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ABSTRACT: The implantation of bioprosthetic heart valves (BHVs) is increasingly becoming the treatment of choice in patients
requiring heart valve replacement surgery. Unlike mechanical heart valves, BHVs are less thrombogenic and exhibit superior
hemodynamic properties. However, BHVs are prone to structural valve degeneration (SVD), an unavoidable condition limit-
ing graft durability. Mechanisms underlying SVD are incompletely understood, and early concepts suggesting the purely
degenerative nature of this process are now considered oversimplified. Recent studies implicate the host immune response
as a major modality of SVD pathogenesis, manifested by a combination of processes phenocopying the long-term transplant
rejection, atherosclerosis, and calcification of native aortic valves. In this review, we summarize and critically analyze relevant
studies on (1) SVD triggers and pathogenesis, (2) current approaches to protect BHVs from calcification, (3) obtaining low im-
munogenic BHV tissue from genetically modified animals, and (4) potential strategies for SVD prevention in the clinical setting.
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for patients with valvular heart disease."? In such

treatment modality, a dysfunctional native valve is
replaced by an artificial one, which can be a mechanical
heart valve (MHV) or a bioprosthetic heart valve (BHV).
MHVs are made of pyrolytic carbon, various polymers,
and metal alloys, whereas BHVs represent valve sub-
stitutes that can be of 3 types: (1) chemically stabilized
tissues of animal origin (xenografts), (2) valves obtained
from cadavers or live donors during heart transplan-
tation (homografts), or (3) patients’ own valves (auto-
grafts) transplanted from one position to another. Both
MHVs and BHVs have their advantages and disadvan-
tages.”® MHVs are durable yet highly thrombogenic,
which necessitates life-long use of anticoagulants. In
contrast, BHVs do not require anticoagulant therapy
and demonstrate excellent hemodynamic properties
similar to those of native valves; nonetheless, their du-
rability is limited because of inevitable structural valve
degeneration (SVD), a dangerous condition eventually

Valve replacement surgery is the first-line therapy

requiring redo valve replacement, a major surgical
intervention.*®

SVD is an irreversible process manifested by grad-
ual degenerative changes in the prosthesis, such as
pannus growth, leaflet fibrosis and calcification, de-
lamination of the connective tissue, and emergence of
ruptures and perforations.*® Ultimately, this results in
a BHV failure, a critical drop in hemodynamic efficacy
of the valve attributable to stenosis and regurgitation.®
Mechanisms underlying SVD are still incompletely un-
derstood, and the earlier vision of SVD development
as a passive physicochemical phenomenon is now
considered oversimplified. Recent studies provided
evidence that multiple active processes are involved in
SVD pathogenesis, including long-term immune rejec-
tion and atherosclerosis-like tissue remodeling.®

More than 200 000 heart valve replacement surger-
ies are performed annually worldwide, with a predicted
increment to 850 000 per year by 2050.” For subjects
needing heart valve replacement, BHV implantation
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Nonstandard Abbreviations and Acronyms

BHV bioprosthetic heart valve

CaP calcium phosphate

ECM extracellular matrix

MHV mechanical heart valve

MMP matrix metalloproteinase

NeuGc N-glycolylneuraminic acid

SBVT subclinical bioprosthetic valve
thrombosis

SVD structural valve degeneration

TA tannic acid

TGF-B  transforming growth factor (3

THV transcatheter heart valve

VIiC valve interstitial cell

a-Gal galactose-a-1,3-galactose

is increasingly becoming the treatment of choice.”
Because of the high prevalence of BHVs in surgical
practice, there is an increasing need to predict SVD
development and develop novel treatment modalities
for SVD management. In this article, we will summarize
and critically review: (1) in-depth pathophysiological
features of SVD, focusing on both passive degener-
ation and cell-mediated valve destruction; (2) current
approaches to protect BHVs from calcification; (3)
generation of low-immunogenic biomaterial for BHVs
in genetically modified animals; and (4) experimental
therapy regimens for SVD prevention.

TYPES OF BHVS

Xenografts
Because biomaterials of animal origin are widely avail-
able, xenografts account for most of BHVs. The main
sources of BHV xenografts are bovine or porcine
pericardia and porcine aortic valves pretreated with
fixatives and detergents.® Such pretreatment stabilizes
xenografts and improves their durability, as well as
abates immunogenicity, which would otherwise lead
to graft-versus-host disease. Most commercially avail-
able BHVs are pretreated with glutaraldehyde.®
Xenografts can be of 2 subtypes: surgically im-
plantable BHVs and transcatheter heart valves (THVs).
The former may have several design options, including
stented, stentless, and sutureless models.2 THV im-
plantation is a relatively new approach that emerged
in 2002 and, initially recommended exclusively for
high-risk patients, is now also indicated to middle- and
low-risk patients.”?'® THVs consist of a balloon-ex-
pandable or self-expanding metal stent with leaflets
inside.? During minimally invasive surgery, such THV
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is delivered to the heart via a catheter inserted through
the femoral or radial artery, or through a small incision
between the ribs (transapically), and then unfolds in-
side the affected native valve or failed BHV.®

Homografts

Homografts are rarely used in clinical practice; they
represent the aortic root and pulmonary trunk excised
from cadavers or obtained during heart transplanta-
tion."" Unlike xenograft BHVs, homografts do not un-
dergo a pretreatment with fixatives; instead, they are
subjected to antibiotic disinfection and optional decel-
lularization, followed by freezing or short-term storage
at 4°C until implantation." Akin to xenografts, homo-
grafts are prone to SVD over time."" Also, homograft
implantation is more difficult than that of MHVs or most
of xenografts, and their use is limited by the availability
of allogeneic material."

Autografts

Autografts are patient’s own tissues explanted from one
position and implanted to another. Through the Ross
procedure, the patient’s pulmonary valve is moved to the
aortic position, while homografts or xenografts are then
used as the patient’s pulmonary valve.'” Autograft BHVs
are especially beneficial in children with congenital heart
disease because of immune compatibility, inherent ad-
aptation to somatic growth, and low risk of thrombosis.'?
In addition, autografts display the best hemodynamic
parameters among all BHVs.'”> Despite multiple advan-
tages, the Ross procedure is a difficult surgery with mul-
tiple perioperative risks; thus, such interventions are rare
and mostly limited to pediatric patients.’> Nevertheless,
autografts represent the only living bioprosthetic valve
that is currently available (although tissue-engineered
valves are expected to undergo clinical testing in the next
few years), whereas xenografts and homografts do not
have a significant amount of living cells and are not ca-
pable of regeneration.

DURABILITY OF XENOGRAFTS AND
HOMOGRAFTS

The onset of SVD generally occurs 7 to 8 years after
BHV implantation, with freedom from SVD rates sub-
stantially decreasing 10 to 15 years after surgery.®'®
The durability of xenograft BHVs implanted in the aortic
position has been well investigated.'* On the contrary,
THV durability is less well studied because of rela-
tive newness of this approach as well as poor health
conditions of candidates for such minimally invasive
intervention.® Although clinical studies report similar
durability between THVs and classical BHVs for the
aortic position 5 to 10 years after intervention,’®'® there
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is currently a lack of data on the durability of THVs for
a longer follow-up period.'%20

Similar to xenograft BHVs, homografts are also
prone to SVD development, thus having a limited lifes-
pan."" Several clinical studies compared the durability
of xenografts and homografts, demonstrating conflict-
ing results.?"?* Although the actuarial freedom from
evolving aortic valve dysfunction was 86% for patients
implanted with a stentless Medtronic Freestyle xeno-
graft BHV versus 37% for patients with a homograft
8 years postimplantation,?' no differences were found
in the durability between the Perimount stented bo-
vine pericardial BHVs and homografts over a 12-year
period.?? Xenografts and homografts implanted in
the pulmonary position of young (<20 years old) pa-
tients displayed similar freedom from SVD rates 5 and
10 years after surgery?®; however, xenograft implanta-
tion posed a substantially higher risk of SVD develop-
ment 15 years postoperation. In another study, younger
patients (10-20 years old) subjected to homograft pul-
monary valve replacement showed 92% freedom from
SVD after 5 years, whereas those implanted with xeno-
grafts displayed only 53% freedom from SVD.?*

The durability of both xenografts and homografts
also depends on host factors. For example, young
age of graft recipient is one of the most significant risk
factors determining early SVD onset, whereas patients
>60 years of age often do not outlive the durability of
BHVs because of relatively low life expectancy after
valve surgery.® Unfortunately, there is a lack of studies
comparing age-related reintervention rates in patients
who received the same BHV model and underwent
surgery in the similar clinical setting. Other risk factors
include arterial hypertension, hyperparathyroidism, di-
abetes mellitus, end-stage renal disease, and prosthe-
sis-patient mismatch.®

PATHOPHYSIOLOGICAL FEATURES
OF SVD

Native heart valves are a complex multicomponent sys-
tem enabling self-regulation because of valve interstitial
cells (VICs) that produce and remodel the extracellular
matrix (ECM).2> They provide a compensatory adaptive
response to changing hydrodynamic and biochemical
parameters of the body.?® In the absence of VICs, the
lifespan of BHV directly depends on the durability of the
chemically cross-linked ECM. This chapter critically re-
views the mechanisms that underlie SVD development.

Calcification
Prosthesis-Related Dystrophic Calcification

Dystrophic calcification is designated as a purely
passive process not regulated by recipient’s cells
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and determined by precipitation of calcium phos-
phates (CaPs) on cell debris and fibrous components
of BHV.2® Treatment of porcine aortic VICs by gluta-
raldehyde resulted in their gradual calcification ac-
companied by a depletion of calcium ions (Ca?*) from
the culture medium.?’ Electron microscopy of treated
cells revealed the presence of CaP crystals, mainly
associated with the inner surface of the plasma
membrane and apoptotic bodies; as calcification
progressed, multiple organelles also underwent
mineralization.?” Under physiological conditions, live
cells maintain low Ca®" concentrations because of
the calcium-dependent ATPase that pumps Ca?* out
of the cell through the plasma membrane. As a result
of cell death caused by glutaraldehyde, ion pumps
cease to function, triggering the influx of Ca?* into the
cell. In porcine VICs treated by glutaraldehyde, intra-
cellular Ca* concentrations exceed those in control
cells by a million times.?”

Because cell membranes and organelles are rich
in organic phosphate, accumulated cellular Ca?*
can concentrate on their surface, binding to acidic
phospholipids and calcium-binding proteins.?® Cells
treated with glutaraldehyde also display high concen-
trations of inorganic phosphate, possibly deriving as
a result of protein degradation, cessation of ATP syn-
thesis in mitochondria, and residual activity of alka-
line phosphatase.?” Ultimately, the influx of Ca®* into
the inorganic phosphate-rich cytosol creates a mi-
croenvironment favoring nucleation of CaP crystals in
dead cells. Although physiological concentrations of
Ca?" and phosphate in the blood are insufficient for
spontaneous precipitation of hydroxyapatite, they are
enough to support the growth of newly formed crys-
tal cores. Thus, the contact of a glutaraldehyde-fixed
BHV with the blood leads to the gradual calcification
of the graft.

In addition to cell debris, fibrous components
of the BHV can also undergo mineralization. Type |
collagen is the predominant collagen type in heart
valves and pericardia of the human and swine, also
playing a role in bone formation. Precipitation and
subsequent growth of CaP crystals on collagen fi-
bers begins in spaces in its 3-dimensional structure,
called hole zones.?® It is suggested that proteogly-
cans residing near hole zones shield collagen fibers
from calcification®®; however, proteoglycans cannot
be cross-linked by glutaraldehyde and therefore un-
dergo degradation.?® Thus, destruction and gradual
loss of proteoglycans and glycosaminoglycans, as
well as damage to collagen fibers, result in unmask-
ing of calcification-prone areas that contributes to
the mineralization of BHV collagens.?® Loss of pro-
teoglycans and damage to collagen fibers may be
promoted by mechanical stress, oxidative stress, or
enzymatic activity in BHV.
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Unlike collagen, glutaraldehyde does not stabi-
lize elastin, which does not have sufficiently active
amino groups; therefore, BHV elastin is vulnerable
to degradation caused by mechanical stress, pro-
teolysis, and subsequent calcification.?® Inhibiting
elastin degradation through administration of ma-
trix metalloproteinase (MMP) inhibitors significantly
reduced the calcification of subcutaneous elastin
implants in rats.?® Also in a rat model of subcutane-
ous implantation of porcine aortic fragments, chem-
ically mediated fragmentation of elastin resulted in
a more pronounced tissue calcification compared
with untreated samples or those depleted of cells or
collagen.3®

Recipient-Related Dystrophic Calcification

Another BHV calcification modality is recipient-related
calcification, where mineral ions and bioactive factors
of the patient provoke or aggravate calcium deposition.
For instance, BHVs adsorb Ca®*-binding proteins from
the serum,®" and calcified regions of explanted BHVs
contain a Ca®*-binding protein osteopontin, whereas
it is absent in unaffected prosthesis areas, therefore
implicating osteopontin in promoting mineralization.®?
Epidemiological studies indicated that higher CaP
product (Caxinorganic phosphate) in the serum di-
rectly correlates with BHV calcification.®® Furthermore,
patients taking calcium supplements or subjects with
end-stage renal disease or hyperparathyroidism are
also at risk of early BHV calcification.® Presumably,
a faster calcium metabolism accompanying a rapid
growth partially accounts for the BHV calcification in
pediatric patients.

In some patients, BHV dystrophic calcification may
be associated with inherited deficiency in proteins in-
hibiting CaP precipitation, such as fetuin-A.3* Fetuin-A—
deficient mice fed with diet rich in calcium, phosphates,
and vitamin D3 (calcitriol) displayed severe calcification
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of blood vessels and heart valves.3* Lower fetuin-A
serum levels were found in patients with calcification
of native valves and also positively correlated with the
progression of valvular calcification.®® In comparison
with healthy subjects, patients on dialysis have sub-
stantially lower fetuin-A serum levels and the ability of
their serum to inhibit CaP precipitation is significantly
impaired.3®

Recipient’s own cells can also contribute to BHV
calcification without acquiring an osteoblast-like phe-
notype. BHV-infiltrating macrophages can form cal-
cium deposits by undergoing mineralization through
apoptosis.3” Another hypothesis suggests that dystro-
phic calcification can be caused by the demise of red
blood cells (RBCs) diffusing into BHV leaflets under
the influence of blood pressure. In particular, our
group repeatedly observed blood-filled capillary-like
cavities in explanted BHVs, as well as accumulations
of RBCs in areas of tissue loosening and delamination
(Figure 1). Intraleaflet hemorrhage is a sign of the na-
tive valve degeneration and associates with a loss of
endothelial integrity and neovascularization.®® In sup-
port of the mentioned hypothesis, hemorrhage areas
in native aortic valves are colocalized with the sites
of ectopic calcification, and intraleaflet hemorrhage
correlates with the progression of calcification.®®
Possibly, accumulation of iron from dying RBCs pro-
vokes oxidative stress in the affected valves and thus
promotes transition of VICs to the osteoblast pheno-
type.®® Such putative mechanism would not work for
BHVs, which are devoid of VICs. Nevertheless, de-
struction of RBCs trapped in the BHV can lead to ox-
idation-driven SVD.*%#! In this scenario, oxidized ECM
and fragments of RBCs can serve as nucleation sites
for calcification.

To summarize, the proposed mechanisms respon-
sible for dystrophic calcification of the BHV are pre-
sented in Figure 2.

Figure 1. The importance of red blood cells for structural valve degeneration development.

Red blood cells may penetrate the bioprosthetic heart valves through the extracellular matrix disintegration
(A) or capillary-like tubes (B) formed as a result of mechanical stress or chronic inflammation. Red blood
cell demise causes iron deposition and further oxidation-driven degradation of the prosthetic tissue.
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Figure2. Mechanisms driving dystrophic calcification responsible for structural valve degeneration.
Both implant-related (residual donor cells and their debris, loss of glycosaminoglycans, and damage of
collagen/elastin fibers during chemical treatment and storage) and recipient-related (immune cell and
red blood cell penetration, serum proteolytic enzymes, and calcium-binding proteins) factors promote
dystrophic calcification of bioprosthetic heart valves (BHVs). ALP indicates alkaline phosphatase; and

MMP, matrix metalloproteinase.

Mechanical Degeneration
Structural Differences Between Native and
Artificial Heart Valves

Heart valves operate in complex hydrodynamic
conditions, experiencing significant shear stress,
bending deformations, and leaflet tension. However,
BHVs are more prone to mechanical degeneration
than native valves because of the altered structure
of the chemically treated ECM, which is unable to
self-repair.

J Am Heart Assoc. 2020;9:e018506. DOI: 10.1161/JAHA.120.018506

Native aortic valves and BHVs have major structural
differences. Leaflets of the native aortic valve consist
of 3 ECM layers: fibrosa, spongiosa, and ventricularis,
all having different mechanical properties that enable
load damping, have high elasticity, and provide the
nonlinear response to stress.*? Xenopericardial BHVs
lack such distinctive layer structure, and, despite some
anisotropy, their mechanical characteristics are differ-
ent from those of the native valve. In addition, xeno-
pericardial BHVs gradually lose glycosaminoglycans
and elastin during preservation, chemical treatment,



Kostyunin et al

and functioning that adversely affects their mechanical
properties. Collagen cross-linking resulting from glu-
taraldehyde treatment makes xenografts rigid, thus re-
stricting fiber rearrangements during the cardiac cycle.
Strips of glutaraldehyde-fixed bovine pericardium dis-
played more pronounced destruction of collagen and
elastin fibers during cyclic deformation compared with
untreated samples.*® Finally, xenografts have a re-
duced ability to absorb strain energy that further in-
creases a mechanical load, accelerating delamination
and destruction of collagen fibers.

Biomechanics of tissues surrounding the native
valve also plays a major role in its function and load
distribution. In stented BHVs, the mechanical interac-
tion between the leaflets and valvular annulus is im-
paired (Figure 3). Cumulatively, different mechanical
properties attributable to a harsh chemical treatment
and anatomical differences between the native heart
valves and BHVs lead to a stress concentration in leaf-
lets, especially their bending areas, eventually resulting
in a mechanical destruction of the graft.

Relationship Between Mechanical Stress and
Calcification

Fatigue failure of BHVs occurs independently of their
calcification.** Yet, these processes are interrelated
because BHV calcification mainly develops in areas
of high mechanical stress. This association can be
explained by more rapid delamination of fibrous com-
ponents in calcified areas. Accelerated stress-driven
deterioration of the ECM integrity accompanied by pro-
teolysis can potentially promote the deposition of Ca®*
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on damaged collagen and elastin fibers. In turn, leaflet
calcification and BHV stenosis affect valve hemody-
namics, further promoting mechanical stress.

Newly implanted BHVs enable a physiological blood
flow; however, calcification and SVD development lead
to several-fold increase in transvalvular gradient and
jet velocity, phenocopying calcific aortic valve disease.
This leads to a vicious cycle: an increased rigidity of the
leaflets limits their mobility and changes the hydrody-
namic characteristics of the prosthetic valve, inflicting
additional damage to BHV and further promoting its
calcification. The relationship between hemodynamic
conditions and calcification of porcine xenografts was
well observed during accelerated wear testing in a
rapid calcification solution.*®

Inflow valves of HeartMate XVE left ventricular as-
sist device that are exposed to the higher stress values
are more frequently and heavily calcified in compari-
son with outflow valves.*® Computer-aided design of
the BHV calcification confirmed that calcification is ini-
tiated in leaflet margins, where the mechanical stress is
maximum across the valve and further extends to the
center.*” To conclude, there is currently a consensus
that high mechanical stress applied to the BHVs in the
human organism and potentially affected by prosthe-
sis-patient mismatch promotes their calcification.

Cyclic Loading as a Major Determinant of BHV
Mechanical Degeneration

In heart valves, hemodynamic load is of cyclic na-
ture. On average, native valves undergo =600 mil-
lion cycles of opening and closing during 15 years

Left atrium

A \ Mitral valve

P Left ventricle
apillary muscles

Systolic phase

Mitral position

’ Left ventricle
Papillary muscles

Systolic phase

@ Bending/tension stress

<— Motion

111 Pressure +% Shear stress

Figure 3. Mechanical stress and structural valve degeneration.
Mechanical load and stress distribution in systolic phase in native mitral and aortic valves (A) and in the
case of heart valve implantation into mitral and aortic positions (B).
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of operation and =3 billion cycles during a lifetime.*®
Cyclic stress, derived from the combination of
stretching, flexure, and shear, may inflict delamina-
tion of the leaflets, leading to calcification and even-
tually resulting in valve failure.

In glutaraldehyde-treated BHVs, damage of colla-
gen molecules occurs as early as after 20 million cy-
cles, which is equivalent to 6 months of in vivo valve
operation.*® Because BHVs are not capable of ECM
regeneration and remodeling, any changes in the colla-
gen meshwork (eg, delamination, structural rearrange-
ments, and destruction) resulting from cyclic loading
are irreversible. In a model of porcine BHV degenera-
tion under prolonged cyclic loading during accelerated
wear testing, a marked decrease in radial extensibility
was observed because of the stiffening of the effective
collagen fiber network.*® Alternatively, a decrease in
xenograft BHV stiffness and its extension under cyclic
loading can lead to an excess length of the leaflets and
asymmetry, which are characteristic of dysfunctional
BHVs and further aggravate mechanical stress and
SVD progression. Because collagen is a basic com-
ponent of BHVs, its fiber structure determines both the
strength and the fatigue limit of the biomaterial; how-
ever, current manufacturers of commercial BHVs gen-
erally do not take into account the fiber geometry in
pericardium sheets.

The durability of modern BHVs exceeds current
standards for both stented and stentless models; for
example, the Carpentier-Edwards PERIMOUNT Magna
Ease prosthesis retains its original hemodynamics
even after 1 billion cycles, corresponding to 25 years of
operation.®® Yet, most BHVs show failure signs signifi-
cantly earlier, in particular in young patients. Thus, SVD
development cannot be attributed solely to biomaterial
fatigue and mechanical degeneration.

Mechanical Degeneration of THVs

The first THV implantations were performed in 2002
and were initially conducted mainly in high-risk pa-
tients, which limits our understanding of their long-term
dysfunction (albeit transcatheter aortic valve replace-
ment is currently indicated for low-risk patients as well).
In comparison with classic BHVs, THVs display signifi-
cantly higher stress and fatigue damage on identical
loading conditions.® Computer simulation indicated
that durability of THVs is substantially reduced com-
pared with BHVs to ~7.8 years.®! More important, the
stress-strain state of THV leaflets depends on their
postimplantation diameter. On complete stent expan-
sion, high stress-strain areas are limited to commis-
sures in diastole.®?> However, its incomplete expansion
by >2 mm (>9.1%) induces the relocation of high stress
regions® and significantly affects THV durability de-
spite the fact that incomplete stent expansion by 10%
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to 15% is commonly considered acceptable in clinical
practice.

During stent deployment, stress distribution in sur-
rounding tissues and the final shape of THV substan-
tially depend on topography, shape, and maturity of
calcium deposits, whereas THV geometry after im-
plantation defines the mechanical durability and affects
calcification rate.5® Despite the fact that experimental
data on both factors and mechanisms of SVD in THVs
are lacking, thin pericardium from which these prosthe-
ses are manufactured and unavoidable need in stent
deployment might promote SVD. Dynamic numerical
analysis indicated a correlation between reduced THV
leaflet thickness and increased stress: the peak stress
experienced by the leaflets augmented by 178% in sys-
tole and 507% in diastole after reducing their thickness
from 0.5 to 0.18 mm.%* Crimping and balloon expand-
ing of THVs during the implantation might lead to the
structural rearrangements in collagen fibers and impair
mechanical properties of the prosthetic tissue.®®

However, clinical results of THV implantation are
optimistic, showing similar mortality and significantly
lower SVD rate (4.8%) compared with surgical aortic
valve replacement (24.0%) after 6 years of function-
ing.%¢ Prevalence of severe SVD at 5 years postop-
eration was 1% to 3% in THV recipients.’”° In other
studies, THVs showed similar freedom from SVD after
8 years of follow-up, yet patient survival was only 27%
to 30%.6":62 More important, high-risk patients receiv-
ing THVs exhibit acceptable freedom of severe SVD
(97.5%) and moderate to severe SVD (87%) 5 years
postoperation.®® Even redo transcatheter aortic valve
replacement surgery is a relatively safe option com-
parable in this regard to redo surgical aortic valve re-
placement.b485 A recent study reported 80% to 90%
survival in patients who underwent transcatheter re-
placement of THVs after 1 year of follow-up.®® Among
the THVs, self-expanding and balloon-expandable
prostheses demonstrated similar rates of all-cause
or cardiovascular death, stroke, and repeated hospi-
talization in their recipients.®” Yet, moderate to severe
SVD was more frequent in those who received bal-
loon-expandable THVs, presumably because of their
worse hemodynamic properties.®”

Because the maximum duration of follow-up in pa-
tients who received THVs is currently limited to 8 to
9 vears, further studies are needed to make a clear
conclusion on actual SVD rate after a THV implanta-
tion. However, it seems to be that in silico and in vitro
predictions of higher degeneration rate in THVs have
not been proved in clinical studies; vice versa, THVs
demonstrate even better results than conventional
BHVs, possibly because of the minimally invasive
surgery benefits. Increasing rates of THV implanta-
tion, which was initially recommended for high-risk
patients, to middle- and low-risk individuals might be
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useful in determining the actual rate of SVD on THV
replacement.

Immune Response to BHV Implantation
Foreign Body Reaction and Pannus Growth

The foreign body reaction is a nonspecific reaction of
the innate immunity in response to implantation of a
medical device.®® It is initiated by tissue damage in-
flicted during the implantation and further enhanced
by adsorption of serum proteins on the implant’s sur-
face.®® This triggers the contact activation system as
well as fibrinolysis and complement cascades, result-
ing in adhesion of platelets and activated leukocytes
on the implant’s surface and ultimately leading to in-
flammation and thrombosis in the peri-implant area.®®
Platelets and immune cells can further release various
bioactive factors to induce fibroblast-mediated encap-
sulation of the foreign bodly.®8

The implantation of BHVs resembles foreign body
reaction in certain aspects. Immune infiltrates, emerg-
ing as a result of implantation, lead to fibrovascular tis-
sue outgrowths in areas where recipient’s tissues and
the prosthesis contact each other. Moderate tissue
outgrowths serve as a nonthrombogenic surface along
the seam and improve BHV attachment. However, ex-
cessive outgrowth of the ECM, known as pannus, may
negatively affect leaflets by limiting their movement,
thereby contributing to stenosis and valve dysfunction.

In terms of cellular composition, pannus is popu-
lated by endothelial cells, myofibroblasts, and various
immune cells, including macrophages, neutrophils,
lymphocytes, and foreign-body giant cells.®® Detailed
mechanisms of pannus formation and the contribu-
tion of each cell population to this process have not
been well studied; nonetheless, it was reported that
pannus-derived endothelial and immune cells display
high expression levels of transforming growth factor
B (TGF-B) and its type 1 receptor.?® In addition, high
expression of TGF-3 type 1 receptor but not TGF-[3
was observed in pannus myofibroblasts, suggestive
of a TGF-B-driven intercellular cross talk within the
pathologically growing tissue.®® In agreement, patients
with BHV pannus have elevated plasma TGF-{3 levels
compared with those without pannus growth.”® TGF-3
pathway is recognized to be in control of tissue regen-
eration and fibrosis, thus probably playing a key role in
the formation of pannus.

Immune Infiltration in BHVs

The role of the immune system in SVD has long been
considered with skepticism, because glutaraldehyde
fixation was believed to eliminate the immunogenic-
ity of xenografts. Nonetheless, current research sug-
gests that glutaraldehyde treatment is insufficient to
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completely negate the host immune response. Multiple
groups observed leukocyte infiltrates in explanted dys-
functional xenografts and homografts.®"""? Immune
cell populations found in BHVs mostly consist of mac-
rophages, whereas foreign-body giant cells, foam
cells, T-lymphocytes and B-lymphocytes, neutrophils,
and eosinophils are less frequent.®”7172

In BHVs, immune infiltrates are commonly detected
in areas of ECM deterioration with evidence of phago-
cytosis of matrix fibers and large amounts of macro-
phage-derived proteolytic enzymes, such as MMP-9
and plasminogen.3”? In combination, the MMP-
dependent proteolysis and the fibrinolytic system can
cleave most ECM proteins. Noncalcified BHVs, ex-
planted because of a leaflet rupture, exhibited higher
MMP-9 levels compared with calcified implants or na-
tive bovine pericardium.”® This suggests that MMP-9
appears in BHVs on the implantation; probable sources
include immune cells and plasma.” In addition, plas-
min is a potent proinflammatory mediator, stimulating
the activation and migration of macrophages, as well
as enforcing them to produce multiple cytokines and
chemokines.” Macrophages are known to express al-
most the entire family of MMPs and several cathepsins
(in particular, B, K, L, S, and V), yet there are no studies
profiling their expression in BHVs. In addition, macro-
phages can produce calcium-binding proteins, such
as osteopontin and osteonectin, as well as secrete ex-
tracellular vesicles capable of inducing mineralization.”®
Consistently, the expression of osteopontin, osteocal-
cin, and osteonectin was colocalized with macrophage
infiltrates and calcification sites in explanted BHVs.”® In
a clinical setting, steroid therapy of concomitant aor-
titis in patients undergoing aortic valve replacement
correlated with lower degree of BHV degeneration.””
These data suggest that immune cells and their secre-
tome are involved in SVD, yet detailed mechanisms of
their action in this scenario are unknown.

BHV-infiltrating macrophages and neutrophils can
also promote SVD through a generation of reactive ox-
ygen species released by these cells during phago-
cytosis and inducing oxidative destruction of the
prosthesis. In support of this hypothesis, explanted
BHVs demonstrated high concentrations of tyrosine
oxidation products.*®4" Furthermore, incubation of
glutaraldehyde-treated bovine pericardium under ox-
idizing conditions led to collagen destruction, loss of
glutaraldehyde cross-links, and increased susceptibil-
ity to collagenase degradation.*®

SVD rates are substantially higher in young subjects
and especially infants, cohorts of patients character-
ized by an overactive immune system. In keeping with
these observations, homograft BHVs, characterized by
poor immunogenicity, exhibit a good performance in
subjects <20 years old compared with xenografts.?324
On the contrary, patients >70 years old most commonly
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undergo redo valve replacement because of a pros-
thetic valve endocarditis rather than SVD, a trend per-
fectly explained by the host immunity factor.”® Thus,
age-related changes in the immune function can po-
tentially affect SVD development.

To elucidate the role of BHV-induced immune re-
jection in the development of SVD, Maniji et al trans-
planted untreated or glutaraldehyde-fixed ascending
aortas/valves from guinea pigs (xenogeneic model)
or rats (syngeneic model) into the infrarenal aortas
of young rats.”® In addition, a xenogeneic group
was treated with steroids until the graft harvest.”®
Expectedly, rat-to-rat transplant demonstrated a
weak inflammatory response, albeit it was more pro-
nounced in animals bearing glutaraldehyde-treated
samples.”® Guinea pig-to-rat transplant showed
a pronounced inflammatory response, increased
serum IgG levels, and significant destruction of trans-
planted tissues caused by immune cell infiltration.”
Steroid treatment substantially reduced the inflam-
matory response, although it was still more severe
than in rat-to-rat transplant groups.”® Notably, this
study also observed a direct correlation between the
intensity of inflammation and the degree of implant
calcification.”

In conclusion, the host immune response may pro-
mote SVD onset via multiple mechanisms; however,
current evidence mostly comes from observational
studies, and the dynamics of immune cell infiltration
into BHVs as well as in-detail mechanisms of their
action remain completely unstudied. It is not known
whether BHV-infiltrating immune cells directly degrade
the ECM and inflict calcification, or they emerge after
these pathological changes have occurred. More re-
search is needed to elucidate the impact of immune
response on SVD development.

Triggers of the Immune Response
Against Xenografts

Essential components of BHV ECM-specific gly-
cans, galactose-a-1,3-galactose  (a-Gal)  and
N-glycolylneuraminic acid (NeuGc), are highly abun-
dant in most mammals but not humans, who lost
their corresponding genes during the evolution.8°
Expectedly, antibodies against these carbohydrates
are associated with a rapid xenograft rejection.8°
Together, a-Gal and NeuGc are the main obstacles for
live tissue xenotransplantation to humans.8®

Both a-Gal and NeuGc are expressed in native
porcine heart valves and porcine/bovine pericar-
dia as well as in commercially available BHVs.®
Glutaraldehyde cannot efficiently cross-link carbo-
hydrates because of the absence of amino groups
and cannot mask a-Gal and NeuGc, which therefore
can trigger immune response against BHVs. Indeed,
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explanted BHVs demonstrated high levels of IgM,
IgG, and C4d complement fragment, suggestive of
immune reactivity.”! Furthermore, the implantation
of xenografts markedly elevated anti-Gal antibody
titer in the blood of patients undergoing valve re-
placement.®? However, no elevation of anti-Gal an-
tibody titer was observed in subjects implanted with
decellularized and glutaraldehyde-fixed BHVs.8
Interestingly, several reports attributed BHV failure to
the a-Gal syndrome,®® a rare allergy to a-Gal-con-
taining substances, generally caused by tick bites or
consumption of red meat. In addition, human mono-
cytes can recognize a-Gal-containing epitopes
via galectin-3, suggesting that xenogeneic glycans
found in BHVs may also promote the innate immune
response.8

Besides carbohydrates, proteins within BHV can
also be immunogenic. Serum from patients implanted
with glutaraldehyde-fixed BHVs exhibited reactivity to-
ward 19 graft proteins, some of which are homologous
to human proteins responsible for autoantibody forma-
tion in various human diseases.®® In a different studly,
patients implanted with BHVs displayed high titers of
serum antibodies against porcine aloumin and type IV
collagen, indicating an immune reaction against the
graft.®®

Finally, inflammatory response in BHVs can be trig-
gered by subclinical bioprosthetic valve thrombosis
(SBVT). It can potentially provoke pannus formation,
inflammatory cell infiltration, and subsequent calci-
fication of BHVs. Deposition of a key thrombogenic
molecule fibrinogen on graft leaflets has been well
documented®; thus, it may potentially contribute to
recurrent SBVT, which, in turn, can trigger chronic in-
flammation and attract leukocytes to xenograft. In ad-
dition, fibrinogen and its degradation products act as
proinflammatory factors per se, promoting the migra-
tion, adhesion, and activation of immune cells. Thus,
SBVT may uphold an immune response in BHVs, po-
tentially contributing to their dysfunction.

NATIVE VALVE CALCIFICATION,
ATHEROSCLEROSIS, AND SVD: ARE
THERE COMMON MECHANISMS?

SVD shares some risk factors with atherosclerosis and
calcific aortic stenosis, including the metabolic syn-
drome, diabetes mellitus, smoking, and hyperlipidemia.®
Therefore, common mechanisms are conceivable for
these diseases. Both calcific aortic stenosis and ath-
erosclerosis are characterized by endothelial dysfunc-
tion, lipid deposition in the subendothelial layer, and
intense lipid-driven inflammatory reaction, all leading
to the activation of resident cells (eg, VICs or smooth
muscle cells), and their fibroproliferative response with
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Figure 4. The molecular basis of chronic inflammation in relation to structural valve degeneration.

Xenogeneic glycans and thrombi adhered to bioprosthetic heart valves (BHVs) recruit monocytes, which can penetrate the tissue with
the subsequent differentiation into macrophages and multinucleated giant cells. Immune cells internalize disintegrated fragments
of collagen fibers and release reactive oxygen species, proteolytic enzymes, and calcium-binding extracellular vesicles, altogether

promoting degradation and calcification of the extracellular matrix.
low-density lipoprotein (LDL) from the plasma. Macrophages engul

In addition, immune cells produce proteoglycans, which bind
fing LDL are then transformed into the foam cells reminiscent

of the pathophysiological scenarios observed in atherosclerotic plaques and calcific aortic valve disease. MMP indicates matrix

metalloproteinase; and oxLDL, oxidized LDL.

ultimate tissue mineralization. Dysfunctional BHVs dis-
play a considerable lipid deposition and contain foam
cells, an atherosclerosis-specific cell type.”® More im-
portant, these lipid deposits primarily consist of oxidized
low-density lipoprotein (LDL), another characteristic
marker of atherosclerosis.” Oxidized LDL is recognized
for the stimulation of macrophages and foam cells to
secrete MMPs. In agreement, immunohistochemistry
studies of explanted BHVs revealed that macrophages
and foam cells produce MMP-9, whereas samples with-
out lipid deposition showed no evidence of MMP-9 ex-
pression.”? LDL can be a source of multiple enzymes,
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such as lipoprotein-associated phospholipase A2 and
autotaxin, which promote inflammation in calcified na-
tive aortic valves® and thus may possibly contribute to
SVD. Furthermore, oxidized LDL enhances the release
of proinflammatory cytokines by immune cells that can
be relevant for immunity-driven SVD.

Clinical studies documented the relationship between
SVD and impaired lipid metabolism. High risk of SVD
was associated with an increased ratio of LDL/high-den-
sity lipoprotein, which reflects the balance between
proatherogenic and antiatherogenic lipoproteins.®” Along
similar lines, dysregulated hemodynamic parameters of
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Figure 5. Chemical modifications of collagen induced by various fixatives.

A, Aldehyde groups of glutaraldehyde (GA) interact with amino group of lysine (Lys) or hydroxylysine (Hyl) residues within the collagen,
thereby forming a stable chemical bond (Schiff base) for a stable cross-linking. B, One of GA aldehyde groups interacts with a collagen
amino group, resulting in a cross-linking, whereas the second aldehyde group remains free to other chemical interactions, including
calcium binding. C, Polymerization of GA is performed through aldol condensation. Despite collagen molecules that are cross-linked,
free aldehyde groups still remain. D, All epoxy groups of ethylene glycol diglycidyl ether (EGDE) interact with amino group of Lys
or Hyl residues within the collagen, forming a stable covalent bond for a stable cross-linking. E, Collagen fixation with 1-ethyl-3-
(8-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) is conducted via the activation of carboxyl groups
of aspartic acid/glutamic acid residues in the peptide chain and through the formation of intermediate compound, which is able to

interact with free amino groups of lysine or hydroxylysine.

BHVs correlated with insulin resistance, increased lipo-
protein-associated phospholipase A2 activity, and higher
levels of subtilisin-kexin type 9 proprotein convertase.®®

The mechanism behind LDL deposition and oxida-
tion in BHVs is poorly understood. It is possible that
LDL may be trapped by glycosaminoglycans,’ thus
phenocopying dysfunctional native aortic valves and
atherosclerotic lesions. Oxidation of LDL is likely to be
mediated by infiltrating neutrophils and macrophages,
which contribute to release of reactive oxygen species
into the BHV microenvironment.

The putative inflammatory and atherogenic phenocop-
ies contributing to SVD onset are presented in Figure 4.

STRATEGIES FOR SVD PREVENTION

Anticalcification Treatment of
Glutaraldehyde-Treated Xenografts

As described above, the major disadvantage of gluta-
raldehyde treatment is gradual xenograft calcification.
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Its exact mechanism is unknown, yet possible explana-
tions include the toxic effect of unstable glutaraldehyde
polymers persisting in the interstices of cross-linked
tissues, negative surface charge of glutaraldehyde-
treated grafts attracting positively charged Ca®* ions,
and binding of host plasma Ca?®* to glutaraldehyde al-
dehyde groups.

Multiple studies attempted to diminish graft calci-
fication by modifying the protocol of glutaraldehyde
fixation. In a circulatory sheep model, glutaraldehyde
detoxification by urazole combined with diamine ex-
tension of glutaraldehyde cross-links led to a mitiga-
tion of leaflet calcification.8® Masking of free aldehyde
groups through pretreatment of the Perimount mitral
valve with a proprietary compound showed a signifi-
cantly reduced Ca?" content in comparison with the
control group in a juvenile sheep model of orthotopic
valve implantation.®®

Treatment by 2-amino oleic acid reduced the dif-
fusion of Ca® by 16.5-fold in glutaraldehyde-fixed
porcine BHVs implanted into sheep.®’ In rabbits

11



Kostyunin et al

intramuscularly implanted with porcine or bovine
BHVs, 2-amino oleic acid pretreatment resulted in
2-fold decrease in tissue mineralization.®? Incubation
of glutaraldehyde-fixed porcine valve leaflets in etha-
nol showed a significant decrease in calcification on
subcutaneous implantation into rats and sheep that
can be explained by depletion of calcification-pro-
moting phospholipids.®3

Alternative Fixation Regimens

The use of glutaraldehyde as a fixative has undeni-
able advantages, such as high chemical reaction rate,
water solubility, superior cross-linking properties, and
high cost-effectiveness. Yet, several alternative fixation
regimens demonstrated substantially slower rates of
graft calcification, posing as candidates for commer-
cial use (Figure 5).

Epoxy compounds were proposed as an alterna-
tive to glutaraldehyde several decades ago. Among
them are ethylene glycol diglycidyl ether, having chain
length and conformation similar to glutaraldehyde,
1,4-butanediol diglycidyl ether, polyepoxy compounds,
and triglycidylamine. Structurally, diepoxides have >2
functional groups capable of forming stable covalent
bonds with amino groups of collagen. The benefits
of epoxy fixatives include low toxicity, high solubility,
and their ability to additionally bind hydroxyl and car-
boxyl groups of collagen. Subcutaneous implantation
of polyepoxy-treated bovine pericardia into rabbits re-
sulted in a 1.5-fold reduced calcification compared with
glutaraldehyde-fixed samples,®* whereas no significant
differences have been revealed about the calcification
of porcine aortic valves treated with glutaraldehyde or
1,4-butanediol diglycidyl ether.%® Currently, xenografts
fixed by ethylene glycol diglycidyl ether are commer-
cially available in Russia.

Decellularization of the porcine pericardium fol-
lowed by incubation in methacrylic anhydride is able to
introduce methacryloyl groups that are subsequently
cross-linked by radical polymerization.®® When im-
planted subcutaneously into rats, such grafts demon-
strated a 10-fold decrease in Ca?" content compared
with glutaraldehyde-fixed samples.®® However, this
method is limited by its complexity and the use of in-
organic catalysts requiring thorough sample washing
because of a high risk of sample contamination by re-
action by-products.

Genipin is a natural heterocyclic compound bind-
ing the free amino groups of lysine, hydroxylysine,
and arginine, and further radically polymerizing to
form intermolecular and intramolecular cross-links.
Intramuscular implantation in rabbits showed that
genipin-fixed bovine pericardia had 30% less CaP
amount than those fixed by glutaraldehyde.®” Also,
subcutaneously implanted genipin-fixed pericardia

J Am Heart Assoc. 2020;9:e018506. DOI: 10.1161/JAHA.120.018506

Degeneration of Bioprosthetic Heart Valves

exhibited a weaker inflammatory reaction than glu-
taraldehyde-treated samples.®® However, genipin is
difficult and expensive to source, thus limiting its ap-
plicability in the clinic.

A polyphenol tannic acid (TA) is another compound
capable of binding elastin. Glutaraldehyde-fixed bo-
vine pericardia preincubated in TA displayed a mark-
edly diminished calcification in vivo.?® Samples treated
with both glutaraldehyde and TA demonstrated fewer
infiltrating macrophages and reduced levels of MMP-9
compared with the samples fixed with glutaraldehyde
alone.®® In addition, TA-treated porcine pericardia dis-
played resistance to enzymatic degradation in vitro.'®
Last, combined treatment of porcine pericardium with
glutaraldehyde, TA, and ferric chloride reduced the
amount of calcium by 4-fold compared with glutaral-
dehyde fixation alone.!®’

Another experimental tissue fixative is 1-eth-
yl-3-(8-dimethylaminopropyl)carbodiimide, a com-
pound stabilizing the ECM without linkers through
forming an adduct O-acylisourea with carboxyl
groups of glutamic and aspartic acids, followed by
a nucleophilic substitution of amino groups of ly-
sine or hydroxylysine. To increase the number of
cross-links,  1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide can be additionally supplemented with the
affinity reagent N-hydroxysuccinimide. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide—fixed tissues dis-
play low toxicity and retain native softness. A combined
treatment of bovine pericardium by 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide, N-hydroxysuccinimide,
neomycin trisulfate, and pentagalloyl glucose resulted
in superior mechanical characteristics of the graft as
well as resistance to enzymatic cleavage in vitro and
calcification in vivo.? In this regimen, an essential TA
component, pentagalloyl glucose, acts as elastin
cross-linker, whereas neomycin binds to glycosamino-
glycans, thus inhibiting their enzymatic degradation.!®

Decellularization of Xenografts and
Homografts
Decellularization of BHVs before implantation can be a
viable method for SVD prevention, because degenera-
tion of xenografts is accelerated by residual donor cells
and cell debris (see Prosthesis-related dystrophic cal-
cification and Triggers of the immune response against
xenografts). Tissue decellularization can be achieved
through physical or chemical treatments, whereby cell
and organelle membranes are mechanically destroyed
or lysed.'® For efficient decellularization, it is imperative
to ensure the preservation of ECM 3-dimensional archi-
tecture, which ultimately determines graft biomechanical
properties and its resistance to biodegradation.
Physical methods of decellularization include
heat, ultrasound, and high pressure, being especially
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effective when coupled with chemical treatment.'®
The most commonly used decellularization chemicals
are detergents, which lyse the cell membrane and
separate DNA from proteins. lonic detergents, such
as SDS, enable better decellularization than nonionic
counterparts (eg, Triton X-100), yet SDS treatment is
more aggressive toward the ECM.'% In a rat subcuta-
neous model, glutaraldehyde-fixed bovine pericardial
samples preincubated with SDS showed a substantial
decrease in Ca®* up to 90 days compared with sam-
ples treated with glutaraldehyde only.'® In the exper-
imental setting, tissue engineering techniques can be
used to repopulate decellularized matrices with host
cells to improve their function.'®®

Decellularization can serve as a tool to eliminate xe-
nogeneic antigens. Heuschkel et al used SDS to remove
a-Gal from the bovine pericardium while preserving na-
tive ECM structure and its mechanical properties.'® The
combined treatment of bovine pericardium with freeze-
thaw cycles, Triton X-100, and sodium deoxycholate
(an alternative to SDS) completely depleted a-Gal and
resulted in a reduced immune response and calcifica-
tion on its subcutaneous implantation in rats.'”” Yet, the
observed differences in the immune response cannot
be attributable exclusively to a-Gal removal because it
is widely expressed in rat tissues. Another group used
a model of subcutaneous implantation into a-Gal-de-
ficient mice to demonstrate that glutaraldehyde-fixed
pericardia that were either decellularized or decellular-
ized and a-Gal treated are less prone to calcification than
those treated with glutaraldehyde alone.'®®

Despite the advantages of decellularization, most
commercial xenograft manufacturing protocols omit
this technique, probably because of the lack of con-
sensus on standardized procedures to preserve the
intact ECM. Unlike xenografts, decellularization is fre-
quently used for homograft implantation. In patients
with right ventricular outflow tract reconstruction, free-
dom from conduit dysfunction at 10 years postimplan-
tation was 83% for those implanted with decellularized
pulmonary homografts, yet only 58% for those whose
homografts were cryopreserved.'® In addition, decel-
lularization using SDS in the presence of protease in-
hibitors was shown to reduce the immune response
toward homografts. As such, implantation of cryopre-
served homografts during the Ross procedure led to
elevated anti-human leukocyte antigen class | and |l
antibody titers that were not observed in subjects im-
planted with decellularized homografts.!°

Genetically Modified Animals as a Source
of Low Immunogenic Material for BHVs

Another SVD management strategy is to manufac-
ture xenografts from pericardia of genetically modi-
fied animals lacking certain immunogenic molecules
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(eg, strains of pigs and cows with a knockout of
a-Gal [GGTAT"] and NeuGc [CMAH--] genes and
overexpression of several human proteins inhibiting
both innate and adaptive immune response).?° The
depletion of xenogeneic carbohydrates may signifi-
cantly improve the immune tolerance toward grafts
manufactured from such animal tissues, yet over-
expression of human immunosuppressive ligands is
to a large extent negated by glutaraldehyde cross-
linking of grafts.

Heart transplantation from wild-type pigs to ba-
boons results in short-term rejection within several
hours. However, hearts transplanted from GGTAT~-
pigs to baboons displayed normal organ functioning
for up to several days and even months when admin-
istered with immunosuppressive drugs.'"! Accordingly,
xenografts produced from GGTAT~ pigs demon-
strated significantly weaker immunogenicity compared
with those manufactured from wild-type pigs in a non-
human primate model.!?

Regardless of glutaraldehyde fixation, heart valves
and pericardia from wild-type pigs as well as commer-
cially available porcine BHVs actively bound IgM/IgG
after incubation in human serum in vitro.8" However,
biomaterials derived from GGTAT~ CMAH~"- hCD46+*
pigs had almost no affinity to human serum antibod-
ies comparable to that of the human heart valves.®'
In agreement, human serum IgM/IgG minimally binds
to the pericardium of GGTAT"~ CMAH~"- B4GALNT~
pigs additionally deficient of [3-1,4-N-acetylgalac-
tosaminyl transferase,'"® to which many people develop
antibodies.

More important, pericardia of GGTAT~~ and wild-
type pigs have identical collagen content, morpho-
logical features, and tensile strength.'* Recently,
preliminary in vitro tests of the first experimental BHVs
produced from GGTAT~~ pericardium demonstrated
excellent hemodynamics and durability after 200 mil-
lion cycles."® Thus, a-Gal- and NeuGc-deficient an-
imals may become a valuable source of xenograft
biomaterial in the future if their clinical benefit would
be proved. However, such xenografts are unlikely to be
widely available because of the high costs of genetic
engineering in large animals.

Experimental Therapy for SVD Prevention

Currently, there is no clinically approved treatment to
manage SVD. Some authors suggested that statins
could be beneficial for patients with SVD because
of commonality of certain risk factors between this
condition and atherosclerosis. Consistent with this
hypothesis, a few retrospective studies demon-
strated that statin-treated patients had lower rates
of SVD progression compared with the control
group.'® Similarly, statin administration reduces CRP
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(C-reactive protein) concentrations in valve tissues
and serum of patients with BHVs and calcific aortic
stenosis, indicating anti-inflammatory effect of this
therapeutic regimen.'”” However, the results of the
by far largest observational study, including data on
1193 subjects, could not find any benefit of lipid-low-
ering therapy in slowing the degeneration of BHVs
implanted in the aortic position 1, 5, and 10 years
after surgery."® On the basis of the existing evidence,
it is impossible to draw a conclusion about the effect
of statins on SVD progression because of a limited
number of studies. Also, statins generally have not
demonstrated efficacy in the treatment of calcific
aortic valve disease.®®

Because SBVT is implicated as a culprit of in-
flammatory response and subsequent calcification
of BHVs, another possible way to control SVD could
be an anticoagulant therapy. Current American Heart
Association/American College of Cardiology and
European Society of Cardiology guidelines do not rec-
ommend long-term (>3 months) anticoagulant intake
for subjects implanted with BHVs unless otherwise in-
dicated."? In addition, even if the link between SBVT
and SVD is proved, the administration of anticoagu-
lants will deprive BHVs of their main advantage over
MHVs; thus, this strategy can hardly be considered
justified.

Several in vivo experiments®! and limited clinical
studies’” indicate the potential usefulness of immu-
nosuppressive therapy to improve BHV durability.
However, because of multiple adverse effects, this
strategy is unacceptable for most patients with BHVs,
and its effectiveness in inhibiting the development of
SVD requires clinical examination. Given the asso-
ciation between SVD with hypertension, hyperpara-
thyroidism, and diabetes mellitus, therapies aimed at
improving these conditions may also help in reducing
SVD rates.

Finally, MMP inhibitors could diminish BHV deteri-
oration by host enzymes, thus potentially retaining the
xenograft integrity. However, currently there are no ef-
fective highly specific MMP inhibitors that would not
have serious adverse effects and could be adminis-
tered orally or by injection. Possibly, in the future, MMP
inhibitors can be sewn into the BHVs to inhibit their
proteolytic degradation.

CONCLUSIONS

SVD is a complex multifactorial process implemented
through several interrelated mechanisms, both pas-
sive and active. Passive deterioration of xenografts
and homografts is inevitable because of the lack of
live resident cells capable of maintaining the valvular
homeostasis and repairing damaged ECM within the
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graft. The major driving force of such passive deteri-
oration is graft fatigue, resulting from persistent dam-
age to its ECM under the influence of cyclic loads
and in some cases accelerated by a prosthesis-
patient mismatch, a modifiable yet underestimated
risk factor.'%-'2" Another passive mechanism is dys-
trophic calcification emerging from CaP precipitation
on a graft surface, which is caused by abundance of
potential nucleation foci, such as fragmented fibers
or cell debris.

Tackling the fatigue-driven passive graft dete-
rioration is no easy task. Compared with first-gen-
eration models, modern commercially available
BHVs have substantially longer service life because
of decades of optimization of their design and an-
ticalcification treatment regimens deactivating free
aldehyde groups emerging as a result of glutaralde-
hyde fixation. Nonetheless, the possibilities of these
approaches are limited and by now have been al-
most exhausted. Novel alternative approaches for
xenograft fixation are either poorly studied or overly
complicated and/or expensive for application in the
clinical setting. Therefore, further research should
focus on targeting host-mediated mechanisms of
SVD development.

Active mechanisms of BHV deterioration are me-
diated by recipient cells. As evidenced by multiple
studies, both xenografts and homografts are capable
of provoking both humoral and cellular immune re-
sponses in most patients. BHVs are actively infiltrated
by immune cells producing proteolytic enzymes, cal-
cium-binding proteins, and reactive oxygen species.
More important, chemical cross-linking of BHVs
does not provide a complete resistance to proteo-
lytic cleavage and oxidative degradation. Under cer-
tain conditions, the inflammatory reaction within the
BHV may acquire atherosclerosis-like phenotype,
whereby deposition and subsequent oxidation of
LDLs may subsequently result in graft dysfunction. In
addition, BHV tissues can induce the production of
human antibodies against a-Gal and NeuGc, which
may further enhance immune cell recruitment and
associated calcification.

Apparently, both active and passive mechanisms
of SVD occur simultaneously and may reinforce each
other in a feed-forward manner. For example, me-
chanical stress induces the proteolytic cleavage and
delamination of graft ECM, thereby facilitating the in-
filtration of immune cells, which further deteriorate
the ECM and create areas susceptible to mechanical
destruction. It is unclear, however, to which extent the
active immune response toward BHVs contributes to
SVD progression. Perhaps, it can vary greatly from one
patient to another. Some case reports documented
early BHV dysfunction caused by aggressive immune
cell infiltration into the graft and accompanying ECM
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degradation, indicating that in certain subjects the ac-
tive host-mediated processes can be the dominant
cause of SVD. This especially applies to children and
young patients whose immune system is hyperactive.
In some subjects, an extremely rapid SVD develop-
ment was associated with an allergic response to BHV
components. It is clear that in such individuals con-
trolling the immune response can significantly alleviate
SVD. Reducing the immunogenicity of homografts is
another important problem; to this end, decellulariza-
tion of homografts before implantation demonstrated
excellent long-term results in comparison with their
cryopreserved counterparts.

Despite solid evidence on the role of the immune
system in SVD development, it has brought little
therapeutic benefit to patients with dysfunctional
BHVs. In this regard, decellularization of graft ma-
terials and developing the new strains of genetically
modified animals seem to be promising directions
for the production of low immunogenic material for
BHV manufacture. Nevertheless, both methods
have limitations. The major caveat of decellulariza-
tion techniques is potential emergence of structural
rearrangements within the graft ECM, leading to re-
duction of its tensile strength, whereas the cost of
BHVs made from genetically modified animal tissue
is extremely high. In addition, BHVs made from low
immunogenic biomaterial have not yet been used in
surgical practice, and therefore their real clinical ben-
efit is unknown. Potentially, such novel immunolog-
ically inert BHVs could be more durable, especially
in children and young subjects. This hypothesis is
indirectly confirmed by the fact that these cohorts
of patients exhibit longer functioning of less immu-
nogenic homografts compared with relatively more
immunogenic xenografts.

Degeneration of Bioprosthetic Heart Valves

As of today, there is no Food and Drug
Administration—approved therapy to control SVD.
Conflicting evidence on the effectiveness of statins
to treat SVD may be explained by multifactorial na-
ture of this condition. Potentially, lipid-lowering ther-
apy may only be effective in patients whose SVD is
mainly driven by inflammatory mechanisms. Other
approaches, such as systemic immunosuppression
or anticoagulant therapy, are not feasible options
because of adverse effects and annulling the main
advantage of BHVs over MHVs.

Another point that may be important in evaluat-
ing the treatment outcomes is that SVD is a process
rather than an event and ideally should be measured
repeatedly over time, albeit in certain cases even serial
echocardiography fails to provide a reliable snapshot
of SVD. Hence, temporal patterns of SVD develop-
ment, including the rate of its progression, might be
taken into account when assessing the clinical efficacy
of the respective therapy. In addition, consideration of
the redo surgery as the only clinical definition of SVD
results in a bias because some patients with SVD are
not eligible for the reintervention. Therefore, a need to
perform a repeated heart valve replacement surgery
(which may also depend on the comorbid conditions
of the patient), but not reintervention itself, should be
more frequently used as an SVD definition in clinical
studies.

Given the rising demand for BHV implantation
worldwide, an increase in the service life of valve
prostheses by an average of 3 to 5 years will have a
tremendous clinical impact. SVD prevention strate-
gies discussed in this review may be well used in the
foreseeable future to improve the durability of BHVs
(Figure 6). However, it is unlikely that they will elimi-
nate SVD completely. For the breakthrough in SVD
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Efficient anticalcification treatment
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Immunosuppressive therapy
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Figure 6. Key factors of structural valve degeneration (SVD) development and strategies to

retard SVD.
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management, conceptually new approaches, such
as the use of tissue-engineered valves repopulated
in vitro with host cells, are required.
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