiovascular death [53]. However, even with these insights,
further studies are still required to unravel the direct effect of IL-1p on cardiovascular
calcification.

IL-6, which can be secreted by macrophages, fibroblasts, VSMCs, T cells and B cells, has
emerged as an important factor in bone homeostasis promoting osteoclast activity, in
differentiation of T cell subsets (promoting T helper-17 and T follicular helper) and B cells
(promoting plasma cell maturation) [55]. IL-6 demonstrated the ability to promote
osteogenic differentiation and mineralization of VSMCs /n vitro [56, 57]. Furthermore, IL-6
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promotes VSMC differentiation through various pathways, including RANKL production,
which serves an autocrine/paracrine function, BMP2, and STAT3/Runx2 [56-58]. In
addition, in patients with rheumatoid arthritis or chronic kidney disease, coronary artery
calcification (CAC) score is positively correlated with plasma levels of IL-6 [59, 60].

IL-18, which could be secreted by macrophages, showed a pro-calcifying function in the
cardiovascular system. IL-18 promotes VSMC and VIC osteoblastic transition [61, 62].
Likewise, human serum analysis showed a positive correlation between 1L-18 and CAC
score [61].

MMPs play a critical role in the remodeling of atherosclerotic plaque. Previous studies
observed co-localization between MMP-3, MMP-9, MMP-10 and vascular calcification in
human and murine models [63-65]. The direct pro-calcifying role of MMPs is not clear,
even if some data supports this hypothesis. For instance, MMP-10 deletion inhibits /in vitro
VSMC calcification and reduces mineralization of atherosclerotic plaque in conjunction with
reduction of the plaque size [63].

Unexpectedly, anti-inflammatory macrophages, implicated in resolution of inflammation
leading to plaque stabilization through promotion of fibrosis, can release pro-calcifying
factors. More precisely, TGF-p was described as a direct promoter of VSMC-mediated
calcification [66, 67]. However, the pro-fibrotic function of TGF-f can also support
calcification, since the ECM supports EVs and crystal deposition [68].

Inflammatory milieu may direct disease outcome by driving macrophage polarization
towards a mineral resorptive state (classically activated phenotype) or a mineral deposition
state (alternatively activated phenotype) [69]. However, even though substantial evidence
demonstrates that macrophages are key cellular components in cardiovascular calcification,
the interaction between macrophages and other leukocyte populations needs further
investigation. Identifying this connection will determine if it directs a protective or
pathogenic immune response.

Dendritic cells

Dendritic cells (DCs) initiate an antigen-specific response through their antigen-presenting
function to cells of the adaptive immune system. Found in areas of turbulent flow both in
atherosclerotic vessels and calcified valves, few studies have addressed the role of DCs in
cardiovascular calcification.

In atherosclerotic arteries, DCs are found in the intima layer and mainly localize in the
shoulder of fragile plaque, and co-localize with clusters of T cells, expressing activation
marker CD83 [70]. Remarkably, the highest number of DCs are found in vulnerable plaque,
suggesting DC function is associated with plaque destabilization, which might occur through
activation of T cells [70]. Studies from experimental atherosclerosis mice models did not
provide evidence of direct involvement of DCs in calcification, but showed a strong
implication of the T cell response through antigen-presenting cell (APC) activity, suggesting
a possible indirect stimulation of arterial calcification [71].
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In heart valves, DCs are situated below the aortic-side endothelium, a site exposed to
turbulent flow [72]. The accumulation of reactive oxygen species in DCs under hypertensive
conditions promote the formation of neo-antigens, which are presented to T CD8™ cells,
leading to IFN-y and IL-17A secretion [73]. The hypertension stimuli can play a significant
role in CAVD progression through APCs, including DCs, which is similar to atherosclerosis.
However, the relationship between DCs and their role in cardiovascular calcification remains
poorly understood.

Mast cells (MCs) are involved in first line defense against pathogens and are a good source
of mediators, such as proteases and cytokines [74]. The main effector mechanism is
mediated through the MC specific proteases, tryptase and chymase, released by
degranulation [74].

Evidence exists that MC protease production associates with aortic stenosis (AS) and an
increased number of MCs is linked with disease severity in patients with AS [75].
Additionally, activated MCs produce cathepsin G, which causes elastin degradation [21, 41].
Tryptase is another protease released by MCs that has been shown to degrade endostatin, an
antiangiogenic molecule, in cells from AS patients [76]. Furthermore, these cells can
produce vascular endothelial growth factor (VEGF), demonstrating an additional
contribution to neovascularization [76]. Finally, chymase secretion by MCs may contribute
to the conversion of angiotensin | to angiotensin 11, which has been associated with the
promotion of valvular thickening in mice [77]. Due to the significant role of MCs during
valve tissue remodeling, they may also play an important role in calcification.

Throughout atherosclerosis progression, MCs are present in the intima and adventitia. MC
tryptase staining is observed within atherosclerotic sites around small calcified deposits and
microcalcification, but rarely around large calcification, suggesting a role in the initiation
stage of calcification [78]. Even if no direct link has been established between MCs effector
mechanisms and calcification, it is recognized that chymase induces VSMC apoptosis,
which could be related to vascular calcification [79]. Tryptase and chymase are also
implicated in ECM change within atherosclerotic plaque via activation of MMPs, which is
linked to vascular calcification [80].

Even though no evidence exists as to the role of MCs in calcification processes, their role in
ECM remodeling is relevant; therefore, they may contribute to cardiovascular calcification.

Neutrophils are the most abundant leukocyte in circulation and are part of the innate immune
response. Effector mechanisms involve release of granules, phagocytosis and formation of
neutrophil extracellular traps (NETS). In the cardiovascular system, increased hemodynamic
forces may activate neutrophils and stimulate the release of NETs [81]. These chromatin-
based structures trigger blood coagulation by recruiting platelets, leading to thrombus
formation [82].
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Activated platelets might also directly promote valvular leaflet calcification during high
shear stress by inducing osteogenic differentiation in VICs [83]. Furthermore, platelets
express and release osteocalcin, reinforcing their involvement in mineralization. Moreover,
neutrophilic proteins, such as myeloperoxidase (MPQ) and neutrophil elastase (NE),
stimulate macrophages to produce cytokines, including IL-1p and ROS, demonstrating
another parallel to what occurs in atherosclerosis [84-86]. Additionally, Kopytek et al.
evaluated the presence of NETS in stenotic valves and found a correlation with disease
severity, suggesting the contribution of neutrophils in the pathogenic process [87].
Furthermore, neutrophil-to-lymphocyte ratio has been approached as a predictor of
prognosis in CVD [88].

NETSs are observed in atherosclerosis, where they can be induced by activation of TLR,
oxLDL, or cholesterol crystals [89]. Components of NETSs, such as cathepsin G and
cathelicidins, exhibit monocyte-attracting activity in atherosclerotic plaques [90, 91]
Neutrophils and NETs are shown to promote endothelial apoptosis and detachment in plaque
erosion. Likewise, a recent report showed a direct pro-apoptotic effect on VSMCs through
histone H4, which could be involved in calcification formation through the release of
apoptotic bodies [89]. NETSs strongly induce platelet adhesion, activation, and aggregation.
Because of these functions, neutrophils may promote vascular calcification through
activation of platelets, which then release pro-calcifying mediators, such as osteocalcin and
TGF-p [92, 93]. In addition to these direct effects on calcification, neutrophils also drive
lesion development, which can indirectly affect calcification [89].

Natural killer cells

Natural killer (NK) cells are potent immune cells acting through cytotoxic activity and can
also display an immune-regulatory function. Even if they are present in plaque, the role of
NK cells on atherosclerosis development is limited, as there are no studies addressing their
role in CAVD [94, 95]. Once activated by stress signals, NK cells release cytotoxic
molecules, granzymes and perforins, or act via death receptor ligands, such as FasL and
TNF-related apoptosis-inducing ligand, leading to target cell apoptosis [96]. It is plausible
that NK cells may contribute to cardiovascular calcification pathogenesis by promoting
apoptosis, since cell death is related to CAC and CAVD at sites of microcalcification [97,
98]. On the other hand, an indirect function of NK cells could be hypothesized to work
through the release of cytokines, such as IFN-y, TNF or IL-10, potentially modulating the
inflammatory state of atherosclerotic plaque within the aortic valve [96]. However, further
studies are required to provide evidence of these hypotheses /n vitroand in vivo.

ADAPTIVE IMMUNE RESPONSE

The processes by which the adaptive immune response acts directly on calcification
processes are much less described when compared to innate immune response processes.
However, it is very likely that the polarization of immune response by lymphocytes
orchestrates the development of protective or pathogenic responses, interfering with disease
onset.
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Adaptive immunity recognizes non-self-antigens with a high specificity. Innate immunity-
derived cells, termed APCs, determine the single recognition epitope. The specificity of
recognition depends on the rearrangement of antigen receptors, such as T cell receptors
(TCRs), B cell receptors (BCRs) and immunoglobulins, followed by clonal expansion of the
specially activated cells [99]. In this context, macrophage polarization in the initial stages of
disease influences the effector function of adaptive cellular components and may constitute a
point of therapeutic interference. However, the direct mechanisms between adaptive
response and calcium deposition are not yet fully understood.

Because of this cell education step, the adaptive response is slow and delayed compared to
the innate immune response. Since CVDs are typically chronic diseases, adaptive
components should play an important role in the disease progression over time, but are
ineffective when mounting an immediate response.

Conversely to macrophages and DCs, there is no resident T cell or B cell in healthy arteries
or valves. However, the presence of macrophages and DCs, both APCs, illustrate the
immune surveillance leading to the adaptive immune response. In early to late stage
atherosclerosis and in calcified aortic valves, studies show local infiltration of T cells and B
cells [99-101].

T cells are the main regulators of the adaptive immune system, driven by specific antigen
recognition. Depending on their function, T cells can be subdivided into T helpers (Th), as
they help orchestrate activity of other cells; cytotoxic T cells (CTL), inducing death of
damaged or infected cells; and T regulatory (Treg) cells, which serve a modulatory role in
suppressing T cell activity and maintaining self-tolerance. Numerous studies have
established the presence of T lymphocytes in calcified arteries and valves. In addition,
infiltration of T cells in CAVD is correlated with an increased pressure gradient, an
echocardiographic severity parameter of AS [102].

Prominent lymphocytic infiltrates have been observed in CAVD and are distributed in the
vicinity of calcium deposits, which are close to the endothelial lining and regions of
neoangiogenesis [103]. In a study conducted by Guauque-Olarte et al., the RNA expression
profile of calcified valves was evaluated by RNA sequencing. Enriched pathways analysis
using highly expressed genes in CAVD, compared to normal aortic valves, showed several
pathways involving T cell signaling, reinforcing the participation of the innate immune
response in the pathogenesis of CAVD [104].

Cytotoxic T cells (CTL)—Comparison of T cell receptor-beta (TCR-) with CAVD-
infiltrated and circulating T cells demonstrated that infiltrating T CD4+ and CTL (CD8+)
repertoire involve clonal expansion, signifying an antigen-specific immunological response
in CAVD [105]. Accordingly, CTL consist of a clonal expanded population and play a
memory function in blood and valve tissue [106]. Concurrently, higher CD4+ memory T cell
levels were associated with higher CAC score [107].
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Similarly, it was shown in human CAVD that cytotoxic T cell-derived IFN-y impairs
calcium resorption by having a direct effect on osteoclasts, supporting the notion that CTL
promotes valvular calcification [24].

T helpers (Thl and Th2)—T helper lymphocytes are responsible for modulating local
inflammation. In atherosclerosis, Thl cells are most represented in plaques and secrete
cytokines, such as IFN-y and TNF-a,, which drive lesion progression. Thl has not been
directly connected to cardiovascular calcification, but its ability to promote inflammation
may support the pro-calcifying process.

Conversely, the Th2 cell cytokine, IL-4, is negatively correlated with ischemic
cardiovascular events, suggesting a positive effect on the stabilization of atherosclerosis
[108]. Indeed, it is well established that Th2 lymphocytes are involved in tissue repair and
remodeling, in part due to the promotion of an anti-inflammatory macrophage phenotype. Of
note, IL-4 promotes osteoblast-mediated mineralization and inhibits osteoclast function in
bone. Furthermore, I1L-4 promotes calcification of VSMCs through a STAT6-dependant
mechanism; inducing osteoprotegrin production and elevating osteoblastic transcription
factor Runx2/Cbfal, which drives osteoblast differentiation [109].

T regulatory cells (Treg)—T regulatory cells (Treg) are a specialized subpopulation of T
cells involved in immune homeostasis, whose primary function is to reduce the immune
response through production of anti-inflammatory cytokines, including TGF-p and IL-10
[110]. Studies in murine models demonstrate that Treg prevent atherosclerosis development
and promote plaque stability through secretion of TGF-p and IL-10 [110]. /n vitro, TGF-B
induces VSMC and VIC mineralization [67, 111]. In addition, studies performed on
mesenchymal stem cells revealed that TGF-p promotes VSMC differentiation, but reduces
the expression of BMP2 under high phosphate conditions [112]. Patients with severe CAVD
have higher circulating levels of Treg and the frequency of these cells decreases after
surgical valve replacement [113]. Contrastingly, a decreased frequency of circulating Treg
and low levels of IL-10 were found in vulnerable plaques of patients with acute coronary
syndrome when compared to healthy controls [110]. However, no study has established a
relationship between /n situ Treg and calcification in arteries and aortic valves.

Natural killer T (NKT) cells—Natural killer T (NKT) cells can be activated by
glycolipids or phospholipid antigens and secrete a large amount of cytokines, including IFN-
v, IL-4, IL-17, and cytotoxic proteins, such as perforin and granzyme B [114]. In CAVD, the
amount of circulating and valve-infiltrated NKT cells was shown to correlate with
echocardiographic parameters of AS severity [102]. As described above, lipid deposition is a
common finding in CAVD and may be a potential antigen that triggers the NKT cell
response. In atherosclerosis, the role of NKT cells remains unclear and could be associated
with pro-atherogenic properties [114]. However, even if no correlation has been established
with vascular calcification, one could hypothesize that secreted cytokines and cytotoxic
proteins, such as IFN-y and IL-4, modulate arterial mineralization. Finally, knowing that
cell death is closely related to cardiovascular calcification, we can suggest that NKT cells
promote cardiovascular calcification [98, 115].
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B cells play a key role in adaptive immunity through secretion of antibodies, but can also
function as an antigen-presenter and T cell regulator. In this manner, B cells can act
systemically and locally through the release of antibodies and soluble factors [100].

Although they are a negligible part of the infiltrated lymphocytes inside the calcified aortic
valves and around the atherosclerosis plaques, B cells have emerged as an important player
in cardiovascular pathologies [100]. B cells are classically distinguished in 2 subtypes: B1
and B2. While B1 cells secrete germline-encoded IgM antibodies, generated without
previous infection or immunization, B2 cells need to be activated by T cells in order to
differentiate into 1gG secreting plasma cells that target a specific antigen. In atherosclerotic
plaques, B1-derived IgM is known to be atheroprotective and B2-derived IgG recognizing
oxLDL or ApoB are pro-atherogenic [116]. Nevertheless, a direct link with cardiovascular
calcification has not been clearly established.

Clinical studies demonstrated that higher plasma levels of autoimmune-disease-related
antibodies correlate with higher coronary calcification levels. In a cohort of patients with
rheumatoid arthritis, the level of anti-citrullinated peptide antibodies was correlated to CAC
score [117]. In a healthy asymptomatic cohort, titers of anti-hsp65, but not anti-hsp60
antibodies, were higher in subjects with high CAC score (>150). As this was independent of
CVD risk, but in correlation with H pyloriinfection, it may suggest a pathogen-triggered
mechanism of atherosclerosis-related calcification [118]. Similarly, in patients with systemic
lupus erythematosus, a strong correlation was observed between anti-cardiolipin and anti-
B2-glycoprotein-1 antibodies and the risk of coronary calcification [119].

The proteomic signature of CAVD shares protein-protein interaction networks with other
autoimmune diseases associated with B cell disorders, such as systemic lupus
erythematosus, dermatomyositis, vasculitis syndrome, and Takayasu arteritis [120]. The rate
of local infiltration of B cells observed in CAVD was correlated with the degree of valve
calcification and expression of B cell activating factor receptor (BAFFR) implicated in B2
cell maturation [121]. Moreover, the total number of B cells and BAFFR expressing B cells
were associated with the number of macrophages, suggesting cooperation of both cell types
in CAVD pathogenesis [121].

Therefore, it is possible that autoantibodies against vascular and valvular epitopes are an
important part of the pathogenic mechanism of calcification. Thereby, demonstrating how B
cell participation is a central component of the adaptive immune response in atherosclerosis
and aortic valve disease. The identification of epitopes and subsequent antibodies directly
related to calcification, whether locally within plaque and valves or systemically, remains to
be explored.

In addition to antibody production, B cells can release several different cytokines with
diverse functions. For instance, B regulatory cells are able to release 1L-10, inducing
immunosuppressive Treg. B effectors (Be) can exert pro-inflammatory functions through
production of IL-6 and IFN-vy, both connected to pro-calcifying inflammation. Innate-
response-activator-B cells release granulocyte-macrophage colony-stimulating factor, which
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promotes Th1l differentiation, possibly related to calcification [116]. These functions of B
cells may put forward some possible regulatory processes of cardiovascular calcification,
which need to be further explored.

POTENTIAL DRUG TARGETS FOR IMMUNE RESPONSES IN
CARDIOVASCULAR CALCIFICATION

Despite intensive research to understand the mechanisms of vascular and valvular
calcification, no effective treatment exists to reduce, prevent or reverse ectopic tissue
mineralization in patients, signifying the demand for further translational research.

Even if statins fail to reduce arterial calcification, a recent investigation on a small patient
population showed that the combination of statins with PCSK-9 inhibition produces
promising results by reducing the annual progression of coronary artery calcification by half
compared to statins alone [122, 123]. Similarly, patients with genetic loss-of-function of
PCSK-9 (R46L) showed low risk of CAVD [124]. Furthermore, PCSK-9-deficient mice are
protected against calcium accumulation in their aortic valve compared to wild type mice. A
similar tendency was observed in isolated VICs, since when placed under calcifying
conditions, PCSK-9 knockout VICs develop lower calcification than wild type cells. This
suggests a direct modulation of the VICs-dependent calcifying process [125]. Moreover,
strong evidence has demonstrated a direct implication of PCSK-9 on inflammation in
experimental and human studies. For instance, in mouse sepsis models, PCSK-9 inhibition
or knockout reduces serum levels of cytokines implicated in cardiovascular mineralization
(e.9., TNFa, IL-1pB, IL-6) [126, 127]. Consistently, the clinical human data showed that
PCSK-9 loss-of-function genetic variants were associated with a large decrease of pro-
inflammatory factors, including TNF-a and IL-6, following experimental sepsis [128].
Whether the benefit of PCSK-9 inhibition on calcification is related to its anti-inflammatory
effect remains unexplored.

As mentioned above, IL-1p can strongly promote vascular and valvular calcification, as well
as osteochondrogenic differentiation of VSMCs and VICs. Furthermore, IL-1p inhibition
reduces the early development stage of arterial calcification in experimental animal models
of atherosclerosis, but failed to reduce calcification in advanced plaque [52-54]. In the
CANTOS clinical trials using anti-IL-1p treatment (canakinumab), a significant reduction of
arthritis prevalence occurred in the treated group compared to placebo, signifying an
inhibition of the inflammatory-drive calcification process [129]. Moreover, Ridker et a/
showed that IL-1p blockade prevents cardiovascular events in chronic kidney disease
patients without modulation of serum calcium, renal function, or phosphate levels [130].
Since vascular calcification is strongly related to cardiovascular mortality in CKD, it
suggests a possible effect of IL-1 inhibition on the progression of calcification. However,
no direct evidence has shown the impact of canakinumab treatment on cardiovascular
calcification.

Immune checkpoint inhibitors (ICI) are a new class of treatment against cancer that intensify
the T cell-mediated immune response by blocking inhibitory receptor (cytotoxic T-
lymphocyte-associated protein 4, Programmed cell death-1). In parallel, the importance of T
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cells in cardiovascular disease development is well established and questions the possible
side effects on atherosclerosis and calcification. Emerging evidence indicates the
development of serious immune-related adverse effects, like autoimmune reaction in the
cardiovascular system [131, 132]. Mainly myocarditis and pericarditis, but some trials have
also reported an increase in myocardial infarction, suggesting that stimulation of the
adaptive immune system can destabilize atherosclerotic lesions and trigger acute
cardiovascular events [131]. Furthermore, the question of long-term outcomes of ICI is still
unanswered, including the effect on calcification in atherosclerotic plaques and valve
disease.

Imaging of inflammation helps predict cardiovascular calcification

Currently in clinical use, imaging of cardiovascular calcification can be completed via non-
invasive techniques, such as computed tomography (CT), positron emission tomography
(PET) or magnetic resonance imaging (MRI), and invasive methods using catheter-based
imaging, including intravascular ultrasound or optical coherence tomography.

The current paradigm of vascular calcification associates microcalcification (<50um) with
vulnerable plaque and macrocalcification (>50um) with stable plaque [133]. Nonetheless,
current CT detects larger calcification of >200um and fails to identify microcalcification.
The significant advance of multimodal imaging, merging CT and 18F-sodium fluoride (18F-
NaF) PET imaging allows the detection of microcalcification [133]. Therefore, PET 18F-
NaF has been recently proposed as a potential predictor of disease progression [134].
Functional imaging of inflammation burden revealed that inflammation is associated with
and precedes the formation of calcification in arteries and valves [12]. In humans,
superposition of morphological imaging with metabolic activity of the inflammation and
calcification, through 18F-fluorodeoxyglucose (FDG) and 18F-NaF PET/CT respectively,
improves characterization of disease. Indeed this multimodal/multiparametric approach
provides promising tools, measuring both micro- and macro-calcification index with
inflammation intensity and morphology, as was done previously in animal models of
atherosclerosis and CAVD [10, 12, 135]. This method may bring important diagnosis and
prognosis insight for monitoring cardiovascular risk linked to calcification and
inflammation.

CONCLUSION

The lack of effective therapeutic or preventive strategies to fight cardiovascular calcification
is an indicator of disease complexity. Despite the similarities in arterial and aortic valve
calcification, differences between these two disorders could be associated to tissue structure,
kinetic and progression of disease, or elicited immune responses.

Atherosclerosis is a chronic inflammatory disease triggered by plasma lipoprotein and is
driven by both the innate and adaptive immune system. In this way, low-density-lipoprotein-
cholesterol lowering treatment and anti-inflammatory strategy can prevent atherosclerosis
progression. In contrast, in CAVD, cellular processes are not clearly understood and there is
no therapy preventing or limiting the disease progression. However, the understanding of the
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natural history of calcified nodule development remains unclear within both atherosclerosis
and CAVD.

As demonstrated in this review, the development of pathogenic or protective clinical
pathogenic outcomes might be related to the intricacy of the immune response. The
implication of immune factors in calcification progression is mainly founded on an /7 vitro
approach. Nevertheless, /n vivo, the direct involvement of few immune mechanisms was
correlated to the evolution of calcification. For instance, inflammatory states in
atherosclerosis progression were related to different calcification stages. The development of
spotted microcalcification is more prevalent in vulnerable inflamed plaque, as opposed to
large macrocalcification, where stable and less inflamed plaque resides [97]. Inflammation
related to aortic valve calcification is far less characterized (Figure 2).

This suggests a fundamental difference between development of microcalcification and
macrocalcification. We can hypothesize that microcalcification development, or the initiation
phase, is driven by the pro-inflammatory cytokines, IL-1p, IL-6, and TNF-a, enzymes, such
as, MMPs, and cytotoxic factors. The evolution towards nodular macrocalcification seems
more related to anti-inflammatory environment as the cytokine TGF-f (Figure 1). The
switch from initiation phase to the end-stage macrocalcification results from a fine
regulation of innate and adaptive immune system, doubtless different between arterial
atherosclerosis and aortic valve stenosis.

Although knowledge surrounding calcification in cardiovascular disease has been
improving, the triggering immune factors and subsequent inflammatory events remain
poorly understood. Even though substantial evidence demonstrates that macrophages are key
components in triggering cardiovascular calcification, the crosstalk between macrophages
and adaptive immune cell components is much less described.

In summary, the innate and adaptive immune system clearly promotes calcification
progression in CVD (Figure 1), but the modulation by the adaptive immune system has not
been well characterized to date (Figure 2). Uncovering the individual contribution of cellular
and soluble immune components, as well their interactions, particularly the components
related to the adaptive immune system would improve our overall understanding and put
new prophylactic and therapeutic treatments into practice.

Financial support

This study was supported by the National Institutes of Health Grants RO1IHL 136431, RO1HL141917 and
RO1HL147095 to Elena Aikawa.

REFERENCES

1. Benjamin EJ, et al., Heart Disease and Stroke Statistics-2019 Update: A Report From the American
Heart Association. Circulation, 2019 139(10): p. e56—e528. [PubMed: 30700139]

2. Maldonado N, et al., A mechanistic analysis of the role of microcalcifications in atherosclerotic
plaque stability: potential implications for plague rupture. Am J Physiol Heart Circ Physiol, 2012
303(5): p. H619-28. [PubMed: 22777419]

3. Leopold JA, Cellular mechanisms of aortic valve calcification. Circ Cardiovasc Interv, 2012 5(4): p.
605-14. [PubMed: 22896576]

Atherosclerosis. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Passos et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 15

. Lehmann N, et al., Value of Progression of Coronary Artery Calcification for Risk Prediction of

Coronary and Cardiovascular Events: Result of the HNR Study (Heinz Nixdorf Recall). Circulation,
2018 137(7): p. 665-679. [PubMed: 29142010]

. Hutcheson JD, Blaser MC, and Aikawa E, Giving Calcification Its Due: Recognition of a Diverse

Disease: A First Attempt to Standardize the Field. Circ Res, 2017 120(2): p. 270-273. [PubMed:
28104767]

. New SE, et al., Macrophage-derived matrix vesicles: an alternative novel mechanism for

microcalcification in atherosclerotic plaques. Circ Res, 2013 113(1): p. 72-7. [PubMed: 23616621]

. Kapustin AN, et al., Vascular smooth muscle cell calcification is mediated by regulated exosome

secretion. Circ Res, 2015 116(8): p. 1312-23. [PubMed: 25711438]

. Bakhshian Nik A, Hutcheson JD, and Aikawa E, Extracellular Vesicles As Mediators of

Cardiovascular Calcification. Front Cardiovasc Med, 2017 4: p. 78. [PubMed: 29322046]

. Doherty TM, et al., Calcification in atherosclerosis: bone biology and chronic inflammation at the

arterial crossroads. Proc Natl Acad Sci U S A, 2003 100(20): p. 11201-6. [PubMed: 14500910]

. Aikawa E, et al., Osteogenesis associates with inflammation in early-stage atherosclerosis
evaluated by molecular imaging in vivo. Circulation, 2007 116(24): p. 2841-50. [PubMed:
18040026]

Aikawa E and Otto CM, Look more closely at the valve: imaging calcific aortic valve disease.
Circulation, 2012 125(1): p. 9-11. [PubMed: 22090164]

New SE and Aikawa E, Molecular imaging insights into early inflammatory stages of arterial and
aortic valve calcification. Circ Res, 2011 108(11): p. 1381-91. [PubMed: 21617135]

Hutcheson JD, et al., Genesis and growth of extracellular-vesicle-derived microcalcification in
atherosclerotic plaques. Nat Mater, 2016 15(3): p. 335—-43. [PubMed: 26752654]

Mann DL, The emerging role of innate immunity in the heart and vascular system: for whom the
cell tolls. Circ Res, 2011 108(9): p. 1133-45. [PubMed: 21527743]

Mathieu P, Bouchareb R, and Boulanger MC, Innate and Adaptive Immunity in Calcific Aortic
Valve Disease. J Immunol Res, 2015 2015: p. 851945. [PubMed: 26065007]

Garcia-Rodriguez C, et al., Toll-Like Receptors, Inflammation, and Calcific Aortic Valve Disease.
Front Physiol, 2018 9: p. 201. [PubMed: 29593562] 9

Kawai T and Akira S, The role of pattern-recognition receptors in innate immunity: update on Toll-
like receptors. Nat Immunol, 2010 11(5): p. 373-84. [PubMed: 20404851]

den Haan JM, Arens R, and van Zelm MC, The activation of the adaptive immune system: cross-
talk between antigen-presenting cells, T cells and B cells. Immunol Lett, 2014 162(2 Pt B): p.
103-12. [PubMed: 25455596]

Hulin A, et al., Macrophage Transitions in Heart Valve Development and Myxomatous Valve
Disease. Arterioscler Thromb Vasc Biol, 2018 38(3): p. 636—644. [PubMed: 29348122]

Galkina E, et al., Lymphocyte recruitment into the aortic wall before and during development of
atherosclerosis is partially L-selectin dependent. J Exp Med, 2006 203(5): p. 1273-82. [PubMed:
16682495]

Aikawa E, et al., Multimodality molecular imaging identifies proteolytic and osteogenic activities
in early aortic valve disease. Circulation, 2007 115(3): p. 377-86. [PubMed: 17224478]

Hjortnaes J, et al., Arterial and aortic valve calcification inversely correlates with osteoporotic bone
remodelling: a role for inflammation. Eur Heart J, 2010 31(16): p. 1975-84. [PubMed: 20601388]
O’Brien W, et al., RANK-Independent Osteoclast Formation and Bone Erosion in Inflammatory
Arthritis. Arthritis Rheumatol, 2016 68(12): p. 2889-2900. [PubMed: 27563728]

Nagy E, et al., Interferon-gamma Released by Activated CD8(+) T Lymphocytes Impairs the
Calcium Resorption Potential of Osteoclasts in Calcified Human Aortic Valves. Am J Pathol, 2017
187(6): p. 1413-1425. [PubMed: 28431214]

Li XF, et al., M1 macrophages promote aortic valve calcification mediated by microRNA-214/
TWIST1 pathway in valvular interstitial cells. Am J Transl Res, 2016 8(12): p. 5773-5783.
[PubMed: 28078049]

Wang R, et al., M1/M2 macrophages and associated mechanisms in congenital bicuspid aortic
valve stenosis. Exp Ther Med, 2014 7(4): p. 935-940. [PubMed: 24669254]

Atherosclerosis. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Passos et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 16

Kaden JJ, et al., Inflammatory regulation of extracellular matrix remodeling in calcific aortic valve
stenosis. Cardiovasc Pathol, 2005 14(2): p. 80-7. [PubMed: 15780799]

Yu B, et al., Parathyroid hormone induces differentiation of mesenchymal stromal/stem cells by
enhancing bone morphogenetic protein signaling. J Bone Miner Res, 2012 27(9): p. 2001-14.
[PubMed: 22589223]

Hussein KA, et al., Bone morphogenetic protein 2: a potential new player in the pathogenesis of
diabetic retinopathy. Exp Eye Res, 2014 125: p. 79-88. [PubMed: 24910902]

Classen A, Lloberas J, and Celada A, Macrophage activation: classical versus alternative. Methods
Mol Biol, 2009 531: p. 29-43. [PubMed: 19347309]

Byon CH, et al., Runx2-upregulated receptor activator of nuclear factor kappaB ligand in
calcifying smooth muscle cells promotes migration and osteoclastic differentiation of
macrophages. Arterioscler Thromb Vasc Biol, 2011 31(6): p. 1387-96. [PubMed: 21454810]

Miller JD, et al., Dysregulation of antioxidant mechanisms contributes to increased oxidative stress
in calcific aortic valvular stenosis in humans. J Am Coll Cardiol, 2008 52(10): p. 843-50.
[PubMed: 18755348]

Briand M, et al., Metabolic syndrome negatively influences disease progression and prognosis in
aortic stenosis. J Am Coll Cardiol, 2006 47(11): p. 2229-36. [PubMed: 16750688]

Nadlonek NA, et al., ox-LDL induces PiT-1 expression in human aortic valve interstitial cells. J
Surg Res, 2013 184(1): p. 6-9. [PubMed: 23849774]

Dinarello CA, et al., Suppression of innate inflammation and immunity by interleukin-37. Eur J
Immunol, 2016 46(5): p. 1067-81. [PubMed: 27060871]

Zhan Q, et al., IL-37 suppresses MyD88-mediated inflammatory responses in human aortic valve
interstitial cells. Mol Med, 2017 23: p. 83-91. [PubMed: 28362018]

Zeng Q, et al., Augmented osteogenic responses in human aortic valve cells exposed to oxLDL and
TLR4 agonist: a mechanistic role of Notchl and NF-kappaB interaction. PLoS One, 2014 9(5): p.
€95400. [PubMed: 24810405]

Song R, et al., Biglycan induces the expression of osteogenic factors in human aortic valve
interstitial cells via Toll-like receptor-2. Arterioscler Thromb Vasc Biol, 2012 32(11): p. 2711-20.
[PubMed: 22982459]

Simionescu A, Simionescu DT, and Vyavahare NR, Osteogenic responses in fibroblasts activated
by elastin degradation products and transforming growth factor-betal: role of myofibroblasts in
vascular calcification. Am J Pathol, 2007 171(1): p. 116-23. [PubMed: 17591959]

Kaden JJ, et al., Interleukin-1 beta promotes matrix metalloproteinase expression and cell
proliferation in calcific aortic valve stenosis. Atherosclerosis, 2003 170(2): p. 205-11. [PubMed:
14612199]

Aikawa E, et al., Arterial and aortic valve calcification abolished by elastolytic cathepsin S
deficiency in chronic renal disease. Circulation, 2009 119(13): p. 1785-94. [PubMed: 19307473]
Hutcheson JD, et al., Enrichment of calcifying extracellular vesicles using density-based
ultracentrifugation protocol. J Extracell Vesicles, 2014 3: p. 25129. [PubMed: 25491249]

Xu XH, et al., Toll-like receptor-4 is expressed by macrophages in murine and human lipid-rich
atherosclerotic plaques and upregulated by oxidized LDL. Circulation, 2001 104(25): p. 3103-8.
[PubMed: 11748108]

Holloway JW, Yang IA, and Ye S, Variation in the toll-like receptor 4 gene and susceptibility to
myocardial infarction. Pharmacogenet Genomics, 2005 15(1): p. 15-21. [PubMed: 15864121]
Saikku P, et al., Serological evidence of an association of a novel Chlamydia, TWAR, with chronic
coronary heart disease and acute myocardial infarction. Lancet, 1988 2(8618): p. 983-6. [PubMed:
2902492]

Frantz S, Ertl G, and Bauersachs J, Mechanisms of disease: Toll-like receptors in cardiovascular
disease. Nat Clin Pract Cardiovasc Med, 2007 4(8): p. 444-54. [PubMed: 17653117]

Tabas | and Lichtman AH, Monocyte-Macrophages and T Cells in Atherosclerosis. Immunity,
2017 47(4): p. 621-634. [PubMed: 29045897]

Mori H, et al., Coronary Artery Calcification and its Progression: What Does it Really Mean?
JACC Cardiovasc Imaging, 2018 11(1): p. 127-142. [PubMed: 29301708]

Atherosclerosis. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Passos et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 17

Tintut Y, et al., Tumor necrosis factor-alpha promotes in vitro calcification of vascular cells via the
CAMP pathway. Circulation, 2000 102(21): p. 2636—42. [PubMed: 11085968]

Al-Aly Z, et al., Aortic Msx2-Whnt calcification cascade is regulated by TNF-alpha-dependent
signals in diabetic LdIr™~ mice. Arterioscler Thromb Vasc Biol, 2007 27(12): p. 2589-96.
[PubMed: 17932314]

Csiszar A, et al., Regulation of bone morphogenetic protein-2 expression in endothelial cells: role
of nuclear factor-kappaB activation by tumor necrosis factor-alpha, H202, and high intravascular
pressure. Circulation, 2005 111(18): p. 2364—-72. [PubMed: 15851600]

Awan Z, et al., Reducing Vascular Calcification by Anti-IL-1beta Monoclonal Antibody in a
Mouse Model of Familial Hypercholesterolemia. Angiology, 2016 67(2): p. 157-67. [PubMed:
25904765]

Ceneri N, et al., Rac2 Modulates Atherosclerotic Calcification by Regulating Macrophage
Interleukin-1beta Production. Arterioscler Thromb Vasc Biol, 2017 37(2): p. 328-340. [PubMed:
27834690]

Gomez D, et al., Interleukin-1beta has atheroprotective effects in advanced atherosclerotic lesions
of mice. Nat Med, 2018 24(9): p. 1418-1429. [PubMed: 30038218]

Garbers C, et al., Interleukin-6: designing specific therapeutics for a complex cytokine. Nat Rev
Drug Discov, 2018 17(6): p. 395-412. [PubMed: 29725131]

Lee GL, et al., TLR2 Promotes Vascular Smooth Muscle Cell Chondrogenic Differentiation and
Consequent Calcification via the Concerted Actions of Osteoprotegerin Suppression and IL-6-
Mediated RANKL Induction. Arterioscler Thromb Vasc Biol, 2019 39(3): p. 432-445. [PubMed:
30626205]

Kurozumi A, et al., IL-6 and sIL-6R induces STAT3-dependent differentiation of human VSMCs
into osteoblast-like cells through IMID2B-mediated histone demethylation of RUNX2. Bone,
2019 124: p. 53-61. [PubMed: 30981888]

Sun M, et al., Endogenous bone morphogenetic protein 2 plays a role in vascular smooth muscle
cell calcification induced by interleukin 6 in vitro. Int J Immunopathol Pharmacol, 2017 30(3): p.
227-237. [PubMed: 28134597]

Rho YH, et al., Inflammatory mediators and premature coronary atherosclerosis in rheumatoid
arthritis. Arthritis Rheum, 2009 61(11): p. 1580-5. [PubMed: 19877084]

Kaminska J, et al., IL 6 but not TNF is linked to coronary artery calcification in patients with
chronic kidney disease. Cytokine, 2019 120: p. 9-14. [PubMed: 30991230]

Zhang K, et al., Interleukin-18 Enhances Vascular Calcification and Osteogenic Differentiation of
Vascular Smooth Muscle Cells Through TRPM7 Activation. Arterioscler Thromb Vasc Biol, 2017
37(10): p. 1933-1943. [PubMed: 28860220]

Zhou J, et al., Interleukin 18 promotes myofibroblast activation of valvular interstitial cells. Int J
Cardiol, 2016 221: p. 998-1003. [PubMed: 27441481]

Purroy A, et al., Matrix metalloproteinase-10 deficiency delays atherosclerosis progression and
plaque calcification. Atherosclerosis, 2018 278: p. 124-134. [PubMed: 30268068]

Bouvet C, et al., Sequential activation of matrix metalloproteinase 9 and transforming growth
factor beta in arterial elastocalcinosis. Arterioscler Thromb Vasc Biol, 2008 28(5): p. 856-62.
[PubMed: 18292396]

Bini A, et al., Noncollagenous bone matrix proteins, calcification, and thrombosis in carotid artery
atherosclerosis. Arterioscler Thromb Vasc Biol, 1999 19(8): p. 1852-61. [PubMed: 10446063]
Krohn JB, et al., Discoidin Domain Receptor-1 Regulates Calcific Extracellular Vesicle Release in
Vascular Smooth Muscle Cell Fibrocalcific Response via Transforming Growth Factor-beta
Signaling. Arterioscler Thromb Vasc Biol, 2016 36(3): p. 525-33. [PubMed: 26800565]

Borland SJ, et al., Regulation of vascular smooth muscle cell calcification by syndecan-4/FGF-2/
PKCalpha signalling and cross-talk with TGFbeta. Cardiovasc Res, 2017 113(13): p. 1639-1652.
[PubMed: 29016732]

Rogers MA and Aikawa E, Cardiovascular calcification: artificial intelligence and big data
accelerate mechanistic discovery. Nat Rev Cardiol, 2019 16(5): p. 261-274. [PubMed: 30531869]
Rogers MA, Aikawa M, and Aikawa E, Macrophage Heterogeneity Complicates Reversal of
Calcification in Cardiovascular Tissues. Circ Res, 2017 121(1): p. 5-7. [PubMed: 28642321]

Atherosclerosis. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Passos et al.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Page 18

Yilmaz A, et al., Emergence of dendritic cells in rupture-prone regions of vulnerable carotid
plaques. Atherosclerosis, 2004 176(1): p. 101-10. [PubMed: 15306181]

Zernecke A, Dendritic cells in atherosclerosis: evidence in mice and humans. Arterioscler Thromb
Vasc Biol, 2015 35(4): p. 763-70. [PubMed: 25675999]

Choi JH, et al., Identification of antigen-presenting dendritic cells in mouse aorta and cardiac
valves. J Exp Med, 2009 206(3): p. 497-505. [PubMed: 19221394]

Kirabo A, etal., DC isoketal-modified proteins activate T cells and promote hypertension. J Clin
Invest, 2014 124(10): p. 4642-56. [PubMed: 25244096]

Krishnaswamy G, Ajitawi O, and Chi DS, The human mast cell: an overview. Methods Mol Biol,
2006 315: p. 13-34. [PubMed: 16110146]

Steiner I, Stejskal V, and Zacek P, Mast cells in calcific aortic stenosis. Pathol Res Pract, 2018
214(1): p. 163-168. [PubMed: 29157538]

Syvaranta S, et al., Vascular endothelial growth factor-secreting mast cells and myofibroblasts: a
novel self-perpetuating angiogenic pathway in aortic valve stenosis. Arterioscler Thromb Vasc
Biol, 2010 30(6): p. 1220-7. [PubMed: 20299690]

Fujisaka T, et al., Angiotensin Il promotes aortic valve thickening independent of elevated blood
pressure in apolipoprotein-E deficient mice. Atherosclerosis, 2013 226(1): p. 82—7. [PubMed:
23177972]

Jeziorska M, McCollum C, and Woolley DE, Mast cell distribution, activation, and phenotype in
atherosclerotic lesions of human carotid arteries. J Pathol, 1997 182(1): p. 115-22. [PubMed:
9227350]

Durham AL, et al., Role of smooth muscle cells in vascular calcification: implications in
atherosclerosis and arterial stiffness. Cardiovasc Res, 2018 114(4): p. 590-600. [PubMed:
29514202]

Johnson JL, et al., Activation of matrix-degrading metalloproteinases by mast cell proteases in
atherosclerotic plaques. Arterioscler Thromb Vasc Biol, 1998 18(11): p. 1707-15. [PubMed:
9812908]

Yu X, Tan J, and Diamond SL, Hemodynamic force triggers rapid NETosis within sterile
thrombotic occlusions. J Thromb Haemost, 2018 16(2): p. 316-329. [PubMed: 29156107]

Levi M and van der Poll T, Inflammation and coagulation. Crit Care Med, 2010 38(2 Suppl): p.
S26-34. [PubMed: 20083910]

Bouchareb R, et al., Activated platelets promote an osteogenic programme and the progression of
calcific aortic valve stenosis. Eur Heart J, 2019 40(17): p. 1362-1373. [PubMed: 30395215]

Qi H, Yang S, and Zhang L, Neutrophil Extracellular Traps and Endothelial Dysfunction in
Atherosclerosis and Thrombosis. Front Immunol, 2017 8: p. 928. [PubMed: 28824648] 8
Warnatsch A, et al., Inflammation. Neutrophil extracellular traps license macrophages for cytokine
production in atherosclerosis. Science, 2015 349(6245): p. 316-20. [PubMed: 26185250]
Hansson GK and Hermansson A, The immune system in atherosclerosis. Nat Immunol, 2011
12(3): p. 204-12. [PubMed: 21321594]

Kopytek M, et al., NETosis is associated with the severity of aortic stenosis: Links with
inflammation. Int J Cardiol, 2019 286: p. 121-126. [PubMed: 30952530]

Uthamalingam S, et al., Utility of the neutrophil to lymphocyte ratio in predicting long-term
outcomes in acute decompensated heart failure. Am J Cardiol, 2011 107(3): p. 433-8. [PubMed:
21257011]

Moschonas IC and Tselepis AD, The pathway of neutrophil extracellular traps towards
atherosclerosis and thrombosis. Atherosclerosis, 2019 288: p. 9-16. [PubMed: 31280097]

Wang J, et al., Cathepsin G activity lowers plasma LDL and reduces atherosclerosis. Biochim
Biophys Acta, 2014 1842(11): p. 2174-83. [PubMed: 25092171]

Kougias P, et al., Defensins and cathelicidins: neutrophil peptides with roles in inflammation,
hyperlipidemia and atherosclerosis. J Cell Mol Med, 2005 9(1): p. 3-10. [PubMed: 15784160]
Varshney R, et al., Inactivation of platelet-derived TGF-betal attenuates aortic stenosis progression
in a robust murine model. Blood Adv, 2019 3(5): p. 777-788. [PubMed: 30846427]

Atherosclerosis. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Passos et al.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Page 19

Foresta C, et al., Platelets express and release osteocalcin and co-localize in human calcified
atherosclerotic plaques. J Thromb Haemost, 2013 11(2): p. 357-65. [PubMed: 23206207]

Nour-Eldine W, et al., Genetic Depletion or Hyperresponsiveness of Natural Killer Cells Do Not
Affect Atherosclerosis Development. Circ Res, 2018 122(1): p. 47-57. [PubMed: 29046274]

Bobryshev YV and Lord RS, Identification of natural Killer cells in human atherosclerotic plaque.
Atherosclerosis, 2005 180(2): p. 423-7. [PubMed: 15910872]

Poli A, et al., Revisiting the Functional Impact of NK Cells. Trends Immunol, 2018 39(6): p. 460—
472. [PubMed: 29496432]

Nakahara T, et al., Coronary Artery Calcification: From Mechanism to Molecular Imaging. JACC
Cardiovasc Imaging, 2017 10(5): p. 582-593. [PubMed: 28473100]

Jansen F, Xiang X, and Werner N, Role and function of extracellular vesicles in calcific aortic
valve disease. Eur Heart J, 2017 38(36): p. 2714-2716. [PubMed: 29044391]

Hansson GK, et al., Innate and adaptive immunity in the pathogenesis of atherosclerosis. Circ Res,

2002 91(4): p. 281-91. [PubMed: 12193460]

. Porsch F and Binder CJ, Impact of B-Cell-Targeted Therapies on Cardiovascular Disease.
Avrterioscler Thromb Vasc Biol, 2019 39(9): p. 1705-1714. [PubMed: 31315439]

Raddatz MA, Madhur MS, and Merryman WD, Adaptive immune cells in calcific aortic valve
disease. Am J Physiol Heart Circ Physiol, 2019 317(1): p. H141-H155. [PubMed: 31050556]

Mazur P, et al., Lymphocyte and monocyte subpopulations in severe aortic stenosis at the time of
surgical intervention. Cardiovasc Pathol, 2018 35: p. 1-7.35

Wallby L, et al., T lymphocyte infiltration in non-rheumatic aortic stenosis: a comparative
descriptive study between tricuspid and bicuspid aortic valves. Heart, 2002 88(4): p. 348-51.
[PubMed: 12231589]

Guauque-Olarte S, et al., RNA expression profile of calcified bicuspid, tricuspid, and normal
human aortic valves by RNA sequencing. Physiol Genomics, 2016 48(10): p. 749-761. [PubMed:
27495158]

Wu HD, et al., The lymphocytic infiltration in calcific aortic stenosis predominantly consists of
clonally expanded T cells. J Immunol, 2007 178(8): p. 5329-39. [PubMed: 17404318]

Winchester R, et al., Circulating activated and effector memory T cells are associated with
calcification and clonal expansions in bicuspid and tricuspid valves of calcific aortic stenosis. J
Immunol, 2011 187(2): p. 1006—-14. [PubMed: 21677140]

Olson NC, et al., Decreased naive and increased memory CD4(+) T cells are associated with
subclinical atherosclerosis: the multi-ethnic study of atherosclerosis. PLoS One, 2013 8(8): p.
€71498. [PubMed: 24009662]

Engelbertsen D, et al., T-helper 2 immunity is associated with reduced risk of myocardial
infarction and stroke. Arterioscler Thromb Vasc Biol, 2013 33(3): p. 637-44. [PubMed:
23307873]

Hofbauer LC, et al., Interleukin-4 differentially regulates osteoprotegerin expression and induces
calcification in vascular smooth muscle cells. Thromb Haemost, 2006 95(4): p. 708-14.
[PubMed: 16601843]

Meng X, et al., Regulatory T cells in cardiovascular diseases. Nat Rev Cardiol, 2016 13(3): p.
167-79. [PubMed: 26525543]

Clark-Greuel JN, et al., Transforming growth factor-betal mechanisms in aortic valve
calcification: increased alkaline phosphatase and related events. Ann Thorac Surg, 2007 83(3): p.
946-53. [PubMed: 17307438]

Guerrero F, et al., TGF-beta prevents phosphate-induced osteogenesis through inhibition of BMP
and Wnt/beta-catenin pathways. PLoS One, 2014 9(2): p. e89179. [PubMed: 24586576]
Shimoni S, et al., Circulating regulatory T cells in patients with aortic valve stenosis: Association
with disease progression and aortic valve intervention. Int J Cardiol, 2016 218: p. 181-187.
[PubMed: 27236112]

Getz GS and Reardon CA, Natural killer T cells in atherosclerosis. Nat Rev Cardiol, 2017 14(5):
p. 304-314. [PubMed: 28127028]

Atherosclerosis. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Passos et al.

Page 20

115. Voskoboinik I, Whisstock JC, and Trapani JA, Perforin and granzymes: function, dysfunction and
human pathology. Nat Rev Immunol, 2015 15(6): p. 388-400. [PubMed: 25998963]

116. Wolf D and Ley K, Immunity and Inflammation in Atherosclerosis. Circ Res, 2019 124(2): p.
315-327. [PubMed: 30653442]

117. Geraldino-Pardilla L, et al., Association of Anti-Citrullinated Peptide Antibodies With Coronary
Artery Calcification in Rheumatoid Arthritis. Arthritis Care Res (Hoboken), 2017 69(8): p. 1276—
1281. [PubMed: 27696777]

118. Zhu J, et al., Association of serum antibodies to heat-shock protein 65 with coronary calcification
levels: suggestion of pathogen-triggered autoimmunity in early atherosclerosis. Circulation, 2004
109(1): p. 36-41. [PubMed: 14662717]

119. Romero-Diaz J, et al., Systemic lupus erythematosus risk factors for coronary artery
calcifications. Rheumatology (Oxford), 2012 51(1): p. 110-9. [PubMed: 22039268]

120. Schlotter F, et al., Spatiotemporal Multi-Omics Mapping Generates a Molecular Atlas of the
Aortic Valve and Reveals Networks Driving Disease. Circulation, 2018 138(4): p. 377-393.
[PubMed: 29588317]

121. Natorska J, et al., Presence of B cells within aortic valves in patients with aortic stenosis: Relation
to severity of the disease. J Cardiol, 2016 67(1): p. 80-5. [PubMed: 26068299]

122. Ikegami Y, et al., The annual rate of coronary artery calcification with combination therapy with a
PCSKQ inhibitor and a statin is lower than that with statin monotherapy. NPJ Aging Mech Dis,
2018 4: p. 7. [PubMed: 29951223]

123. Dykun 1, et al., Statin Medication Enhances Progression of Coronary Artery Calcification: The
Heinz Nixdorf Recall Study. J Am Coll Cardiol, 2016 68(19): p. 2123-2125. [PubMed:
27810054]

124. Langsted A, et al., PCSK9 R46L Loss-of-Function Mutation Reduces Lipoprotein(a), LDL
Cholesterol, and Risk of Aortic Valve Stenosis. J Clin Endocrinol Metab, 2016 101(9): p. 3281-
7. [PubMed: 27218270]

125. Poggio P, et al., PCSK9 Involvement in Aortic Valve Calcification. J Am Coll Cardiol, 2018
72(24): p. 3225-3227. [PubMed: 30545459]

126. Tang ZH, et al., PCSK9: A novel inflammation modulator in atherosclerosis? J Cell Physiol, 2019
234(3): p. 2345-2355. [PubMed: 30246446]

127. Momtazi-Borojeni AA, et al., PCSK9 and inflammation: a review of experimental and clinical
evidence. Eur Heart J Cardiovasc Pharmacother, 2019.

128. Walley KR, et al., PCSKQ is a critical regulator of the innate immune response and septic shock
outcome. Sci Transl Med, 2014 6(258): p. 258ral43.

129. Ridker PM, et al., Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N
Engl J Med, 2017 377(12): p. 1119-1131. [PubMed: 28845751]

130. Ridker PM, et al., Inhibition of Interleukin-1beta by Canakinumab and Cardiovascular Outcomes
in Patients With Chronic Kidney Disease. J Am Coll Cardiol, 2018 71(21): p. 2405-2414.
[PubMed: 29793629]

131. Lyon AR, et al., Immune checkpoint inhibitors and cardiovascular toxicity. Lancet Oncol, 2018
19(9): p. e447-e458. [PubMed: 30191849]

132. Tajiri K and leda M, Cardiac Complications in Immune Checkpoint Inhibition Therapy. Front
Cardiovasc Med, 2019 6: p. 3. [PubMed: 30729114]

133. Wang Y, et al., Imaging Cardiovascular Calcification. J Am Heart Assoc, 2018 7(13).

134. Dweck MR, et al., 18F-sodium fluoride uptake is a marker of active calcification and disease
progression in patients with aortic stenosis. Circ Cardiovasc Imaging, 2014 7(2): p. 371-8.
[PubMed: 24508669]

135. Dweck MR, et al., Assessment of valvular calcification and inflammation by positron emission
tomography in patients with aortic stenosis. Circulation, 2012 125(1): p. 76-86. [PubMed:
22090163]

Atherosclerosis. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Passos et al.

Page 21

Highlights
. Vascular and valvular calcification are increasing in prevalence worldwide

and remain a leading contributor of cardiovascular morbidity and mortality.

. Degrees of calcium deposition are linked to progression and severity of
cardiovascular disease and associate with cardiovascular risk.

. The lack of effective therapeutic or preventative strategies in cardiovascular
calcification is an indicator of disease complexity.

. Inflammatory mechanisms in valvular and vascular calcification act through
an integrated combination of innate and adaptive immune responses. Immune
responses in calcific aortic valve disease are largely understudied.

. Immunomodulatory drugs possess the potential to target and treat
calcification.
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Figure 1: Innate immune system in cardiovascular calcification development.
Innate immune system promotes vascular and valvular calcification through stimulation of

extracellular matrix (ECM) remodeling, as well as apoptosis and osteogenic differentiation
of arterial vascular smooth muscle cells (VSMCs) and valvular interstitial cells (VICs).
Macrophage M1 (pro-inflammatory) and M2 (anti-inflammatory) express soluble factors
that might promote calcification by inducing osteogenic differentiation and matrix
metalloproteinases (MMPs) able to induce ECM remodeling. Mast cell (MC) derived
enzymes degrade ECM and could be associated with induction of VSMC apoptosis.
Neutrophils release NETSs, leading to VSMC apoptosis, as well as platelet activation and
secretion of soluble factors, which in turn may promote calcification by inducing osteogenic

differentiation.

ECM, Extracellular Matrix; VSMC, Vascular Smooth Muscle Cell; VIC, Valvular Interstitial
Cell; ABs, Apoptotic Bodies; EVs, Extracellular Vesicles; M1, Macrophage 1; M2,
Macrophage 2; MC, Mast Cell; N, Neutrophil; IL, interleukin; TNF-a, Tumor Necrosis
Factor alpha; MMPs, Matrix Metalloproteinases; TGF-B, Transforming Growth Factor beta;
NETSs, Neutrophil Extracellular Traps; IFN-vy, Interferon gamma;
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Figure 2: Adaptive immune system in cardiovascular calcification development.
Implication of the adaptive immune system in vascular and valvular calcification is not well

established. However, Interleukin-4 (1L4) secreted by T-helpers 2 (Th2) promotes osteogenic
differentiation of vascular smooth muscle cells (VSMCs). T regulatory cells (Treg) release
Transforming Growth Factor-p (TGF-B) capable to induce VSMCs and valvular interstitial
cells (VICs) mineralization. Other cytokines described here, produced by T cell subtypes,
such as cytotoxic T cell (CTL), Thl, Natural killer T cells (NKT), as well as B cells, have
been correlated with calcification without direct evidence. Similar indirect evidence, based
on correlation, has been observed between antibodies and calcification, suggesting influence
by B cells.

ECM, Extracellular Matrix; VSMC, Vascular Smooth Muscle Cell; VIC, Valvular Interstitial
Cell; ABs, Apoptotic Bodies; EVs, Extracellular Vesicles; NKT, Natural Killer T cell; CTL,
Cytotoxic T lymphocyte; Th, T helper; Treg, T regulatory cell; P, Plasmocyte; IL,
interleukin; TGF-B, Transforming Growth Factor beta; IFN-vy, Interferon gamma; GzmB,
Granzyme B; Prf, Perforin.
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