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HIGHLIGHTS

e Cross-species experiments heralded progress in clinical cardiac xenotransplantation.

e Immune, physiological, socio-economic and ethical barriers need to be overcome.

o A framework for clinical trials is needed to advance clinical xenotransplantation.

SUMMARY

n estimated 1 in 20 patients living with

chronic heart failure (HF) progresses to

advanced stage disease each year, and this
proportion is anticipated to increase as foundational
pharmacologic therapy provides further prolongation
of life.! However, once patients transition to
advanced HF, they exhibit refractoriness to pharma-
cologic therapy and treatment designed to address
heart rhythm disorders.” In such cases, permanent
left ventricular assist devices or heart transplantation
(HTx) is required to improve quality and duration of
life. The use of HTx is challenged by a shortage of
suitable donor organs, requiring strict criteria for

The increased need for heart transplantation in patients with advanced heart failure has introduced demand for a greater
supply of donor hearts. Progress in cross-species experimental models has led to promise for ushering in the clinical use
of xenotransplantation (XTx) as a potential solution to the organ shortage worldwide. In this review, the authors first
highlight the historical advances that led to the first pig-to-human heart transplantation, a landmark moment in the field
of advanced heart failure. The authors discuss immunologic, infectious, and physiological challenges for implementation
of XTx, as well as innovations in the science of genetic manipulation that allowed clinical translation of this therapy. The
authors consider ongoing barriers that affect ongoing translation of this technology into clinical care in the current era.
Finally, the authors propose a framework for advancing clinical application of XTx. (J Am Coll Cardiol Basic Trans Science
2022;7:716-729) © 2022 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

the use of this limited resource. It is this growing
need that has ignited interest in the field of xeno-
transplantation (XTx), using organs from animal
sources that are available without limits. Yet after de-
cades of failure in experimental animal models and
limited success, the ability to genetically modify ani-
mal organs allowed the performance of the first
porcine-to-human HTx on January 7, 2022. In this
state-of-the-art review, we first highlight the histori-
cal advances and discuss scientific innovations that
allowed clinical human translation of XTx. We
consider ongoing barriers that affect ongoing transla-
tion of this technology into clinical care in the current
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era (Central Illustration). Finally, we propose a frame-
work for advancing clinical application of XTx.

HISTORICAL BACKGROUND OF HUMAN XTx

The concept of human XTx first emerged in 1667,
when Jean-Baptiste Denys performed farm animal-
to-human blood transfusions,® evolving to skin xe-
nografts from rabbits, dogs, and even pigeons in the
19th century,* to insertion of rabbit kidney slices as
well as porcine and goat renal heterografts in patients
with renal insufficiency.>® In the early 1960s, Keith
Reemtsma performed 13 chimpanzee-to-human kid-
ney transplantations while at Tulane University; 1
patient survived for 9 months. Nonhuman primates
(NHPs) were chosen for their close evolutionary
relationship to humans, but most patients died days
to a few months following surgery, highlighting in-
compatibility between donors and recipients.” Similar
outcomes were observed after primate-to-human
liver transplantation, despite the use of cyclo-
sporine.® James Hardy performed a heart XTx in 1964
using a chimpanzee donor, but the heart was too
small to support the patient’s circulation, and graft
loss occurred in 2 hours because of antibody-
mediated rejection.”'® Subsequent attempts at heart
XTx were unsuccessful (Table 1) until 1984, when
Leonard Bailey at Loma Linda University performed
an orthotopic baboon HTx into an infant girl born
with hypoplastic left heart syndrome, referred to as
Baby Fae.'' The patient survived for 21 days, and
death ensued because of rejection.'>'? The main
challenge of hyperacute rejection could not be sur-
mounted, leading to <24-hour survival in subsequent
experimental attempts.

EVOLUTION OF CARDIAC XTx

Following the unsuccessful use of NHP hearts for
HTx, pigs have emerged as the most promising donor
species for several reasons, including similar heart
size and anatomy, the feasibility of precise genetic
modifications, favorable breeding characteristics, and
relative low risk for infection. However, because of
the large evolutionary differences between pigs and
primates, porcine organs transplanted into NHPs and
humans undergo hyperacute rejection. One of the
major reasons for the hyperacute rejection of trans-
planted pig organs in humans is that humans possess
preformed natural antibodies against carbohydrate
antigens that are expressed on the surface of porcine
cells. A central breakthrough to avoid hyperacute
rejection was the identification of the a-galactose 1,3-
galactose (Gal) carbohydrate linkage as the major
xenoepitope responsible for hyperacute rejection.”
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This was followed by the creation of geneti-
cally modified «-1,3-galactosyltransferase
gene-knockout pigs, and early experimental
successes ushered an era of genetically
modified pigs that could be fit for XTx.">'*
Additional porcine gene knockouts for im-
mune and thrombosis regulation pathways
allowed the XTx field to progress, and by 2012
the discovery of CRISPR/Cas9 (clustered
regularly interspaced short
repeats-associated RNA-guided DNA endo-
nuclease Cas9) gene editing tools facilitated
the removal of porcine endogenous retrovi-
ruses (PERVs).»>1¢

On January 7, 2022, a genetically engi-
neered porcine heart (United Therapeutics) was suc-
cessfully transplanted into a 57-year-old patient with
HF at the University of Maryland Medical Center, who
had been deemed ineligible for available advanced
HF therapies.” The patient died on March 8, 2022.®
In the following review, we discuss the details sur-
rounding the clinical course of the first patient who
was transplanted with a genetically modified pig
heart, as well as the social and scientific and barriers

Cas9

that will need to be overcome before cardiac XTx can
be adopted into clinical use.

IMMUNOLOGIC AND TECHNICAL BARRIERS

As shown in Figure 1, overcoming hyperacute, acute
humoral, and acute cellular xenograft rejection is
central to the success of cardiac XTx, as well as
overcoming the problems of complement-mediated
toxicity, dysregulated coagulation, perioperative
cardiac xenograft dysfunction and the need for novel
immunosuppressive medication. Each of these is
discussed in more detail in the following sections.

PREVENTION OF HYPERACUTE REJECTION. After
successful vascular anastomoses, natural antibodies
in primates react with surface antigens present on
porcine cells, leading to hyperacute rejection within
minutes to hours, a process originating in the
endothelium of small arteries.'”® Natural antibodies
in the innate immune system represent one among
many immunologic barriers to xenograft survival
and arise without exposure to their known ligands.
A key natural antibody, the anti-Gal antibody, con-
stitutes up to 4% of circulating human immuno-
globulins and targets the Gal carbohydrate moiety
(Gal alpha[1,3]Gal, formed by alpha 1,3-galactosyl
transferase), which places a terminal galactose res-
idue in an alpha linkage to another galactose, is
present on several cell surface glycoproteins and
glycolipids of different

mammals, including

palindromic HF =

ABBREVIATIONS
AND ACRONYMS

CRISPR/Cas9 = clustered
regularly interspaced short

GH = growth hormone

heart failure

NHP = nonhuman primate

retrovirus

XTx = xenotransplantation
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palindromic repeats-associated
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HTx = heart transplantation

PERV = porcine endogenous
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CENTRAL ILLUSTRATION The Barriers to Xenotransplantation Translation Into the Clinical Realm
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pigs.’®?° Gal is not expressed in humans and NHPs,
as it was lost during evolution after a frame-shift
genetic alteration in o-1,3-galactosyltransferase.”
The xenoreactive immunoglobulin anti-Gal has
been shown to mediate complement activation early
in the course of hyperacute rejection,? but initial
attempts for removal of anti-Gal antibodies in pig-
to-baboon kidney transplantation models did not
improve long-term graft survival despite absence of
hyperacute rejection.?® In the early 21st century, a
nuclear transfer technology removing Gal epitopes
and the creation of Gal-deficient pigs led to the
prevention of hyperacute rejection in pig-to-
baboons heart XTx.?*2° Additionally, other natural
antibodies were identified as mediators of delayed
acute vascular xenograft rejection, which occurred
in days to weeks. These other carbohydrate natural
antibodies included P1,4-N-acetylgalactosyltransfer-
ase, responsible for Sd® synthesis; a red blood cell

antigen-like terminal carbohydrate; and CMP-N-
acetylneuraminic acid hydroxylase, responsible for
Neu5Gc synthesis, highly expressed on endothelial
cells of all mammals except humans.?””*® The
markedly extended survival of xenografts observed
with the genetic modification of the 3 carbohydrate
xenoantigens was significantly greater than what
was seen with the very first genetic modifications
performed in pigs, which did not successfully pre-
vent hyperacute rejection. These modifications tar-
geted complement regulatory proteins, as
hyperacute rejection initially involved activation of
the complement pathway and consisted in the
introduction of transgenic human complement reg-
ulatory proteins, namely, CD55, CD46, and CD59,
into the porcine genome.??-3°

Genome engineering with transcription activator-
(zinc finger nucleases,
Talens) and somatic cell nuclear transfer using

like effector nucleases
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TABLE 1 Historical Background of Clinical Heart Xenotransplantation

Year Surgeon Institution Donor Type of Transplantation Outcome Survival Ref. #

1964 Hardy University of Mississippi Chimpanzee OHT Heart too small to support 2h 20

human circulation

1968 Ross National Heart Hospital, Pig HHT Rejection 4 min 9192
United Kingdom

1968 Ross National Heart Hospital, Pig Perfused with human Rejection Immediate death S92
United Kingdom blood (not transplanted)

1968 Cooley Texas Heart Institute Sheep OHT Rejection Immediate death 93,94

1969 Marion Lyon, France Chimpanzee OHT High pulmonary vascular Rapid death o228

resistance
1977 Barnard University of Cape Town, Baboon HHT Heart too small to support 5h 9
South Africa human circulation
1977 Barnard University of Cape Town, Chimpanzee HHT Rejection 4d £
South Africa
1984 Bailey Loma Linda University Baboon OHT Rejection 20d o7
1992 Religa Silesian Academy of Medicine, Pig OHT Unknown cause of death <24 h %8
Poland

1997 Baruah India Pig OHT Unknown cause of death <24 h %9

2022 Griffith University of Maryland Pig OHT Unknown cause of death 2 mo LE:ES
Medical Center

HHT = heterotopic heart transplantation; OHT = orthotopic heart transplantation.

CRISPR/Cas9 have significantly improved the feasi-
bility and success of XTx.>' Research identified
several microbial genomic loci consisting of an
interspaced repeat array, which were uniformly
called CRISPR in the early 2000s,%* their biological
significance later determined from their extrachro-
mosomal and phage-associated origins.>* The CRISPR
loci was found to play a role in microbial immunity,
more specifically in the adaptive immune system.?*-34
CRISPR research accelerated in subsequent years,
leading to experimental evidence allowing the engi-
neering of a simple RNA-programmable DNA endo-
nuclease.?>3® The CRISPR/Cas9 technique allows
editing of multiple distinct DNA targets in parallel
within the endogenous genome in any desired
organism.>*3>

PREVENTION OF ACUTE VASCULAR XENOGRAFT
REJECTION. Macrophages, natural killer cells, and
anti-swine leukocyte antigen antibodies are involved
in the immune reaction that occurs days to weeks
following XTx, known as acute vascular rejection.>”
Acute vascular xenograft rejection begins with the
recipient’s native antibodies reacting with donor’s
antigens at the surface of vascular endothelial cells of
small arteries, which leads to adhesion of natural
killer cells and macrophages, leading to platelet
aggregation and adhesion with subsequent formation
of clots in the lumen of small arteries.>®-*° Strategies
to prevent acute vascular

xenograft rejection

have included genetic modifications targeting

major pathways. Modification of class I major

histocompatibility complex molecules by disabling
the B-2-microglobulin activity encoded by the f-2-
microglobulin gene, an indispensable player for the
assembly of major histocompatibility complex I
surface receptors, led to extended skin xenograft
survival of B-2-microglobulin-deficient pigs.*® Addi-
tionally, to reduce the cytotoxicity of natural killer
cells, human leukocyte antigen E and human CD46
have been added on the surface of porcine cells as
regulators.>>*' To interfere with the role of macro-
phages in acute vascular xenograft rejection, modifi-
cation in the porcine genome leading to the
expression of human CD47 on the surface of porcine
cells inhibited phagocytosis from xenograft cells by
the recipient’s macrophages.***3

PREVENTION OF ACUTE CELLULAR REJECTION.
Acute cellular rejection has rarely been seen in pig-to-
NHP XTx compared with hyperacute rejection and
acute vascular xenograft rejection, which have
significantly affected graft survival in XTx research.
The major contributors to acute cellular rejection are
the recipient’s CD8" and CD4" T cells’ interacting
with the donor’s class I and II swine leukocyte anti-
gen, which necessitates binding between T cell re-
ceptors and the major histocompatibility complex on
antigen-presenting cells.**#> Other players involved,
but to a lesser extent, in acute cellular rejection
include B cells, macrophages, and natural killer cells.
Attempts have been made to produce transgenic pigs
expressing cytotoxic T cell antigen 4, responsible for
inhibiting T-cell activity, but the genetically modified
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FIGURE 1 Clusters of Differentiation and Inflammation in Xenotransplantation
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Ab = antibody; alpha-Gal = a-1,3-galactosyltransfer; anti-SLA = anti-swine leukocyte antigen antibody; Beta4GalNT2 = f1,4-N-acetylgalactosyltransferase;
CMAH = CMP-N-acetylneuraminic acid hydroxylase; hEPCR = human endothelial protein C receptor; hHO1 = human hemeoxygenase-1; HLA-E = human leukocyte
antigen E; hTM = human thrombomodulin; MAC = membrane attack complex; NK = natural killer.

pigs died prematurely from other infection or
vascular rejection causes.***® The production of
class I major histocompatibility complex knockout
pigs using guide RNAs and the Cas9 gene editing
technique, as well as reducing the expression of class
II swine leukocyte antigen through expression of the
human dominant-negative mutant class II trans-
activator transgene, have been tried.*”*® The initial
results of these approaches were promising, as the
genetically engineered pigs exhibited normal devel-
opment despite reduced levels of CD8" and CD4"
T cells.

USE OF IMMUNOSUPPRESSIVE MEDICATION. Whether
the use of conventional immunosuppression regimen
used for HTx patients will maintain long-term rejec-
tion-free survival of xenografts remains to be estab-
lished. Studies using porcine-to-NHP islet cell
transplantation have demonstrated that “real-world”
immunosuppression may not completely overcome
the cytotoxicity and cytokine production from acti-
vation of T cells and innate cytotoxic cells.*?>°
Yamamoto et al°’ compared 2 different maintenance
immunosuppressive regimen in pig-to-baboon kidney
transplantations using a-1,3-galactosyltransferase
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gene-knockout pigs expressing human CD46, among
other gene modifications performed. All transplanted
baboons received induction therapy with antithymo-
cyte globulin and anti-CD20mAb. The 2 maintenance
immunosuppression regimens have consisted of
either CTLA4-Ig and/or tacrolimus combined with
rapamycin or mycophenolate mofetil or anti-
CD40mAb combined with rapamycin. The regimen
based on anti-CD40omAb provided substantially
longer graft survival. Despite these results suggesting
that calcineurin inhibitor-based regimens may not be
as effective as CD40-based regimens, little is known
about the mechanisms of graft failure in NHPs, and
these may not directly apply to XTx in humans. In the
first clinical-grade porcine kidney XTx using a human
decedent model, Porrett et al°” opted for a calcineurin
inhibitor-based regimen using antithymocyte glob-
ulin and anti-CD20 for induction immunosuppression
and tacrolimus, mycophenolate mofetil, and predni-
sone for maintenance immunosuppression.®” The
study was terminated after 77 hours after reperfusion
and 8 days after declaration of brain death secondary
to severe coagulopathy causing exsanguinating
hemorrhage. Additional pharmacologic interventions
may be necessary to improve xenograft survival in
humans as understanding of the underlying mecha-
nisms of long-term graft failure is improved.

MITIGATING COMPLEMENT-MEDIATED TOXICITY
AND DYSREGULATION OF COAGULATION. Xeno-
graft cells are more vulnerable to membrane attack
complex and cell lysis from complement activation,
as they are less susceptible to the inhibitory action of
complement regulatory proteins.”®> Complement reg-
ulatory proteins are surface proteins inhibiting com-
plement activation at different stages of the
complement cascade, and they also play a role in
xenograft accommodation.>**® These complement
inhibitors have been early targets of genetic modifi-
cations to reduce complement-mediated antibody-
dependent toxicity.”> Genetic engineering leading to
the expression of human complement regulatory
proteins including CD46, CD55, and CD59 on trans-
genic porcine cells increased resistance to hyperacute
rejection and complement-mediated damage.>’
Additional pharmacologic interventions might be
helpful to prevent further complement-mediated
cytotoxicity such as the anti-C5 antibody tesidolu-
mab, which has recently demonstrated benefits in
NHP models by reducing early antibody-mediated
rejection and prolonging survival in renal XTx.%->°
The coagulation pathway is disrupted in the setting
of XTx because the recipient’s hematologic system
and the donor’s clotting pathway inhibitors present
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on the endothelial surface interact poorly together
and lead to disordered coagulation.®® The mecha-
nisms underlying the observed disseminated coagu-
lation and thrombotic microangiopathy seen with
pig-to-baboon kidney and cardiac xenograft rejec-
tion are not completely understood and escape the
genetic engineering described thus far in this review,
which counteracts natural antibodies, complement
activation, and as T cell- and B cell-mediated activity.
Other studies evaluating the role of the clotting sys-
tem in the immune reactions that underlie xenograft
failure targeted 2 potential human molecules to be
expressed in swine models, thrombomodulin or
CD141 and the endothelial cell protein C receptor.**
The expression of human thrombomodulin in pig-
to-baboon heart XTx resulted in extended graft sur-
vival,®®? while other studies have demonstrated
recipient reduced platelet aggregation and donor
delay in blood clotting with reduced prothrombinase
activity.®*°* Platelet aggregation was also found to be
reduced in in vitro studies from transgenic pigs
expressing endothelial cell protein C receptor, a pro-
tein that mediates cytoprotective, anticoagulant, and
anti-inflammatory signaling.®* Expression of human
CD39 has also been considered for the prevention of
thrombotic microangiopathy development, but at-
tempts conducted in pig-to-baboon kidney and lung
XTx have yielded mixed results.®® CD39 possesses
anti-inflammatory and thromboregulatory effects,
and its expression on genetically modified pigs leads
to reduced platelet sequestration with partial reduc-
tion of platelet activation.®®®’” Thrombotic micro-
angiopathy remains a significant barrier to the
success of XTx and to the prolongation of xenograft
survival.

PERIOPERATIVE CARDIAC XENOGRAFT DYSFUNCTION.
In the first 48 hours after surgery, perioperative car-
diac xenograft dysfunction has been frequently
observed in NHPs with orthotopic XTx.°%:°° The pro-
cess appears to be reversible within the first 2 weeks
after transplantation, from follow-up echocardio-
graphic studies.®® Histologic findings of perioperative
cardiac xenograft dysfunction differ from what is
seen with hyperacute rejection and include a pre-
served myocardium in the presence of vascular anti-
body deposition, resembling cardiac stunning and
ischemic reperfusion injury. Techniques to minimize
early post-XTx inflammation and ischemia reperfu-
sion injury include improved organ preservation,
such as cold nonischemic perfusion and transgenic
expression of human CD39 in pigs.”®””" Cold non-
ischemic perfusion with an oxygenated albumin-
containing hyperoncotic cardioplegic solution is
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superior to cold static ischemic cardioplegia in pre-
serving systolic graft function.”® The production of
transgenic pigs expressing human CD39, which has a
role to play in cardiovascular protective and antith-
rombotic pathways, has been shown to reduce infarct
size following myocardial ischemia reperfusion injury
in baboons.”

INFECTIOUS BARRIERS

There is a concern for transmission of viruses from
nonhuman species to xenograft recipients, and the
greatest apprehension comes from the possibility of
PERV transmission to humans.**’> The 3 subtypes
of the PERV viruses, PERV A, PERV B, and PERV C,
are integrated into the porcine genome. In vitro but
not in vivo studies have demonstrated the transfer
of recombinant PERV A and PERV B subtypes into
human cells. Other potential threats in the context
of pig-to-human XTx include suid beta herpes virus
2 (also known as porcine cytomegalovirus), lym-
photropic herpes virus, and hepatitis E virus.”?
Importantly, all preclinical studies and clinical
studies using pig cells, tissues, and organs for the
purpose of XTx did not show any evidence that
PERV is transmitted to humans.”” Some strategies
have been developed to prevent transmission of
PERV from pigs to humans, including the produc-
tion of low-virus-producing pigs, vaccines, antire-
troviral treatment, therapies interfering with RNA,
and inactivation of PERV activity in porcine cell
lines or creating PERV-knockout animals using the
CRISPR/Cas9 technique to target the PERV poly-
merase gene.”* The transgenic 10-gene-edited pigs
developed for humans previously are tested for the
presence of porcine viruses, including suid beta
herpes virus 2 and PERV, every 3 months, following
rigorous maintenance standards of potential donor
pigs.”” The first clinical-grade porcine kidney XTx
using a human decedent model did not show any
evidence of PERV transmission or peripheral
chimerism in the decedent.’” Peripheral chimerism
testing to detect the presence of expression of the
gene for a porcine ribosomal protein, pRPL4, was
absent at any point. Genetic manipulations do not
reduce the transmission of suid beta herpes virus 2
from the mother to swine offspring, which may be
prevented using cesarean section delivery and
cautious isolation of donor animals.”> The possibil-
ity of infection transmission or zoonoses needs to
be very carefully addressed to avoid potential risks
for reduced xenograft survival and introduction of
major public health risks.
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PHYSIOLOGICAL BARRIERS

PREVENTION OF DETRIMENTAL XENOGRAFT
OVERGROWTH. Detrimental xenograft overgrowth
has been observed with pig-to-baboon kidney and
cardiac XTx.”®77 The mechanisms underlying the
observed doubled porcine heart sizes, or the 4-fold
increase in swine kidney volume seen in trans-
planted baboons are not fully explained but are
thought to be genetically determined with intrinsic
factors at play leading the overgrowth of donor xe-
nografts.”®”” Consequences of such significant and
rapid cardiac xenograft lead to diastolic pump failure,
lung compression, and restriction, leading to pulmo-
nary edema and oxygen desaturation. Different ap-
proaches have been used to successfully prevent
xenograft recipients from experiencing detrimental
organ overgrowth (Figure 2). Decreasing the afterload
and blood pressure of baboons closer to the pig’s
natural blood pressure level is one such strategy, as
relative hypertension may contribute to post-
operative hypertrophy.””>’® Other strategies consist of
early weaning of corticosteroid therapy and use of the
sirolimus prodrug temsirolimus, which blocks the
mechanistic target of rapamycin signaling pathway,
inhibiting the effect of growth hormone (GH).””-”°
Finally, gene editing performed with the CRISPR/
Cas9 technology can be used to delete the GH recep-
tor gene, which has been demonstrated through the
mutation of exon 3 of the GH receptor gene in porcine
zygotes.®° The produced GH receptor-knockout pigs
demonstrated normal birth weight with growth
retardation at 5 weeks and 60% body weight reduc-
tion at 6 months.

SELECTING PIGS AS DONORS FOR HUMAN XTx. A lot
of effort has been put into overcoming the immuno-
logic barriers for transplantation between different
species, but only a few studies have addressed
whether porcine organs would function adequately in
human hosts from a physiological perspective. Some
of the main reasons why pigs were chosen as better
organ donors than primates for human XTx were their
organ size; similar anatomy, structure, and physi-
ology to humans; and shorter gestational periods with
larger litter sizes of 5 to 10 offspring.'® Additionally,
pigs rapidly grow to their adult size, reaching sexual
maturity at 5 months, enabling more rapid genetic
engineering compared with primates.'® With respect
to their similarities with human tissues and organs,
they do have comparable hearts and circulatory sys-
tem but also kidneys, lungs, liver, pancreas, and
skin.®! As the research in XTx progresses and porcine
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FIGURE 2 Physiological Adaptations in Xenotransplantation
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xenograft survival in NHPs and humans is extended,
there are hemodynamic and physiological dissimi-
larities that will likely be uncovered. As an example,
which complicates thoracic xenografts, the blood
pressure difference between pigs and primates leads
to detrimental xenograft overgrowth. Not only blood
pressure but also body temperature differs between
pigs and humans, and a decrease of 2°C could
potentially induce metabolic derangements in
porcine xenografts once transplanted into humans.®?
Another important dissimilarity that has been un-
covered with the use of porcine kidney xenografts is
the demonstration of less effective heterologous
renin to elicit the release of angiotensin compared
with homologous human renin, which may have
direct consequences on the cardiovascular system.*?
Additionally, serum cholesterol in humans is 3 times
higher than what is seen in pigs, which could poten-
tially increase the risk for cardiac graft vasculopathy
in the xenograft.®? Other uncertainties include
whether the genetically engineered porcine heart will
adapt to cardiometabolic stress during effort and ex-
ercise and whether change of blood flow orientation
to the lungs from a horizontal to an upright position
matters, which might alter quality-of-life gains in
humans. Meeting the physiological demands of re-
cipients with transplanted heart xenografts that will
function cooperatively with other organs is central to

the success of clinical XTx application, and genetic
manipulation using the CRISPR/Cas9 technique might
be one solution to overcoming such physiological
barriers. It is unknown whether other physiological
differences between pigs and humans could lead to
organ incompatibility.

COMBINING STRATEGIES TO EXTEND
PORCINE XENOGRAFT SURVIVAL

The combination of the aforementioned strategies to
produce transgenic pigs using somatic cell nuclear
transfer CRISPR/Cas9 significantly helped progres-
sion of the XTx field. As laid out by Cooper et al,®* a
total of 9 genetic modifications that have currently
been identified may be performed to create geneti-
cally engineered donors that will survive once trans-
planted in their hosts for extended periods of time.
These 9 mutations include the deletion of 3 genes
responsible for the carbohydrate xenoantigens
described previously (triple-knockout pigs), expres-
sion of 2 human complementary-regulatory antigens
(CD46 and CDs55), and 2 human coagulation regula-
tory proteins (thrombomodulin and endothelial cell
protein C receptor). Additionally, the expression of
immunomodulatory genes in the porcine genome,
including human hemeoxygenase-1, which confers
anti-inflammatory and antiapoptotic properties, as
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‘ 6 Human Genes Knocked-In ’

Complement regulation
- CD55
- CD46

Inflammation regulation
-CDh47
- hHO1

Coagulation regulation
- hEPCR
l -hT™M

FIGURE 3 10-Gene-Edited Pig Used in the First Pig-to-Human Heart Transplantation

The 10-Gene Edited Pigs

‘ 4 Pig Genes Knocked-Out ’

Anti-immunogenic
- Alpha-Gal
- Beta4GalNT2
- CMAH

Anti-growth
- GH receptor

Alpha-Gal = a-1,3-galactosyltransferase; Beta4GalNT2 = B1,4-N-acetylgalactosyltransferase; CMAH = CMP-N-acetylneuraminic acid hy-
droxylase; GH = growth hormone; hEPCR = human endothelial protein C receptor; hHO1 = human hemeoxygenase-1.

well as human CD47, suppresses in part macrophages
and T-cell immune activity as described earlier.

These 9 modification and deletion of the GH re-
ceptor gene that inhibits organ growth were inte-
grated into the 10-gene-edited pigs (Figure 3) used in
the recent first pig-to-human heart XTx performed in
January 2022.°*%° One major genetic difference con-
sisted of the deletion of genes responsible for red
blood cell antigens at the surface of red blood cells in
the porcine genome, making the pigs universal do-
nors with respect to their blood type. This transgenic
porcine heart transplanted into a human survived for
2 months.

THE FIRST PIG-TO-HUMAN HEART XTX

The details regarding the patient’s clinical course
post-XTx and the cause of his death have not been
published as of May 4, 2022, but have already been
provided by personal communication with Bartley
Griffith, the cardiac surgeon who oversaw this
sentinel procedure. Preoperatively, the patient had
been hospitalized for 61 days and supported on
extracorporeal membrane oxygenation support for
48 days. There was severe sarcopenia and bone

marrow suppression with significant leukopenia and
thrombocytopenia. The induction and maintenance
regimen used included KPL-404 (an anti-CD40
monoclonal antibody), rituximab, rabbit antithymo-
cyte globulin, a C-1 esterase inhibitor, mycophenolate
mofetil (subsequently replaced by low-dose tacroli-
mus), and corticosteroids.

The postoperative course was initially promising,
with a well-functioning xenograft producing a cardiac
output of up to 7 L/min in the absence of any
inotropic support (and even required antihyperten-
sive therapy initially). Three weeks after surgery, the
patient developed ischemic bowel with suppurative
peritonitis, requiring surgical intervention and
reduction of immunosuppression.
immunoglobulin was administered, as the patient
was noted to have severe hypogammaglobulinemia. A

Intravenous

few days later, manifestations of xenograft dysfunc-
tion became apparent, with elevated troponin levels,
low cardiac output with restrictive filling, and
evidence of myocardial edema, necessitating up-
titration of immunosuppression and return to
extracorporeal membrane oxygenation support. The
decision was made to withdraw care 2 months after
implantation.
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Pathologic examination of the xenograft revealed
multiple competing issues that may have contributed
to graft failure and the patient’s demise. Areas of
infarction with marked edema were present in the
context of diffuse capillary destruction and endo-
thelialitis observed on electron microscopy. There
was no evidence of vessel thrombosis or other typical
markers of cellular rejection. Areas of infarction were
associated with complement deposition, which did
not involve the vascular beds, arguing against a
traditional form of antibody-mediated rejection. In
situ hybridization histochemistry revealed the pres-
ence of suid beta herpes virus 2 intracellularly, which
was transmitted from the host, having escaped
detection by polymerase chain reaction testing prior
to transplantation.

These findings raise significant interest and spec-
ulation surrounding potentially unaccounted for
pathways that could have contributed to graft failure.
Potential causes of the patient’s demise include: 1)
the initial severe sepsis syndrome with associated
cytokine up-regulation and deleterious effects on the
xenograft; 2) the use of intravenous immunoglobulin,
which could have transmitted antiporcine antibodies
(although ex vivo assessments did not show these
antibodies to be cytotoxic in nature); 3) a distinct
form of rejection that may have activated yet un-
identified complement pathways (in the presence of
severe leukopenia); and 4) the suid beta herpes virus
2, which may have been responsible for the reduced
graft survival as observed in prior studies of pig-to-
baboon heart and kidney XTx.”>8°

The outcome of this clinical experiment raise
important questions about what additional gene
modifications are required to target other rejection
pathways contributing to short-term and longer-term
graft failure but also what other interventions can be
performed to prevent porcine-t- human viral trans-
mission. Additionally, the preoperative state of pa-
tients for future XTx attempts will be a significant
consideration in improving postoperative xenograft
outcomes. All in all, this case shows promise for pig-
to-human XTx and has set the table for future at-
tempts at heart XTx. Importantly, there is a need to
remain vigilant for immunologic, infectious, and
physiological barriers and important social, ethical,
and economic challenges to address for the accep-
tance and application of XTx.

SOCIAL AND ETHICAL BARRIERS

Bioethicist and professor of philosophy Bernard E.
Rollin used Frankenstein’s monster as a symbol of
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society’s view of biotechnology and the dilemma
associated with genetic engineering of animals.®” The
ethical framework that is currently in place for clin-
ical application and decision making might need
modifications for XTx to be ethically, socially, and
legally accepted. Other questions arise with organ
access by purchase and impact on systems of fair
allocation of organs for HTx. There is currently no
guideline in place to dictate legal regulations of pig-
to-human heart XTx, and uniform social acceptance
of the practice is unlikely. Major differences in cul-
tural and religious beliefs will make it particularly
challenging to build consensus guidelines on XTx.

One major ethical consideration in XTx is the
concern for animal rights and the anthropocentric
view of putting humans above all other animal spe-
cies.®® The welfare of animals being bred in labora-
tories with living conditions that significantly differ
from their usual environments will need to be
defined.®® Other challenges include the fairness of
resource allocation and distributive justice, in an era
when there is already much confusion in patients
with respect to the current organ allocation system.
Another major aspect will be appropriately educating
clinicians and patients, particularly with respect to
the challenge of obtaining well-informed consent in
an area with a high degree of uncertainty. These
considerable ethical, social, and legal challenges will
require careful consideration and discourse in a
manner concurrent with scientific advances in the
field.

HEALTH CARE RESOURCE-BASED BARRIERS

The annual costs of HTx in the United States repre-
sent a relatively small proportion of total annual
health care expenditures, which is likely due in part
to the relatively small number of transplantations
perform yearly.?° With XTx, the availability of organs
would be expected to increase, likely leading to a
significant rise in annual expenditures attributable to
transplantation. The current exorbitant costs of XTx
will assuredly have to reduce over time to allow this
organ donor source to meet its goal of universal use.
Aspects to be considered when forecasting potential
XTx costs include breeding and genetic engineering
of the animals; the surgery, follow-up patient care,
and management of complications; higher costs of
immunosuppressive medications; and expenses spe-
cific to organ retrieval. This should be contrasted with
economic and social costs of reducing the burden of
HF in wait-listed patients and those who never make
it to the wait list. Cost-effectiveness will need to be
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established for private and subsequent public payer
approval, and one may also wonder if this strategy
will ultimately lead to a reduction in overall expen-
ditures by avoiding a subsequent therapy or increase
costs if it serves as a bridge. These uncertainties are
crucial to consider, and efforts should be made to
address them as innovations in XTx progress toward
human clinical trials.

FRAMEWORK FOR FUTURE
CLINICAL TESTING

Given the complexity of between species trans-
plantation and the recent advances in the XTx field,
a comprehensive framework for future clinical trials
is needed. In 2000, an advisory committee of the
International Society for Heart and Lung Trans-
plantation proposed efficacy recommendations for
the cardiac applications of future XTx.%? Although
proposed benchmarks in animal experiments have
been met, and disease transmission from pigs to
NHPs and humans is considered minimal, the
question of how to move XTx forward remains un-
certain, and appropriate selection of patients for
experimental XTx will be one of the most important
challenges to be addressed. The first issue we must
contend with is whether we are ready to move to
the next XTx in a human. We strongly believe this
to be the case. As the history of evolution of cardiac
allotransplantation or mechanical circulatory sup-
port attests, advances occur incrementally rather
than in a transformative manner. It is critical that
the most appropriate patient be matched to the
technology while exercising vigilance for novel
challenges that will nevertheless surface. The ideal
next few cases will be those patients with advanced
HF who are optionless for either cardiac allo-
transplantation or destination-therapy durable left
ventricular assist devices (eg, a patient with cancer
able to survive to at least 1 year but with biven-
tricular failure unable to be supported by a left
ventricular assist pump because of a small chamber
size). Once early experience is gained, with succes-
sive iterations of XTx, the bar for success can be
raised with maturation of the technology. A critical
facet will include the development of sensitive and
specific laboratory testing for the detection of zoo-
notic transmission as well as to monitor xenograft
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function from an immunologic standpoint, as the
immunotherapy required will be distinct from that
used in allotransplantation. The safety of XTx in
early feasibility phase I clinical trials will be
required with survival that meets or exceeds a
greater duration than that achieved in the sentinel
case before clinical trials can be initiated more
broadly across different populations. Over time, we
believe that XTx will likely find application as a
bridge to allotransplantation, an alternative to
destination therapy in those with persistent right HF
or even in patients in need of a second trans-
plantation because of first transplantation failure, in
whom ethical challenges exist with the use of an
allograft because of a lesser expected outcome.

CONCLUSIONS

The potential for XTx to allow an unlimited donor
supply and resolve the organ shortage is now closer
than ever. Gene editing has driven success in trans-
planting porcine hearts into NHPs. Key innovations
have included eliminating porcine antigens, addition
of human isoforms of key coagulation and comple-
ment regulatory proteins, and control of organ size.
Translation of these breakthroughs to human re-
cipients poses new scientific, regulatory, ethical, and
financial challenges. Although XTx offers great po-
tential, careful clinical studies will be needed to
assess whether long-term outcomes rival currently
available alternatives, including mechanical circula-
tory support devices and marginal or currently dis-
carded human donor hearts.
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