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Abstract

Background: Bioprosthetic heart valves undergo structural degeneration and calcification.
Similarities exist in the histopathologic features of explanted bioprosthetic valves and rejected pig
tissues and organs after xenotransplantation into nonhuman primates. The development of more
durable bioprosthetic valves, namely from genetically-modified pigs, could negate the need for the
insertion of mechanical prostheses in children and young adults with the requirement for life-long
anticoagulation, and might avoid the need for reoperation in elderly patients.

Methods: We reviewed the literature (MedlinePlus, PubMed, Google Scholar) through
September 1, 2018, under 4 key terms: (1) bioprosthetic heart valves; (2) xenograft antigens; (3)
immunologic responses to bioprosthetic valves; and (4) genetic modification of xenografts.

Results: Advances in tissue and organ xenotransplantation have elucidated important
immunologic barriers that provide innovative approaches to prevent structural degeneration of
bioprosthetic heart valves. The current evidence suggests that bioprosthetic valves derived from
genetically-modified pigs lacking xenogeneic antigens (namely Gal, Neu5Gc, and Sd?), termed
triple-knockout pigs, would function considerably longer than current wild-type (genetically-
unmodified) porcine valves in human recipients.

Conclusions: Preclinical and clinical studies determining the safety and efficacy of triple-
knockout porcine bioprosthetic valves will likely establish that they are more resistant to human
immune responses and thus less susceptible to structural degeneration.

Valve replacement remains a cornerstone of cardiothoracic surgery. For example, between
2005 and 2013, the number of isolated aortic valve replacements nearly doubled to 30,679 in
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the United States alone [1]. Bioprosthetic heart valves are increasingly used [2]. In the
United States, nearly half of patients aged 55-64 now elect for tissue valve replacements [2].
This number is likely to increase as the mortality benefit of mechanical prostheses
disappears by 55 years of age [3].

Still, bioprostheses, regardless of tissue origin, remain prone to degeneration and
calcification [4,5]. Reoperation rates range from 30% to 80% at 15 years; outcomes are
worse in younger patients [5-7]. The development of more durable bioprostheses, namely
from genetically-modified pigs, could negate the need for the insertion of mechanical
prostheses in children and young adults with the requirement for life-long anticoagulation. A
durable bioprosthetic valve would also avoid the need for reoperation in elderly patients,
which carries an increased surgical risk [8].

Surgical replacement remains standard of care for stenotic or incompetent heart valves, but
is particularly challenging in frail and elderly patients in whom transcatheter aortic valve
replacement (TAVR) is increasingly used. Regardless, endovascularly-deployed valves are
constructed of similar materials as other bioprosthetic valves, namely porcine or bovine
tissues [2,8]. Improving long-term outcomes will require addressing the underlying reasons
for bioprosthetic valve failure, which include structural degeneration, calcification, leaking,
and tearing [9].

Since the first xenograft bioprosthetic valve was inserted in 1965, significant advances have
been made in understanding the mechanisms responsible for graft failure [10,11]. Here we
review progress in combatting the pathobiology of bioprosthetic valve degeneration, with
emphasis on recent advances in genetic-modification that could provide a more optimal graft
for implantation into humans.

Material and Methods

Results

We reviewed the literature through PubMed, Google Scholar, and MedlinePlus for
publications relevant to (1) bioprosthetic heart valves; (2) xenograft antigens; (3)
immunologic responses to bioprosthetic heart valves; and (4) genetic modifications in
xenografts. In total, 230 primary and review articles were obtained, of which we have
included the 80 most relevant and contemporary for reference.

1. Historical advances in valve development

After pioneering work by Charles Hufnagel (Supplemental FigureS1A) in Boston and
Gordon Murray (Supplemental FigureS1B) in Toronto, who inserted aortic valve homografts
(allografts) into the descending aorta in patients with aortic regurgitation, Donald Ross
(Supplemental FigureS1C) in the United Kingdom, and Brian Barratt-Boyes (Supplemental
FigureS1D) in New Zealand, were first to place homograft valves in the subcoronary
position [12-15]. Their results sparked enthusiasm to further develop biologic valves.
Although technically more demanding to implant, the natural valve did not obstruct flow like
mechanical ball-and-cage designs, and importantly negated the need for anticoagulation.
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In 1965, the French surgeon, Alain Carpentier (Supplemental FigureS1E), performed the
first successful porcine xenograft valve replacement [10]. After dismal failure rates of 40%
at 6 months, and ~55% at 1 year, he importantly identified histologic evidence of host
immune responses to the valve [16]. A number of protocols were developed to pretreat the
valves in order to eliminate or denature antigens, which stabilized the grafts chemically and
mechanically [17]. Valves were placed into a glutaraldehyde solution to neutralize free
amino acids, improving functional rates at 5 years to 77%, 89%, and 96% in the mitral,
aortic, and tricuspid positions, respectively [18]. Nevertheless, it soon became clear that,
despite these treatments, biologic valves deteriorated over time.

Improving long-term outcomes after bioprosthetic valve insertion—Xenograft
bioprostheses are most commonly constructed from porcine aortic valves or porcine (or
bovine) pericardium [17]. Glutaraldehyde-fixed valve leaflets or sheets of pericardium are
fastened to a stent covered by fabric that has been developed to reduce thrombosis [6,17].
Nevertheless, degeneration is progressive. In older adults, histologic evidence of
calcification can be seen within 3 years, and by 10 years, 20-30% of bioprostheses become
dysfunctional [5,19]. In some cases, fewer than 10% of patients survive with the original
prosthesis at 20 years [20].

Durability (and, of course, survival) varies by age [4]. Higher rates of surgical reintervention
are required in children and young adults, which is probably associated with a more
vigorous immune response and calcium metabolism [22]. Up to 45% of patients <40 years
of age experience bioprosthetic valve structural degeneration within 15 years of
implantation, compared to <10% of patients older than 70 [4]. As such, bioprostheses (as
opposed to mechanical prostheses) are recommended in patients (i) whose presumed life
expectancy is less than the anticipated longevity of the bioprosthetic valve, (ii) when the
likelihood (or risk) of reintervention is otherwise low, and (iii) in other relevant situations
(including patient preference) [2]. Structural degeneration and calcification, leading to
stenosis or leakage, is the predominant mechanism of failure.

Pathobiological mechanisms of valvular degeneration—After implantation of a
bioprosthetic valve, host tissue overgrowth (pannus) comprised of myofibroblasts,
fibroblasts, and capillary endothelial cells, is expected. This tissue overgrowth is important
for healing and eventually creating a non-thrombogenic surface at the suture line [9].
However, pathologic overgrowth can contribute to bioprosthesis failure [9,17].

Furthermore, calcification contributes to stenosis or insufficiency, and can occur within the
pannus or elsewhere [17,22]. Recent attempts to use anti-calcifying agents may combat
passive processes of calcification caused by fixation and processing (i.e., disrupting calcium-
exchange and exposing extracellular phospholipids). However, active immunity also
amplifies calcification and valve degeneration, indicating a need to reduce the
immunogenicity of bioprostheses prior to implantation [6,17,22]. This is the focus of this
review.

Establishing the role for immunogenicity in bioprosthetic valve degeneration
—Many of the earliest reports of bioprosthetic valve failures identified histologic evidence
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of pseudointimal proliferation, inflammation, thrombosis, and fibrocalcification, particularly
in explants from children [11,16,18]. A case report in 1982 linked aortic stenosis to host
immune responses and graft rejection [23]. By 1988, electron microscopy exhibited
crystalline structures on explanted bioprostheses, and demonstrated monocyte phagocytosis
of collagen, further implicating an immunologic role in calcification [24]. In 1990, bovine
pericardial valves were reported to induce a cellular and humoral response [25]. Using
widely-disparate (discordant) animal models to mimic bioprosthetic valve degeneration in
humans, the role of immunity was becoming apparent [26]. Even human allografts were
found to elicit an immune response [21,27].

In 1996, Hoekstra and colleagues provided evidence of inflammation in human allograft
explants [28]. While both allogeneic and xenogeneic tissues degraded after glutaraldehyde-
fixation, calcium deposition and macrophage infiltration were comparatively increased in
xenografts, suggesting that immunologic infiltration of glutaraldehyde-fixed bioprosthetic
valves was a result of heightened antigenic incompatibility [29,30]. It was later
demonstrated that bioprostheses elicit a unique immune response compared to homografts as
well as aortic valves isolated from transplanted hearts with features of chronic rejection [31].
To some extent, immunosuppressive therapy reduces the cellular infiltrate that correlates
with bioprosthetic valve calcification. However, the inherent risks of such therapy makes it
an unrealistic option for most patients receiving bioprosthetic valves [32].

Similar pathobiological inflammation and calcification is characteristic of other chronic
diseases that can be attenuated, which has substantiated the importance of preventing
immunologic responses to bioprosthetic valves, and has remained a focus of investigation to
improve graft longevity [33].

Humoral and cellular immunity in bioprosthetic valve degeneration—
Devitalization protocols (glutaraldehyde fixation, etc.) inherently disrupt matrix
crosslinking. The products of new cellular, molecular, and ionic interactions accelerates the
immunologic and inflammatory responses contributing to bioprosthesis mineralization [9].
Paradoxically, while glutaraldehyde concentrations have been reduced over time to limit
tissue damage, higher glutaraldehyde concentrations may prevent calcification [17,34].
Thus, there is an elusive balance in pretreatment protocols to prevent the host immune
response while preserving the integrity of the graft.

It is of key importance to recognize that glutaraldehyde does not reduce the expression of
xenoantigens on a variety of bioprosthetic valves (Figurel, Figure2A,B) [35]. Thus, while
optimizing bioprosthetic valve fixation is important for preventing immune responses and
improving graft longevity, it is inadequate (and could potentially be eliminated). Additional
techniques are needed to combat xenogeneic antibody responses, because although
glutaraldehyde treatment reduces the antibody response, it fails to eliminate binding to key
xenoantigens (Figure2C) [35].

In 2001, Human and Zilla demonstrated that antibodies binding fixed bioprosthetic tissue
could promote calcification, establishing what may be the first direct evidence of antibody-
mediated degeneration [36]. Human anti-pig antibodies bind porcine xenoantigens,
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activating host immune responses that injure graft endothelial cells, likely leading to
calcification and graft degradation [37]. Host IgM/1gG antibody binding initiates
macrophage infiltration, collagen degradation, and mineralization (Figurel) [25,35,38].
Furthermore, monocytes and lymphoid cells produce cytokines that may contribute to tissue
calcification [33,39]. As such, the rapid degeneration of bioprostheses in young individuals
may therefore result from a more robust immune system [21].

2. Establishing the role of key xenoantigens in bioprosthetic valve degeneration

Lessons from organ xenotransplantation—Bioprosthetic valve replacement is a
unique form of xenotransplantation that has evolved over more than 50 years [11]. Advances
in tissue and whole-organ xenotransplantation in the past 30 years has elucidated important
immunologic barriers, which may provide innovative approaches for preventing
bioprosthetic valve degeneration.

Similarities exist in the histopathologic features of explanted bioprosthetic valves and pig
tissues and organs rejected after xenotransplantation into nonhuman primates [35,38,39].
Currently, bioprostheses are prepared from genetically-unmodified (wild-type) pigs, and
retain surface xenoantigens that can induce an immune response (Figure2A,B) [35,40].
Reducing the xenoantigenicity of bioprosthetic valves through genetic-modification of the
pig source is a major prospect for improving valve durability [41].

Humans produce natural preformed antibodies to three major carbohydrate antigens
expressed on pig vascular endothelial cells, namely galactose-a.1,3-galactose (Gal), N-
glycolylneuraminic acid (Neu5Gc), and Sd? [42-46]. Anti-Gal antibodies are believed to
develop during infancy as a response to colonization of the gastro-intestinal tract by various
bacterial and viral flora (that express Gal) [47]. When pig organs are transplanted into
humans or Old World nonhuman primates, expression of Gal results in almost uniform
hyperacute rejection [48].

In 2003, with the production of a1,3-galactosyltransferase gene-knockout (GTKO) pigs
(genetically-modified not to express Gal), the immunologic barrier of hyperacute rejection
was largely overcome [49,50]. The transplantation of organs from pigs with multiple genetic
modifications has significantly improved xenograft survival [51]. For example, with the
addition of immunosuppressive regimens to prevent T cell-dependent elicited antibody
responses, survival of non-life-supporting heterotopic pig hearts and life-supporting kidneys
is now being measured in months or even years, rather than minutes as originally reported
(Figure3) [48,52,53].

Two key genetic approaches are responsible for these encouraging results—(i) deletion of
pig xenoantigens against which humans (and nonhuman primates) have natural (preformed)
antibodies, and (ii) transgenic expression of ‘protective’ human complement- and/or
coagulation-regulatory proteins in the source pigs [51]. We suggest that the ability to
genetically-modify pig sources lacking multiple key xenoantigens will soon overcome the
barriers of valve degeneration in glutaraldehyde-fixed bioprosthetic valves. If fixation is no
longer required, then the additional transgenic expression of human complement,
coagulation, or other regulatory proteins may eventually eliminate the need for all cellular
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devitalization and pretreatment protocols. We suggest it is timely to seriously consider
genetically-modified pigs as sources of clinical bioprosthetic heart valves.

However, it must be noted that even autologous (i.e. immunologically inert) valve
replacements (such as the ‘Ross’ procedure, which replaces the patient’s aortic valve with
their own pulmonary valve) still experience structural valve degeneration and calcification
over time. Thus, while genetic modifications are an encouraging initial prospect for
overcoming the immunologic barriers of degeneration, it would not be a panacea for the
additional mechanical, degenerative, and atherosclerotic processes responsible for graft
failure [6].

Gal antigens in bioprosthetic heart valves—Interest in the Gal antigen with respect
to bioprosthetic valve degeneration increased in 2005, when Konakci, et al. demonstrated
that Gal antigens were expressed on bioprosthetic heart valves, and that patients receiving
bioprostheses (but not mechanical prostheses) had abundant anti-Gal antibodies. This
suggested to them that anti-Gal antibodies may be implicated in bioprosthetic valve
degeneration [38]. Several other groups have subsequently documented the role of Gal in the
structural degeneration of bioprostheses [39]. By 2010, it was demonstrated that anti-Gal
antibodies significantly increased in patients with bioprosthetic valves [54].

Anti-nonGal antibodies in xenograft rejection—Natural human antibodies to the two
other major carbohydrate xenoantigens (Neu5Gc and Sd?) have been identified, but the
cytotoxicity associated with these antibodies is relatively reduced compared to anti-Gal
antibodies (Figure4A,B) [44,55-57].

Similar to Gal, Neu5Gc antigens are widely expressed on porcine vascular endothelium and
bioprosthetic valves (Figure2B) [35,58,59]. In 2013, Jeong, et al. demonstrated that antigens
containing Neu5Gc were present on porcine valves, which may indicate that Neu5Gc is
expressed on different molecules (glycolipids or glycoproteins) in different tissues. In
particular, Neu5Gc may be expressed on glycoproteins of porcine valves [57,60]. Because it
is possible that antibodies only recognize certain structural forms of Neu5Gc, identifying the
predominant forms on bioprostheses will be important [57]. However, definitive conclusions
remain to be drawn regarding the immunogenicity of Neu5Gc in bioprosthetic valve
degeneration, which will require further analysis of patients with porcine-derived tissue
grafts.

It is important to note that many studies investigating the role of Neu5Gc have been
completed /in vitro [35,59]. Although nonhuman primates have been established as reliable
surrogate hosts in xenotransplantation models, baboons and Old World monkeys differ from
humans in one important immunologic respect. Old World primates express Neu5Gc, and
therefore do not make anti-Neu5Gc antibodies, and thus cannot provide a model for studying
Neu5Gc in xenotransplantation (as they do for Gal) [59,61]. In contrast, New World
nonhuman primates do not express NeubGc (similar to humans) and, although generally
small, could serve an important role in preclinical pigto- nonhuman primate trials [59,62].
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3. Preventing immunologic rejection of bioprosthetic valves through genetic
modifications

Initial production of Gal-deficient pigs—In 2005, Kuwaki, et al. demonstrated that
GTKO porcine hearts transplanted into baboons do not undergo hyperacute rejection [50]. It
was hypothesized that pigs genetically-modified to eliminate Gal might be a source for
future bioprosthetic valves [63].

In 2011, Lila and McGregor demonstrated that GTKO porcine pericardium (pre-treated with
human anti-Gal antibodies) xenografted into rats and rabbits calcified less than pericardium
from wild-type pigs [64]. In 2013, this group placed porcine valves into nonhuman primates,
and demonstrated that serum anti-Gal 1gG significantly increased after implanting wild-type
valves (compared to GTKO valves) over a one-year period [65]. However, the authors did
not report the gross pathology and histopathology of the valves, which would have provided
valuable evidence for the definitive role of rejection.

Combining genetic modifications to further reduce immunogenicity of
bioprosthetic valves—Aortic endothelial cells from pigs genetically-modified to both
eliminate Gal expression and express hCD46 (a human complement-regulatory protein;
GTKO/hCD46 pigs), have been shown to reduce human platelet aggregation [59,66].
Important studies on double-knockout (i.e., GTKO + knockout of Neu5Gc, termed GTKO/
CMAHKO) porcine peripheral blood mononuclear cells demonstrated a striking reduction in
their antigenicity (both humoral and cellular) to a level not significantly different to that of
allograft cells (Figure4) [67]. Double-knockout pigs with additional transgenic expression of
human CD46 (GTKO/hCD46/CMAHKO) have been demonstrated to be largely resistant to
xenograft rejection [58,59,67,68].

Indeed, Lee demonstrated that GTKO/hCD46/CMAHKO porcine valves and pericardium
reduced human serum antibody binding to levels comparable to that of human valves
(Figure2) [35,57,59]. The human humoral and cellular immune responses to these pig cells
are weak (Figure4C) [58,69,70]. However, it is important to note that if glutaraldehyde-
fixation remains essential in the preparation of porcine bioprostheses, the biologic activity of
hCD46 may be negated [11].

Similarly, cells from triple-knockout pigs with an additional deletion of the enzyme
responsible for expression of Sd# (B-1,4-N-acetyl-galactosaminyl transferase 2; p4GalNT2-
KO) on a GTKO/CMAHKO background are associated with even greater reduction in the
human humoral and cellular responses. For example, human antibody binding to triple-
knockout pig red blood cells is comparable to that of human blood type O red blood cells
(Figure4A,B). However, the effect on tissues from which bioprosthetic valves could be
fashioned (e.g., pericardium) had not been investigated [35,57,67] until recently when Zhang
and colleagues showed that triple-knockout porcine pericardium attracts minimal human
IgM/1gG binding [37,70].

Importantly, the biophysical properties of the pericardium were preserved, suggesting that
triple-knockout pigs would serve as ideal bioprosthetic valve sources (Figure5) [37]. Still,
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whether triple-knockout porcine pericardium and valve leaflets will continue to preserve
their structural integrity under /in vivo hemodynamics remains to be elucidated.

4. Moving towards clinical application

Future investigations—Continuing to define the role of triple-knockout source pigs, it
would be prudent to compare xenograft rejection of pig tissues (ideally valve leaflets,
pericardium, or an aortic patch capable of comparing the elicited antibody and T cell
proliferative response) from GTKO (as controls) and triple-knockout pigs into New World
monkeys that make anti-Neu5Gc and anti-Sd® antibodies similar to humans [35, 62,71,72]. It
will be important to ensure that any genetic modifications completely delete antigens, and do
not ‘unmask’ additional epitopes that might adversely accelerate an immunologic response
and valve degeneration [35,37,68]. Similarly, attempts to eliminate or substitute
glutaraldehyde fixation for other processing techniques must ensure appropriate protection
from free amino acids and other immunogenic antigens denatured by such established, albeit
imperfect, protocols [17].

A number of other transgenic modifications (e.g., expression of human complement- and
coagulation-regulatory, anti-inflammatory, and ‘self-recognition’ proteins) and methods for
T cell costimulation blockade studied in tissue and organ xenotransplantation may be
applied to bioprosthetic valves (Table 1) [73]. However, given that expression of human
transgenes in fixed and processed valves would prove challenging, we believe that initial
steps in establishing the safety and efficacy of genetically-modified pigs as sources of
bioprosthetic heart valves should focus on the relatively easy and established application of
xenoantigen deletion (i.e., Gal, Neu5Gc, and Sd?).

Congenital heart disease: a potential for initial clinical application—Despite
progress in bioprosthesis processing and design, neonates and infants often face sub-optimal
outcomes after valve replacement, in part because of the frequent lack of availability of
homografts of a suitable size [74]. This limitation is particularly serious in very young (<1
year) and low-weight (<3kg) children, in whom subsequent reintervention-free survival is
poor [75]. Similarly, extracardiac conduits have allowed routine repair of complex
congenital heart defects in the first year of life, but are again limited in availability. As a
result, a number of synthetic and/or biologic alternatives to restore pulmonary and/or
systemic hemodynamics have been developed [76,77]. Despite promising results overall
(particularly in bovine jugular vein, homograft vein, and porcine-valved Dacron conduits),
an optimal approach remains unclear [77]. Complicating matters, allosensitization after graft
failure may limit heart allotransplantation, which is often required in such vulnerable
children, and may increase transplant morbidity and mortality [78].

Pigs could provide an unlimited range of sizes of bioprosthetic valves that would be
available whenever required, and triple-knockout porcine bioprostheses would have reduced
immunogenicity, and therefore are likely to be associated with reduced valve/conduit
degeneration [79].
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The current evidence suggests that triple-knockout porcine bioprosthetic heart valves would
function considerably longer than current wild-type bioprosthetic valves in human
recipients. Preclinical and clinical studies determining the safety and efficacy of triple-
knockout bioprosthetic valves will almost certainly establish that porcine bioprostheses are
more resistant to human immune responses and are thus less susceptible to degeneration. It
will be important to confirm that genetically-modified porcine valves retain their biophysical
properties over a long period of time [37]. We suggest that nonhuman primates with similar
immune systems to humans, particularly New World monkeys, can provide an initial model
for safety and efficacy studies of triple-knockout bioprostheses prior to clinical trials
[35,37,59,68].

In contrast to pigs bred as sources of vital organs (e.g., the heart), that will be required to be
housed under strict biosecured conditions (to prevent infection in the pigs), once a
genetically-modified pig herd is established for bioprosthetic valve use, the pigs could be
housed in facilities no different from those of the wild-type pigs currently used as sources of
bioprosthetic valves today [37]. The costs of breeding and housing will therefore be modest.
If these bioprostheses improve longevity and significantly reduce the need for their
replacement, potential healthcare savings would be considerable [80].

Moreover, the children and young adults most likely to benefit from the implantation of
genetically-engineered porcine bioprosthetic heart valves, for whom there is no ideal valve
replacement today, would be spared the complications of mechanical prostheses and lifelong
anticoagulation. Developing genetically-modified bioprosthetic valves to reduce
immunogenicity and graft degeneration is now possible. Such an advance would constitute a
momentous milestone in the progress of biomedical engineering and cardiothoracic surgery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

p4GalNT2 B1,4 N-acetylgalactosaminyltransferase

CMAH cytidine monophosphate-N-acetylneuraminic acid hydroxylase
Gal galactose-a.1,3-galactose

GTKO al,3-galactosyltransferase gene-knockout

Neu5Gc N-glycolylneuraminic acid

Sda the product of B4GalNT2
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Figure 1. Overview of immunologic responses and proposed genetic modifications to combat
bioprosthetic valve degeneration and calcification.

(A) Mechanisms of degeneration and calcification in wild-type (genetically-unmodified) pig
BHVs, and (B) a schematic overview of immune-mediated degeneration and calcification.
(C) Established genetic modifications that may inhibit these processes and improve
commercial BHV durability (see Table 1 for feasibility, advantages, and disadvantages).

(1) Xenoantigens are retained despite BHV fixation and decellularization. Genetic deletion
of three key xenoantigens, Gal, Neu5Gc, and Sd? (GTKO, CMAHKO, B4GALNT2-KO,
respectively) prevents most antibody-dependent cell-mediated cytotoxicity (ADCC) and
complement activation. ADCC results from host immune cells (e.g., macrophages) that bind
antibodies through their Fc receptors. Host antigen-presenting cells, including B cells and
dendritic cells, opsonize xenoantigens for presentation to helper T cells, which activate B
cell maturation, class switching, and additional antibody production.

(2) Transgenic expression of human complement regulators further attenuates the innate
immune response by preventing activation of the cell-killing membrane attack complex.
Products of the complement cascade also activate neutrophil and macrophage infiltration,
promoting inflammation and phagocytosis that degenerates the surrounding matrix.

(3) Macrophages, neutrophils, and lymphocytes play a major role in cellular immunity
against implanted foreign materials. Preventing recruitment and activation could inhibit the
production of inflammatory cytokines that incite fibroblast and valve interstitial cell
osteoblastic differentiation. Genetically-engineered porcine BHVs express proteins that may
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reduce macrophage activity (hCD47), cytotoxicity (CTLA4-1g), and natural killer cell
immunity (HLA-E). Knockdown (or knockout) of MHC molecules (swine leukocyte
antigens) reduces porcine protein presentation and recognition required for the innate and
adaptive cellular immune responses.

(4) Similarly, transgenic expression of anti-apoptotic (A20 and HO-1) or anti-coagulation
proteins (TBM, ECPR, CD39) can minimize cell destruction and vascular inflammation that
serves as a nidus for calcium nucleation and thrombus formation, respectively. Deposition of
calcium orthophosphates alter the hemodynamics and increase mechanical stress, further
disrupting the homeostatic environment of the bioprosthetic valve and surrounding tissues.
(2-4) 1t is important to note that glutaraldehyde-fixed pig BHVs may not retain biologic
activity comparable to fresh pig tissues; therefore, expression of these molecules may be
negated in pretreated valves.

A20 = tumor necrosis factor-alpha-induced protein 3; BAGALNT2-KO = Sd? knockout;
BHYV = bioprosthetic heart valve; CD39 = ectonucleoside triphosphate
diphosphohydrolase-1; CD46 = membrane cofactor protein; CD55 = decay-accelerating
factor; CD59 = protectin or membrane inhibitor of reactive lysis; CMAHKO = Neu5Gc-
knockout; CTLA4-1g = cytotoxic T-lymphocyte antigen 4-1g; ECPR = endothelial protein C
receptor; GTKO = Gal-knockout; hCD47 = human integrin-associated protein; HO-1 =
hemeoxygenase-1; MHC = major histocompatibility complex; Neut = neutrophil; TBM =
thrombomodulin; TFPI = tissue factor pathway inhibitor.
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Xenoantigen expression on BHVs and valves from pigs and humans
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Figure 2: Xenoantigen expression and human antibody binding on human, wild-type pig, and
genetically-modified pig valves.
Glutaraldehyde fixation of wild-type (WT) and three different BHVs does not eliminate

structural glycoprotein/xenoantigen components, as indicated by immunofluorescence
staining. Gal and Neu5Gc are likely to be, at least partially, responsible for a xenogeneic
host response.

Ann Thorac Surg. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smood et al.

Page 17

(A) Immunofluorescence staining for Gal (red) on various valves. In BHVs, Gal expression
is still quite strong compared to WT pig valves, whereas GTKO, GTKO/hCD46/CMAHKO,
and human tissue are negative. Of note, BHVSs stain positive for nuclei (blue; DAPI). While
BHVs are considered ‘devitalized’, the nuclear remnants may continue to act as a source of
xenoantigens.

(B) Neu5Gc epitopes (red) are not decreased in BHVs compared to WT or GTKO/hCD46
valves. In comparison, Neu5Gc was not detected in GTKO/hCD46/CMAHKO pigs, or
human valves.

(C) Valves were incubated with human serum for 1 hour, and stained with biotin-conjugated
anti-human IgM and IgG antibodies, followed by incubation with Alexa Fluor 647-
conjugated streptavidin. Immunofluorescence staining of human IgM and 1gG (red) binding
did not differ between BHV and WT tissues, but decreased to indicate reduced binding to
GTKO/hCD46 pig tissue. Antibody binding was further decreased on GTKO/hCD46/
CMAHKO pig valves, which look comparable to human valves. (Magnification x200.
*Tissue was fixed with 0.2% glutaraldehyde for 48 hours prior to staining. BHV =
Bioprosthetic heart valve; BHV1 = Carpentier Edwards Model 2605 bovine-stented supra-
annular valve [Edwards Lifesciences, Irvine, CA]; BHV2 = Medtronic Mosaic 305 porcine-
stented Cinch valve [Medtronic, Minneapolis, MN]; BHV3 = Medtronic Freestyle 995
Porcine-stentless valve.) (Modified from Lee and colleagues [35] with permission from John
Wiley and Sons)
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Figure 3: Survival after pig organ transplantation in nonhuman primates, 1986-2017.
(Left) After heterotopic (non-life-supporting) pig heart xenotransplantation (in the
abdomen) in nonhuman primates, maximum survival has improved from <8 hours in 1986 to

945 days.

(Right) After life-supporting pig kidney xenotransplantation, maximum survival has
improved from 23 days in 1989 to >1 year.
NB. Organ transplantation from genetically-engineered pigs expressing a human
complement-regulatory protein was first reported in 1995, and organ transplantation from
GTKO pigs was first reported in 2005. GTKO pigs expressing both human complement- and
coagulation-regulatory proteins were first tested in 2011.
(Reviewed in reference [51])
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Figure 4:

(A) Human IgM (left) and IgG (right) antibody binding to wild-type (WT), Gal knockout
(GTKO), Gal/Sd? double-knockout (GTKO/p4GalKO), and Gal, Sd?, Neu5Gc triple-
knockout (GTKO/B4GalKO/CMAHKO) pig red blood cells (pbRBCs). Binding to TKO pig
RBCs was not significantly different from human IgM and 1gG binding to human RBCs of
blood type O. (B) Pooled human serum complement-dependent cytotoxicity (hemolysis) to
WT, GTKO, double-knockout, and triple-knockout pig RBCs. Cytotoxicity of the same
serum to autologous human O RBCs was tested as a control. (C) Human T cell proliferative
response to WT, GTKO/hCD46, and GTKO/hCD46/CMAHKO pig peripheral blood
mononuclear cells (PBMCs) in mixed leukocyte reaction. (Triple-knockout pig PBMCs were
not available to us at the time.)
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Figure 5: Biomechanical properties of triple-knockout porcine pericardium are similar to those
of wild-type pig pericardium

Uniaxial stress test of wild-type (WT) and triple-knockout (TKO) pig pericardium (n = 3/
group).

(A) Pericardium was harvested from 6 WT and 6 TKO pigs and tested for stress strain.

(B) Box plot of the maximum stress (10.56+4.39 MPa and 13.54 + 2.61 MPa for the WT and
TKO, respectively).

(C) Box plot of the strain at the maximum stress (WT was 74.62+12.43%, TKO was
67.81+6.44%).

(NS = not significant; TKO = triple-knockout (GTKO/B4GaINT2-KO/CMAHKO); WT =
wild-type) (Reproduced from Zhang and colleagues [37] with permission from Elsevier)
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Selected genetic-engineering approaches to reduce the human pathobiological responses to transplanted pig
hearts (though not all may be relevant to bioprosthetic valves)

Potential Genetic Feasibility Advantages Disadvantages
Modifications
Xenoantigen deletion +t+4t Relatively easy and established Investment for clinical trial
application of xenoantigen application
al,3-galactosyltransferase gene-knockout (GTKO) +tt+ deletion Regulatory approval
— — Modest cost burden after New World primates needed to
Cytidine monophosphate-N-acetylneuraminic acid establishing an initial herd investigate Neu5Gc
hydroxylase (CMAH) gene-knockout (CMAHKO, i.e., +4++
KO of Neu5Gc)
B4GalNT2 (B1,4 N-acetylgalactosaminyltransferase) +t+t
gene-knockout (B4GalNT2-KO, i.e., KO of Sd?)
Human complement-regulatory gene expression +++ Relatively easy and established Glutaraldehyde-fixation would
- application of transgene inhibit function of at least
CD46 (membrane cofactor protein) +t+ expression. Provides protection | some transgenic ‘protective’
- from human complement proteins
CD55 (decay-accelerating factor) +++ activation.
CD59 (protectin or membrane inhibitor of reactive lysis) 4+
Suppression of cellular (lymphocyte/macrophage) Relatively established Glutaraldehyde-fixation would
responses by human transgene expression or human +t+ application of transgene inhibit function of at least
gene deletion or downregulation expression some transgenic ‘protective’
- - - - - Local immunosuppression of proteins
Expression of hCD47 (human integrin associated protein; adaptive immune response Less established in preclinical
speC|es-spe_C|f|c interaction with SIRP-a inhibits +++ T cell costimulation blockade models
phagocytosis) Risk of systemic
- - - immunosuppression
Expression of cytotoxic T-lymphocyte antigen 4-1g it
(CTLAA4-Ig) (results in a local immunosuppressive effect)
MHC class I-knockout (MHC-1-KO) (results in no i’
expression of swine leukocyte antigen [SLA] class 1)
MHC class Il transactivator knockdown (CIITA-DN) i
(results in reduced expression of SLA class I1).
Expression of hHLA-E, hHLA-G, or hHLA-Cw3 (inhibits s
human natural killer cell cytotoxicity)
Human anticoagulation and anti-inflammatory gene " Relatively easy and established Potential risk of bleeding
expression application of transgene
- expression. Provides protection
Thrombomodulin (TBM) + from human coagulation
- - activation.
Endothelial protein C receptor (EPCR) +
Tissue factor pathway inhibitor (TFPI) +
CD39 (ectonucleoside triphosphate .
diphosphohydrolase-1)
Human anti-inflammatory and anti-apoptotic gene " Protection against local Questionable preclinical
expression inflammatory and apoptotic significance and efficacy
stimuli Limited preclinical experience
Hemeoxygenase-1 (HO-1) + in xenotransplantation
A20 (tumor necrosis factor-alpha-induced protein 3) +

it
= Highly feasible, well-established model, and readily applicable;

+

++
= Feasible, established model, with questionable clinical efficacy;

+
= Feasible, limited application in preclinical models, theoretical efficacy

++
= Moderately feasible, well-established model, challenges to application in fixed valve tissues;
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