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Abstract

Calcific aortic valve disease (CAVD) and stenosis have a complex pathogenesis, and no therapies
are available that can halt or slow the progression of this disease. Several studies have shown

the presence of apolipoprotein-related amyloid deposits in close proximity to calcified areas in
diseased aortic valves. In this Perspective article, we explore a possible relationship between
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amyloid deposits, calcification and the development of aortic valve stenosis. These amyloid
deposits might contribute to amplification of the inflammatory cycle in the aortic valve, including
extracellular matrix remodeling and myofibroblast and osteoblast-like cell proliferation. Further
investigation in this area is needed to characterize the amyloid deposits associated with CAVD,
which could allow the use of antisense oligonucleotides and/or isotype gene therapies for possible
prevention and/or treatment of CAVD.

Introduction

Numerous mechanisms, including mechanical stress, lipoprotein oxidation, inflammation,
altered calcium—phosphorus homeostasis, metabolic changes, extracellular vesicle release
and immune—-inflammatory responses, have been proposed to explain the pathogenesis of
calcific aortic valve disease (CAVD)L. Disrupted communication between valve interstitial
cells and valve endothelial cells promotes endothelial-to-mesenchymal transition, in which
valve endothelial cells expressing octamer-binding transcription factor 4 (OCT4) adopt an
osteogenic phenotype. Perpetuating this process, OCT4 expression leads to the generation
and release of pro-inflammatory cytokines that promote further endothelial-to-mesenchymal
transition, especially in an experimental hypercholesterolaemic milieu?. Overall, 25-50% of
patients with CAVD have concomitant coronary artery disease, and some of the risk factors
for these two conditions are shared;3-> however, clinical trials using lipid-lowering therapies
to treat CAVD have been inconclusive®8.

Given that amyloid deposits, which are known to be pro-inflammatory, have been observed
in close proximity to areas of calcification in heart valves®, we hypothesized that amyloid
deposition might have a role in the pathogenesis of CAVD. In this Perspective article,

we explore the possible relationship between valvular amyloid deposition, calcification of
the aortic valve and the development of aortic valve stenosis. Our analysis is specifically
focused on CAVD and does not cover other aetiologies of aortic valve stenosis, such as
rheumatic heart disease.

Amyloidoses

Amyloidoses are protein-aggregation diseases characterized by the extracellular or
intracellular deposition of normally soluble proteins or peptides as insoluble amyloid fibrils.
Amyloid deposits are often detected using Congo red, a diagnostic dye whose binding to
amyloid leads to a characteristic yellow—green birefringence observed by polarized light
microscopyC. Imaging the atomic structures of hundreds of different amyloids with the use
of solid-state nuclear magnetic resonance and cryogenic electron microscopy has revealed
that the amyloid core contains stacks of flattened protein molecules in a cross-p-sheet
amyloid fold!1, and the dye molecules can intercalate between the protein molecules.

Fibril visualization using transmission electron microscopy is a sensitive and specific

tool in the diagnosis of amyloidosis; amyloid fibrils formed in vivo are typically short

and non-branching, with an approximate width of 10 nm. 19 Mass spectrometry allows
accurate identification of the amino acid sequences of amyloid protein and, together with
immunohistochemistry of tissue deposits, is used for amyloid typing. Of the nearly 40
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human amyloid proteins that have been identified to date, some, such as monoclonal
immunoglobulin light chains or transthyretin (TTR), affect various organs except the brain,
whereas others, such as amyloid B (AB) peptide or tau protein, are localized only to the
central nervous system?0,

Irrespective of the type, all amyloid deposits contain a major protein as well as additional
components termed amyloid signature proteins; the latter include apolipoproteins, serum
amyloid P (SAP) component and heparin sulfate proteoglycans (HSPGs)10. How exactly
these additional components are integrated in the amyloid deposits is unclear, but
compelling evidence suggests that they can stabilize amyloid (apolipoprotein E (apoE) and
SAP) and/or augment its formation (HSPGs) via direct binding to amyloid12-14,

Amyloidosis of the heart is often part of a generalized systemic disorder, in which the
typical major proteins that are deposited are immunoglobulin light chains or TTR and their
fragments!®. The deposition of other misfolded proteins, such as apolipoprotein A-I (apoA-
1), has also been reported as a causative agent in several types of cardiac amyloidosis'>1’.
First, variants in the region of the gene encoding apoA-I amino acid residues 170-178 can
lead to a rare form of hereditary cardiac apoA-I amyloidosis, a systemic disease that is
caused by the deposition of apoA-1 N-terminal fragments as amyloid and can involve severe
atherosclerosisi®. Second, in non-hereditary apoA-1 amyloidosis, which is associated with
ageing and is much more prevalent than its hereditary counterpart, wild-type full-length
apoA-I deposits as amyloid under inflammatory conditions of oxidative stress and acidic pH;
these deposits are found in atherosclerotic arteries and contribute to atherosclerosis’. Of
note, in vitro studies show that acidification induces amyloid formation by most proteins,
whereas oxidation greatly accelerates amyloid formation by both wild-type apoA-I and
wild-type TTR18. 19 These findings suggest that local acidification and oxidation at the sites
of inflammation contribute to amyloid deposition by wild-type apoA-I and wild-type TTR
in vivo. Separate from these systemic amyloidoses, an amyloid protein derived from the
precursor atrial natriuretic peptide can be deposited specifically in the atria of the heart.10

Amyloid in calcified aortic valves

Multiple pathology studies over the past four decades have demonstrated the presence of
isolated amyloid deposits in CAVD, located in close proximity to calcified areas?: 20-23
Amyloid deposits have also been noted near calcification at other sites such as nodular
calcification in coronary artery, mitral annular calcification, and nodular pulmonary
amyloidosis (Fig. 1, Table 1). Amyloid deposits were first described in aortic and mitral
valves surgically removed from patients with chronic valvular disease®. Histochemical and
immunofluorescence studies subsequently showed the presence of SAP in association with
CAVD, but the absence of amyloid immunoglobulin light chains or serum amyloid A in
the deposits?%: 21, One study reported that amyloid deposits coexist with calcification and
hyalinization in 88% of aortic valves and 45% of mitral valves?4. Whereas all patients above
50 years of age had both calcium phosphate and amyloid deposits, only minimal deposits
were present in the aortic valve of one of three patients under 30 years of age. Of the
fourteen patients between the ages of 31 and 50, amyloid deposits and calcium phosphate
was present in 10 and 11 patients, respectively. 24 Overall, 75% of aortic valves surgically
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excised from patients with calcific aortic valve stenosis had moderate-to-severe amyloid
deposition, defined as 3-10% or >10% of the sectional area involved in the amyloidosis.

22 \falvular amyloid deposition correlated with hyperlipidaemia, coronary artery disease,

and obesity suggesting the involvement of lipids. Indeed, lipids are not only common
constituents of amyloid deposits but also influence amyloid formation by various proteins,
particularly apolipoproteins and other lipophilic proteins such as AR peptide2®. Moreover,
the role of lipids, particularly phospholipids and lipid oxidation products, in the pathology of
CAVD has been firmly established?®.

Importantly, infrared spectroscopy and scanning electron microscopy performed on human
calcified aortic valves showed that the severity of CAVD correlated with oxidative stress,
which was partially attributable to lipid peroxidation, and with secondary structural changes
in proteins, including an a-helix to B-sheet conversion, which suggests amyloid formation?’.
Taken together, these studies suggest a causative link between oxidation, calcification and
amyloid deposition.

Apolipoproteins and amyloid in CAVD

Immunohistochemical staining has allowed protein identification in calcified aortic valves28
(Fig. 2). Immunoreactivity with an antibody to apoA-I was observed to co-localize with the
amyloid deposits in the valves and apoptotic cells near to mineralized areas; however, major
amyloid proteins commonly associated with systemic or myocardial amyloidosis, such as
TTR or amyloid immunoglobulin light chains, were not observed?2, The severity of valvular
amyloidosis correlated positively with the plasma levels of HDL and apoA-1, and correlated
inversely with the aortic valve area obtained by comprehensive Doppler echocardiography-
verified aortic valve area. Importantly, the amyloid extracts from the calcified aortic valves
induced apoptosis and mineralization of aortic valve interstitial cells in vitro, suggesting a
possible link between apolipoprotein deposition and calcification?3.

Other apolipoproteins, including apolipoprotein B (apoB), apolipoprotein E (apoE) and
apolipoprotein(a) (apo(a)), have also been found in amyloid deposits associated with
calcification in the aortic valve . 28 ApoB and apo(a) colocalized in most regions of

the aortic valve, regardless of the severity of calcification; apoE colocalized with apoB
and apo(a), but was also present independently. 28 Whereas apoB was almost always
present extracellularly, apoE was observed both intracellularly in macrophages as well as
extracellularly, 28 suggesting that apoE either originated from circulating VLDL and HDL or
was synthesized locally by macrophages infiltrating into the valves. Indeed, macrophage
production of apoE has been shown to increase in response to increased intracellular
cholesterol levels30. Of note, the presence of particular APOE alleles (specifically apoE4)
is an independent predictor of an increased risk of aortic valve stenosis??. The presence
of apoE4 is also a major risk factor for neurodegenerative amyloidoses, such as late-onset
Alzheimer disease!2.

Furthermore, apoA-I, apoB and apoE have been shown to colocalize with osteoprotegerin
and biglycan in the stenotic valves. The concentration of apoA-I as determined by enzymatic
immunoassays was higher in control valves than in stenotic valves, suggesting a protective
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role for apoA-I in retarding calcification by inducing secretion of osteoprotegerin, which
inhibits tumour necrosis factor (TNF)-induced aortic valve calcification3L.

Precision-targeted proteomic studies and immunohistochemical staining have revealed
differential expression of apolipoproteins at different stages of CAVD?28: 32 Whereas apo(a),
apoB, apoC-I11, apoE and apoJ were present in the fibrosa of the valve and were enriched
around the calcified regions, apoA-I, apoA-I11, apoA-1V, apoD and apoM colocalized with
the calcific deposits. Moreover, apoC-111 promoted calcification in valve interstitial cells

in culture by inducing mitochondrial dysfunction and inflammation?®. These effects could
stem, in part, from the inhibitory action of apoC-IlI on triglyceride hydrolysis and the
ensuing compositional, structural and functional alterations to the pro-atherogenic apoB-
containing lipoproteins. Furthermore, levels of apoC-IlI-lipoprotein(a) (Lp(a)) complexes in
combination with oxidized phospholipids can be used to predict aortic valve stenosis and
the need for aortic valve replacement33, highlighting the active role of apoC-111 and the
pro-atherogenic lipoproteins in aortic valve stenosis and CAVD.

In a longitudinal population-based study, the plasma level of Lp(a) was shown to be
associated with new onset of aortic valve calcification and calcific aortic valve stenosis34.
Moreover, genome-wide association studies suggest a possible causal relationship?. Plasma
Lp(a) levels were associated with both the presence and the progression of pre-existing
mild—-moderate aortic valve stenosis3® 36. Approximately 30-35% of individuals with
aortic valve stenosis have elevated plasma levels of Lp(a)3”. A major contributor to the
pathophysiology of aortic valve stenosis is the number of oxidized phospholipids present in
Lp(a)38’ 39,

An apolipoprotein proteomics study has revealed increased tissue levels of apoA-I in
patients with CAVD; however, apoA-I did not induce calcification in valve interstitial

cells in culture. Despite the uncertain mechanisms, a potential link between calcification
and amyloid disease is emerging. Specifically, a multiomic integrative study in CAVD
identified several genes such as APOAI, APPand TTRthat also have important roles in
non-valvular amyloid diseases*C. A computational proteomic network analysis has shown a
link between Alzheimer disease and CAVD. 40 Together, these studies suggest a possible
role for apolipoprotein-related amyloid deposits in CAVD.

[H2] Factors influencing amyloid formation by apolipoproteins

Of the nearly 40 human proteins that are currently known to form pathological

amyloid, five (apoA-I, apoA-I11, apoA-1V, apoC-11 and apoC-Ill) are exchangeable
apolipoproteins, and two related amyloid-forming proteins (serum amyloid A and a.-
synuclein) contain apolipoprotein-like amphipathic a.-helices that bind to lipids1: 25,
Although no atomic structures of apolipoprotein fibrils are currently available, extensive
studies of apolipoproteins in their native functional states have established a link between
their high propensity to form amyloid and their normal function of binding to lipid
surfaces?,

Lipoproteins contain a core of apolar lipids surrounded by a surface of polar lipids and
apolipoproteins. The major apolipoproteins associated with VLDL are apoB, apoC and

Nat Rev Cardiol. Author manuscript; available in PMC 2024 June 01.
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apoE; apoB is the major LDL-associated protein, whereas apoA-I and apoA-I11 are the
major HDL-associated proteins. Unlike apoB, which is water insoluble and therefore non-
exchangeable, the other apolipoproteins are water soluble and can reversibly dissociate from
lipoprotein surfaces. These dissociated lipid-poor or free apolipoproteins are structurally
unstable and metabolically labile; they can either be recruited back to a lipid surface

or be degraded (Fig. 3). Alternatively, free apolipoproteins can misfold and deposit as
amyloid?>. Most free apolipoproteins are molten globular and/or contain large intrinsically
disordered regions. Low structural stability and high conformational flexibility of these
proteins combined with their high hydrophobicity, which is a prerequisite for lipid binding,
augment apolipoprotein misfolding and aggregation into amyloid2°. These properties help to
explain why exchangeable apolipoproteins are overrepresented in amyloidoses.

In addition to their role as major proteins in amyloid fibrils, apolipoproteins also act as
‘amyloid signature proteins’ that comprise minor, non-fibrillary components in various types
of amyloid deposit. Perhaps best known is the role of apoE in Alzheimer disease, in which
apoE interactions with AR amyloid stabilize amyloid deposits and are a proposed therapeutic
target2. Therapeutic intervention aimed at depleting apoE with the use of immunotherapy
or antisense oligonucleotides was reported to decrease the amyloid plaque burden and
improve cerebrovascular function in a mouse model with both amyloid plaques and cerebral
amyloid angiopathy*L. Interestingly, despite the prominence of apoE in Alzheimer disease
and other amyloid diseases, no amyloidoses involving apoE as the major fibrillary protein
have been reported’?, which is probably due to the relatively low propensity of the amino
acid sequence of apoE to form amyloid2>,

Lipids influence amyloid formation in general and apolipoprotein amyloid formation in
particular?®. Normally, binding to lipoproteins such as HDL or VLDL stabilizes the native
apolipoprotein structure against unfolding, proteolysis, or misfolding to form amyloid.
Conversely, the transient release of apolipoproteins from the surface of lipoproteins in

a labile, lipid-poor or free state seems to be a required early step in misfolding and
aggregation in amyloid. Therefore, factors that promote the release of apolipoproteins

are expected to contribute to amyloidosis. These factors can include modifications to
apolipoproteins and/or lipids. Pro-amyloidogenic protein modifications include genetic
variants, which can occur in hereditary amyloidoses involving apoA-1 or apoA-Il, or

mild oxidation, which destabilizes HDL and promotes the release of wild-type apoA-142,
Mildly oxidized apoA-I is prone to misfolding; in particular, methionine oxidation induces
amyloid formation by wild-type apoA-I in vitro and probably in vivol8. Indeed, apoA-I is
rendered dysfunctional by oxidation in atherosclerotic plaques, which can result from the
action of oxidative enzymes such as myeloperoxidase that are abundantly expressed in the
macrophages contained in human atheromas?8.

In addition to apolipoprotein modifications, altered lipid composition, such as increased
free fatty acid content in the lipoprotein surface or increased triglyceride content in the
core, can also destabilize lipoprotein assembly and promote apolipoprotein release in a
labile, free form that is prone to misfolding®2. Therefore, factors that decrease oxidation,
lipolysis and triglyceride content in plasma lipoproteins might provide potential therapeutic
avenues to treat apolipoprotein-associated amyloidoses. Conversely, conditions such as

Nat Rev Cardiol. Author manuscript; available in PMC 2024 June 01.
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diabetes mellitus, obesity and inflammation, which are associated with lipolysis, oxidative
stress and elevated triglyceride levels, are expected to contribute to apolipoprotein amyloid
formation#2. These factors, particularly local inflammation, oxidation and lipolysis, are
relevant to CAVD.

Amyloid fibril formation, inflammation and mineralization

A direct, causative link between inflammation and amyloid deposition in vivo was
established circa 1980 for serum amyloid A, an HDL-associated apolipoprotein that is
elevated in inflammation and forms a protein precursor in serum amyloid A amyloidosis, a
major complication of chronic inflammation0. Subsequent studies of other amyloidoses
have shown that a pro-inflammatory environment, in particular local acidification and
oxidative stress, is pro-amyloidogenic. /n vitro studies have demonstrated that oxidation
induces amyloid formation by wild-type apoA-I and wild-type TTR18 19 and an acidic

pH greatly accelerates amyloid formation 10: 13, Conversely, amyloid fibrils formed by
apolipoproteins can initiate a range of pro-inflammatory responses?3. For example, apoC-I11
activates a macrophage signalling cascade and calcification in valve interstitial cells28,
involving CD36 scavenger receptors and the production of reactive oxygen species and
TNF43, Similarly, in Alzheimer disease, amyloid aggregates and fibrils of Ap peptide

and tau protein can induce a microglial inflammatory response by activating the NLRP3
inflammasome?4,

A comprehensive proteomic and transcriptomic study demonstrated that CAVD progresses
from the activation of valve interstitial cells and involves inflammation-related and
calcification-related pathways32. Extracellular matrix (ECM) remodelling with differential
expression of biglycan, decorin, lumican, periostin and prolargin has been reported during
the development of CAVD 4°. ECM proteoglycans such as HSPGs promote amyloid
formation and are found in all extracellular amyloid deposits 13. The changes in the

valve ECM promote interaction with Toll-like receptors (2 and 4), detected in valve
interstitial cells in stenotic valves to induce expression of pro-inflammatory mediators and
the upregulation of osteogenesis-associated factors*®. Therefore, amyloid-related changes
in the inflammatory cascade together with subsequent ECM changes can promote the
inflammation—mineralization process in valves (Fig. 5 moved to the end).

Biomineralogical analysis of the morphological and chemical features of calcified aortic
and mitral valves has shown that the deposits are composed of calcium phosphate with

an apatite mineral crystal structure 47. Polished thin sections of heavily calcified valves
showed circular cavities or holes of various sizes filled with disorganized and mineralized
collagen and birefringent organic fibres, suggestive of amyloid. 4’ A multiomics study of
CAVD has demonstrated a network linking CAVD to Alzheimer disease; the presence of
TTR and A precursor protein in the deposits in calcified aortic valves was confirmed by
immunohistochemistryC. Importantly, the TTR and A precursor protein expression was
not seen in either the non-diseased portion of valves from patients with CAVD or in healthy
valves. A high prevalence of aortic valve stenosis has been shown in patients with TTR
cardiac amyloidosis#8. The presence of TTR-enriched amyloid-like deposits in the aortic
valves of patients with CAVD*? suggests that the current transthyretin stabilizing therapies

Nat Rev Cardiol. Author manuscript; available in PMC 2024 June 01.
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for TTR amyloidosis, such as diflunisal and tafamidis might benefit patients with CAVD.
Importantly, even in the absence of calcification, amyloid deposition alone in the aortic valve
could lead to valve leaflet thickening and restriction. This suggestion might be clinically
relevant and help to explain the discordance between aortic valve calcium score and the
severity of aortic valve stenosis.

Protein amyloids might be part of the interface between the organic and mineral phases in
calcified aortic valves. Chemical modifications to proteins in the local pro-inflammatory
environment surrounding amyloid deposits might have a role in calcification. Infrared
spectroscopy, scanning electron microscopy and X-ray diffraction studies of calcified
aortic valves suggest that oxidative protein—protein crosslinking occurs at the initiation
sites for calcification and that oxidative stress might be linked to mineralization of the
amyloid proteins#®. The infrared spectral changes of calcified aortic valves were related to
progression of the disease; these changes included a shift to lower frequencies of amide-1/
amide-11 bands, suggesting an a-helix to B-sheet conversion. 4% A similar shift of the
amide-1 band has also been seen in regions of mineralization in explanted bioprosthetic
valves that corresponded to the presence of B-sheet conformation®C. These spectral changes
are consistent with protein misfolding in amyloid.

Endomyocardial biopsy samples from patients with amyloid deposition show
microcalcifications in both the TTR and immunoglobulin light chain types of amyloidosis,
particularly the former, which may be related to the time course of amyloid deposition
being much more rapid with the amyloid light chain. .51 It seems that amyloid deposits
that are localized and form slowly might develop more calcification than those that are
distributed systemically, consistent with a hypothetical spatiotemporal link between amyloid
deposition and calcification. Furthermore, in individuals with a similar severity of aortic
valve stenosis, women have a predominance of fibrosis, whereas men have a predominance
of calcification®2. It would be interesting to explore how sex-related differences in TTR
amyloid deposition in the heart, which is more prevalent in men than in women, 33 (added
this reference) relates to the extent of calcification.

Localized amyloidosis associated with calcification has been reported in the skin,
mediastinum, breast, neck and lungs®*. Amyloid deposits derived from several
apolipoproteins, including apoA-I, apoA-11, apoA-1V, apoE and SAP, have been shown

to be localized in atherosclerotic plaques®®-57. Imaging with 18F—flutemetamol, which
specifically binds to amyloid, has identified amyloid-positive areas in human atherosclerotic
plaques®8. In a longitudinal 18F-fludeoxyglucose PET-CT study, arterial inflammation
preceded calcification in the arterial wall®®. Data suggest that calcification can be present in
all types of amyloid.

Given that HSPGs, apolipoproteins and SAP are found in all types of amyloid, they

might contribute to calcification9. Furthermore, common structural features observed in
amyloid fibrils confer distinct stereochemical properties, such as periodic arrays of closely
spaced, charged residues running along the fibril surface, which can act as templates for
the binding of calcium phosphate ions during biomineralization. In the current models

of biomineralization of tooth enamel, which contains bundles of aligned apatite crystals,
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amyloid-like nanoribbons of amelogenin protein have been shown to act as potent nucleators
of calcium phosphate deposits®®: 61, This finding strongly supports our hypothesis that
amyloid fibrils can act as templates for calcification in various organs and tissues, perhaps
including the aortic valve. How the stereochemical properties of amyloid fibrils might
contribute to calcium binding and biomineralization is described below.

Potential mechanisms of calcification

Throughout evolution, acidic arrays formed from proteins and proteoglycans have been
crucial for biomineralization by calcium carbonate or calcium phosphate; these arrays can
control the local concentrations of salt ions and provide scaffolds for mineral deposition by
acting as templates for the nucleation and growth of the mineral phase®2.

Amyloid fibrils contain periodic arrays of charged residues on their surfacell 13. 63 and are
associated with HSPGs, which are periodic polyanions. It is possible that anionic arrays

in amyloid fibrils, HSPGs and other amyloid signature proteins might act as templates for
calcium biomineralization.

Indeed, calcium is well known to bind to anionic moieties of proteoglycans, such as HSPGs.
Furthermore, calcium can probably bind directly to amyloid fibrils. Polyvalent metal ions
are often found in amyloid deposits and can bolster their formation, most notably for A
peptide. The underlying mechanism is suggested by the atomic structure of ex vivo AB(1-
42) amyloid, which showed extra densities on cryogenic electron microscopy, probably
corresponding to bound divalent metal ions such as calcium®4. In this structure, periodic
arrays formed by pairs of adjacent acidic residues coordinate arrays of metal ions running
along the fibril surface. Given that periodic arrays of closely spaced, uncompensated charged
residues are often seen on the surfaces of amyloid fibrils3, it is possible that calcium
binding to acidic arrays occurs not only in AB(1-42) peptide, but also in other amyloids.

Amyloid signature proteins can also contribute to calcium binding even if these proteins

are well folded. In their native state, these proteins contain class A amphipathic a-helices
with a characteristic charged residue distribution in which acidic residues are located along
the middle of the polar helical face, whereas basic residues cluster at its edges2°. These
surface arrays of acidic residues are expected to bind to calcium and other divalent cations;
indeed, HDL particles are greatly destabilized by micromolar calcium concentrations (O.G.,
unpublished observations), suggesting specific binding of calcium to acidic residues in the
a-helices of apoA-I.

SAP, another calcium-binding amyloid signature protein, might also provide a potential link
between amyloid and calcium deposition. SAP is a member of the C-reactive protein family
and is a cyclic pentamer that has a calcium-binding site. Unlike C-reactive protein, the
concentration of SAP in the plasma is relatively constant. Under physiological conditions
with normal levels of calcium, SAP can bind in a calcium-dependent manner to both protein
and non-protein ligands, including apolipoproteins®. Like apoE, SAP was proposed to bind
to amyloid and stabilize it against proteolysis; this idea is consistent with the clinical trial

in which a small-molecule SAP ligand followed by IgG anti-SAP antibodies was used to
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deplete plasma SAP levels in patients with systemic amyloidosis and led to a reduction

in amyloid deposits in the liver and other tissues®6. Although the exact mechanism of
calcium-dependent binding of SAP to amyloid is uncertain, detailed knowledge of the
atomic structures of SAP and amyloid fibrils might provide a basis for future studies of the
SAP—calcium-amyloid complex and its potential role in calcification.

Potential therapeutic targets

The involvement of lipoproteins in the pathogenesis of CAVD suggests a potential benefit
of lipid-lowering therapies. However, the results of clinical trials using statins have

been inconclusive. The ASTRONOMERS, SALTIRE# and SEAS?® studies showed that
intense lipid-lowering therapy did not halt the progression of calcific aortic stenosis.

In these trials, the statins might have been introduced too late to reverse or slow

the calcification process. Conversely, rosuvastatin in the RAAVE trial®” was shown to

slow the progression of aortic stenosis, as assessed by echocardiographic haemodynamic
measurements. Therefore, more studies of cholesterol-lowering drugs in patients with CAVD
are warranted. Furthermore, triglyceride-lowering approaches such as fibrates, low-fat diet
and triglyceride-lowering dietary supplements hold potential promise, especially if the
causal link between apolipoprotein amyloid deposition and calcification is established.
Indeed, as explained above, decreased plasma levels of triglycerides prevent apolipoprotein
release from lipoproteins in a labile lipid-poor or free state that is the protein precursor of
amyloid#2,

In view of the emerging evidence of an association between Lp(a) and CAVD, there are two
potential implications for prognosis and future therapies. First, measuring and identifying
elevated plasma Lp(a) levels in patients with pre-existing aortic stenosis would identify them
as having a 30-50% higher rate of disease progression, as measured by peak aortic valve
velocity, and in need of early replacement of the aortic valve3® 36, Therefore, these patients
can be considered candidates for closer follow-up, including with imaging tests. Second, the
association implies that a substantial proportion of patients with aortic valve stenosis might
benefit from Lp(a)-lowering therapies. The potent reduction of plasma Lp(a) levels by up

to 80% with mRNA-targeted therapies. 68 can be harnessed to design studies to assess the
effect of Lp(a)-lowering therapies on the progression of aortic valve stenosis and the need
for aortic valve replacement. Whether there is a role for interference in amyloidogenesis and
subsequent calcification remains to be investigated.

Conclusions

The development of CAVD is a complex process, with no currently available strategy to
slow its progression. The presence of amyloid deposits adjacent to calcified areas and their
potential relationship with an inflammatory milieu suggest a role of these amyloid deposits
in the initiation and/or propagation of calcification.(Figure 5) Further research in this area is
warranted to delineate the role of amyloid deposits in the mineralization of the aortic valve.
The role of amyloid deposits in precipitating calcification in the tissues of other organs

also needs to be explored. These investigations might help to guide therapeutic targeting of
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(apo)lipoprotein-related amyloids and prevent or slow the progression of calcific aortic valve
stenosis.
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Fig. 1. Association between amyloid deposits and calcification.
a—d | Calcification in native and bioprosthetic aortic valves is associated with amyloid

deposits. Parts a and b are from a man aged 58 years with a bicuspid aortic valve

who underwent aortic valve replacement for symptomatic aortic stenosis. The patient

never smoked and he had no history of coronary artery disease, obesity, chronic kidney
disease, diabetes mellitus or hypertension; a plasma lipid profile was not available. Part a
shows trichrome staining of the excised aortic valve, revealing small deposits of nodular
calcification (arrow) in the cusp (2x magnification). Adjacent is the layered architecture of
the valve. On the aortic side is the fibrosa, which is rich in collagen fibres and provides
tensile strength to the valve, and on the ventricular side is the ventricularis, which is rich

in elastic fibres. Between the two layers is the spongiosa, which is primarily composed

of proteoglycans. The valvular endothelial cells line both sides of the cusp. As seen in

this image, the calcification starts in the fibrosa. Part b shows an area of calcification in

the same valve, which now involves the full thickness of the cusp (arrows). In the inset
image, Congo red staining for amyloid shows salmon-pink deposits of amyloid (red arrows)
in the vicinity of calcification (black arrow). Part c is from a man aged 56 years who
underwent aortic valve replacement with a bovine bioprosthetic valve 15 years ago and who
recently presented to the hospital for evaluation of gradually worsening exertional dyspnoea
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over the past 2 years. The patient had no coronary risk factors and no history of major
adverse cardiac events. A transthoracic echocardiogram showed severe aortic stenosis of the
bioprosthetic valve, and he underwent aortic valve replacement again. Haematoxylin and
eosin (H&E) staining of the excised aortic valve shows areas of nodular calcification (black
arrow) that involves the full thickness of the acellular bioprosthetic valve (pink arrows)

(4% magnification). In the inset image, Congo red staining shows salmon-pink deposits

of amyloid (red arrows) adjacent to the calcified area (black arrow). Part d shows the
apple-green birefringence that is characteristic of amyloid when examined by polarization
microscopy using a polarizer and an analyser in the bioprosthetic valve (Congo red staining;
10x magnification). e-h | Calcification at sites other than the aortic valve is also associated
with amyloid deposits. Parts e and f are from a patient who underwent heart transplantation
for severe coronary artery disease. Part e shows H&E staining of a section of the left

main coronary artery that has fibrocalcific plaque with nodular calcification (black arrows)
(2x magnification). Part f shows Congo red staining of the region in the square in part e,
revealing salmon-pink amyloid deposits (red arrows) within the calcified areas (black arrow)
and in the vicinity of calcification (inset image) (10x magnification). As the calcification
increases, the salmon-pink deposits of amyloid seem to decrease. Part g shows H&E staining
of a mitral valve from a man aged 79 years with mitral regurgitation due to mitral annular
calcification and mitral valve prolapse. Nodular areas of calcification (black arrows) are
present (10x magnification). In the inset image, Congo red staining shows salmon-pink
deposits of amyloid (red arrow) within and adjacent to the calcified area (black arrows).
Part h is from a woman aged 70 years with multiple calcified nodules in the lung, as seen
on a CT scan. H&E staining of a biopsy sample from one of the nodules is positive for
amyloid with areas of calcification (black arrows) (10x magnification). In the inset image,
Congo red staining highlights salmon-pink deposits of amyloid (red arrow) and adjacent
calcification (black arrow). In all the patients, the classic apple-green birefringence was
seen with polarizing microscopy. Liquid chromatography and mass spectrometry (LC-MS)
to subtype the amyloid deposits showed that the amyloid associated with the calcified valves
(a-d and g) contained the signature proteins apolipoprotein A-1V, apolipoprotein E and
serum amyloid P. Whereas the patients with valvular amyloid did not have one specific
amyloid protein, LC-MS revealed that the amyloid found in the lung nodule (part h) was
amyloid immunoglobulin A-light chain. LC-MS was not performed on the amyloidosis
present in the coronary artery calcification (parts e,f).
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Fig. 2. Apolipoproteins in human aortic valve leaflets.
Aortic valve leaflets obtained from valve replacement surgeries were used for mass

spectrometric analysis. Three areas were dissected from eachs leaflet: the calcific and
fibrotic areas, and the area with no discernible pathology (referred to as non-diseased).

The tissues were lysed and the protein constituents proteolyzed for first unbiased

label-free mass spectrometry (modified from reference 32), and then for labeled-based
targeted mass spectrometry (modified from reference 28), both performed on a benchtop
quadrupole Orbitrap mass spectrometer (Q Exactive). The initial unbiased proteome
profiling demonstrated that several apolipoproteins were present in aortic valve leaflets,
most of which were enriched in the calcific portions: ApoA-I, ApoA-11, ApoA-1V, ApoB,
ApoC-I111, ApoD, ApoL-I and ApoM, all of which were verified using targeted mass
spectrometry (Schlotter F, JBC 2021). While the other apolipoproteins, Apo(a), ApoE,
ApoH and ApoJ were not differentially enriched in any leaflet area, they were nonetheless
detected in all aortic valve leaflets.

This figure demonstrates representative immunohistochemistry images of aortic valve
leaflets’ cryosections stained with antibodies against ApoClll, Apo(a), ApoB, ApoJ, ApoE,
ApoA-I, ApoA-Il, ApoA-IV, ApoD and ApoM. The images show positive diffuse staining
in the fibrosa layer (top panel, fibrosa facing up) for ApoClll, Apo(a) and ApoB antibodies
(red-brown reaction product) and cellular expression for ApoE, ApoA-1, ApoA-Il, ApoA-
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IV, ApoD and ApoM. Most apolipoproteins are highly expressed around calcific nodules
(middle panel). Non-diseased leaflets (bottom panel) show negative antibody reaction,
except a weak staining for ApoE, ApoA-I and ApoA-I1. Our mass spectrometric and
immunohistochemistry analyses indicate that valves from patient with calcific aortic stenosis
are highly enriched in apolipoproteins, particularly localized to the calcification-prone
fibrosa and calcific nodules, thus suggesting their contribution to calcification process.
(Modified from reference 28).
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Fig. 3. The possible involvement of lipoproteins and apolipoproteins in amyloidogenesis.
Lipoproteins contain a core of apolar lipids (cholesterol esters and triglycerides surrounded

by an amphipathic surface comprised of polar lipids (phospholipids and cholesterol) as

well as exchangeable (water-soluble, green) and non-exchangeable (water-insoluble, purple)
apolipoproteins. Exchangeable apolipoproteins can reversibly dissociate from the lipoprotein
surface. These free apolipoproteins can re-bind to another lipoprotein, or misfold to form
amyloid. Apo, apolipoprotein. Modified with permission from ref.25
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Fig. 4. Biomineralogical features of calcification in heart valves.
Low magnification of a polished thin section of a tricuspid aortic valve shows fully

mineralized portions of the valve, seen as bright areas (part a). In the centre of the image,
circular cavities are seen. Higher magnification of these circular cavities by backscatter
electron microscopy (part b) and scanning electron microscopy (part c) shows the presence
of disorganized and mineralized collagen in these cavities. Images of the pockets seen
under polarized light microscopy (part d) and cross polarized light (part e) show the
presence of birefringent organic fibres that are morphologically similar to amyloid fibrils.
An ultrastructural examination of another valve confirms the presence of amyloid fibrils
(part f). Parts a—e modified with permission from ref. 47
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Fig. 5. Aortic valve amyloid deposits and aortic stenosis.
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VIC proliferation and
transdifferentiation

Amyloid deposits are commonly seen in calcific aortic valve disease and are located in the

vicinity of calcification, suggesting a possible relationship between amyloid deposition and
calcification. Apolipoprotein and lipoprotein accumulation has frequently been described in
calcific aortic valve disease. A potential mechanism of amyloid formation from dissociated
soluble apolipoproteins has been described. Amyloid deposits could function as a nidus for
calcification. Amyloid fibrils perpetuate inflammation and extracellular matrix remodelling,

resulting in valve fibrosis, calcification and, consequently, aortic valve stenosis. Apo,

apolipoprotein; SAP, serum amyloid P; TGFp, transforming growth factor-g; TNF, tumour

necrosis factor; VIC, valve interstitial cell.
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Previous reports of amyloid deposits in valvular tissue
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valves for calcific aortic
valve disease with stenosis

Study Number Valve type (n) Specimen type Number of | Type of Ref.
of surgical valves with | amyloid
valves amyloid
Goffin et al. (1980) 226 Aortic (106), mitral Any valvulopathy: post- 33 Not defined 9
(107), tricuspid (13) inflammatory, congenital,
sclerotic, mucoid, unknown
Iwata et al. (1982) 131 Aortic (59), mitral All surgically resected 58 Negative for AA, AL | 20
(67), tricuspid (5) valves
Cooper et al. (1983) | 152 Aortic (90), mitral All surgically resected 81 Not defined 21
(60), pulmonary (2) valves
Ladefoged et al. 100 Aortic (51), mitral (49) | All surgically resected 67 Not defined 24
(1984) valves
Kristen et al. (2010) 150 Aortic (119), mitral All surgically resected 83 Negative for AL, 22
(31) valves AA, B2M, TTR;
weak apoA-I
staining
Audet et al. (2012) 70 Aortic (70) All surgically resected 70 Positive for apoA-1; 23

other types not tested

AA, amyloid A; AL, amyloid immunoglobulin light chain; ApoA-I1, apolipoprotein A-I; B2M (beta-2 microglobulin); TTR, transthyretin.
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