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Abstract
Organ transplantation is the definitive treatment for end-stage solid organ dis-

eases, yet biological and logistical barriers reduce the rate of successful organ
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transplants. As such, there is a need for gene therapy and gene modulation strate-
gies in the organ transplantation setting to prevent rejection, expand the donor
pool of available organs, and attenuate ischemia-reperfusion damage. As we are
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entering an era of “precision medicine,” the organ transplant field is becoming
equipped with the tools necessary to personalize and optimize organs designed
specifically to withstand injurious pathways that occur during transplantation,
such that the concept of “designer organs” will be a reality in the near future. In
this review, we highlight the recent progress using gene knockout and knock-
in strategies used mainly in the context of xenotransplantation. We also discuss
advancements in CRISPR-Cas9 gene editing and RNA interference in relation to
organ transplantation. Lastly, we discuss the exciting future implications of cus-
tomized gene therapy in the transplantation setting, and its ability to potentially
create a future where organs intended for transplant are personalized to maxi-
mize both graft and patient survival.
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1 | INTRODUCTION

16, 2021). In an effort to combat the organ shortage, trans-
plant surgeons have broadened the acceptance criteria

Transplantation is the definitive treatment for end-stage
solid organ diseases. However, the ultimate success of
this procedure has unfortunately led to its downfall—the
donor organ shortage. There are now over 106 000 patients
on the solid organ transplant waiting list in the United
States while only approximately 39 000 transplants were
performed in 2020 (Based on OPTN data as of November
16, 2021). Unfortunately, the overall waitlist mortality is
persistently high, with rates ranging from 6.9% (for pan-
creas) to 28.3% (for heart/lung), with an all organ waitlist
mortality of 16.6% (Based on OPTN data as of November

to include “extended criteria donors” (i.e., donors of ad-
vanced age, donors after circulatory death, donors with
excessive steatosis, and others) of which organ damage is
more frequent leading to organ loss.'

In light of the donor organ shortage, the research
and surgical communities have been motivated to dis-
cover novel organ protective strategies to solve this crisis.
Previous areas of investigation include pharmacologic
methods of graft treatment such as preservation solution
additives (i.e., antioxidant and anti-inflammatory agents)2
as well as more dynamic and therapeutic approaches
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including ex situ machine perfusion.> However, manip-
ulation of the graft via gene editing and modulation has
recently garnered support as a precise method of altering
and protecting the graft from damage as well as conferring
favorable qualities to suboptimal organs to ensure that
they can be transplanted with acceptable outcomes.

While approaches to genetic modification of a graft
may vary, the rationale of graft treatment focuses on
three main areas—how to eradicate lifelong systemic
immunosuppression and avoid immune rejection, im-
prove the graft shortage dilemma, and attenuate or pre-
vent ischemia-reperfusion damage.*® The emergence of
new technologies within the past decade, such as RNA
sequencing and gene editing and modulation strategies,
have enhanced our understanding of these pathological
mechanisms unique to transplantation from the whole-
organ level to single-cell resolution.”® These genetic ad-
vances have driven the organ transplantation field to its
current state, such that the concept of “designer organs” is
not that far from realization. The future may be one where
transplant teams can individualize and genetically modify
organs to withstand the harsh demands of transplantation
prior to recipient implantation.

In this review, we highlight the overall need for gene
therapy and modulation strategies in the context of
solid organ transplantation (SOT). We discuss recent ad-
vancements using gene knockout and knock-in strate-
gies to facilitate xenotransplantation, focusing mainly on
cluster regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein 9 (Cas9). We also
highlight the recent progress on gene silencing strategies
in SOT including RNA interference (RNAIi), such as small
interfering RNAs (siRNAs) and antisense oligonucleotides
(ASOs). Finally, we discuss the future prospects regarding
gene therapy strategies in the organ transplantation field.
This review is not meant to be an exhaustive discussion
of all gene therapy strategies utilized in the organ trans-
plant setting. Rather, it is intended to highlight some of
the major applications of gene therapy and gene modu-
lation strategies, and their future potential in the organ
transplantation field.

2 | THE NEED FOR GENE
THERAPY STRATEGIES IN SOLID
ORGAN TRANSPLANTATION

Before the emergence of immunosuppressive drugs, the
success rate of SOT was dismal, except in cases where
isografts were transplanted between identical twins.®
Nowadays, the side effects of long-term immunosuppres-
sion and chronic rejection threaten the success of allograft
transplantation as a definitive therapy for end-stage organ
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diseases.* Immunosuppressive agents currently in use are
toxic, non-specific, and potentiate the risk of malignancy
and opportunistic infections.” While acute rejection is cur-
rently controlled with pharmacologics, chronic rejection
remains a threat and is ineffectively addressed by pre-
sent therapies. Therefore, genetic manipulation of donor
organs to reduce the requirement for systemic immuno-
suppression and thus promote long-term graft survival is
promising.

There is also a need to explore gene therapy strategies
as aresult of the organ shortage, a byproduct of the success
of SOT over the past decade. This shortage is forcing the
transplantation community to use higher-risk grafts and
even explore possibilities beyond human donor organs to
keep pace with the outweighing demand. It is predicted
that as medicine and public health continue to advance,
diseases of the aging, such as heart and kidney failure, will
increase in prevalence, creating even more of a strain on
limited organ supply.>'® The donor organ shortage is fur-
ther worsened due to early graft loss as a result of ischemic
injury, which increases the risk of acute and chronic rejec-
tion leading to organ failure. These scenarios highlight the
potential for gene therapy and/or modulation strategies in
SOT to prevent rejection, expand the organ pool, and pro-
vide graft protection (Figure 1).

3 | GENE THERAPY DELIVERY
STRATEGIES

It has been said that in a broader sense, organ transplanta-
tion was the first successful application of gene therapy."*
Others have commented that the Achilles heel of gene
therapy is gene delivery.'” That is, the therapeutic utility
of gene therapy lies in the efficacy of its delivery strategy,
such that optimal delivery is achieved when therapeutic
effects are reached in the target organ without significantly
triggering the host immune response. There are numerous
strategies to deliver gene therapy products including viral
vectors (e.g., lentivirus, adenovirus, and adeno-associated
virus (AAV)) as well as nonviral vectors (e.g., extracellular
vesicles, nanoparticles, cell-penetrating peptides, cationic
lipids, conjugates, and polymers). Though viral vectors
tend to exhibit greater transduction efficiency compared
to nonviral vectors, concerns about viral gene therapy in-
clude mutagenesis at the site of gene insertion,"* which
may cause uncontrolled transgene expression. Other con-
siderations of viral vectors include tissue tropism, gene
size intended for delivery, as well as viral infection caus-
ing rejection,' though this risk is minimal.

The use of AAVs, in particular, has recently emerged as
a promising strategy for therapeutic gene delivery in the
lab and clinic. For example, AAV was used for delivery of
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FIGURE 1 The future of personalized transplantation is heading towards a reality where organs are individualized and modified to

maximize both graft and patient survival [Color figure can be viewed at wileyonlinelibrary.com]|

genetic load during machine perfusion prior to liver im-
plantation in a rodent liver transplant model, with pre-
liminary results demonstrating that AAVs can be used to
deliver a variety of gene-editing technologies during ex
situ preservation.” Clinically, AAVs show potential as a
result of their sustained duration of effect, with several
clinical trials ongoing to treat a variety of human dis-
eases.'® Though neutralizing antibodies exist against sev-
eral AAV serotypes in humans, the prevalence of serum
neutralizing antibodies is low, making AAV an appealing
delivery method for gene therapy.!” On the contrary, en-
gineered adenoviruses efficiently transduce human cells
in the lab, but wild-type variants can also infect people.
Indeed, nearly 60% of some populations are seropositive
for recombinant adenoviruses, with some individuals
exhibiting adenoviral-deactivating antibodies.”® While
certain delivery vectors are more stable than others, the
development of non-immunogenic gene delivery vehicles
for durable host genome integration is an area of exciting
exploration, especially as it pertains to the organ trans-
plantation field.

4 | THE EMERGENCE OF
XENOTRANSPLANTATION

While still in its infancy and is subject to great debate,
the use of animal organs, namely from pigs and non-
human primates (NHPs), serves as a potential solution for

expanding the donor pool of available organs for trans-
plant, at least serving as a bridge until a human organ be-
comes available. The interest in xenotransplantation was
recently reignited when a kidney from a genetically-edited
pig donor (termed GalSafe) was xeno-transplanted into a
brain-dead donor at NYU Langone Heath, with monitor-
ing of kidney function for 54 h post-transplantation.'®
Although this relative success is questionable in terms of
its broad application to humans, it helped to redirect at-
tention toward xenotransplantation as a potential strategy
to overcome the shortage of human donor organs.

5 | APPROACHES TO GENETIC
ENGINEERING OF ANIMALS FOR
XENOTRANSPLANTATION

Several strategies have been used to genetically modify
animals for xenotransplantation.”” The discovery of syn-
thetic, programmable nucleases has revolutionized the
field of genetic engineering. Among these newly discov-
ered nucleases, CRISPR-Cas9 has been used most widely
in the gene editing field as this technology resembles mo-
lecular scissors with high precision capable of cleaving
DNA at specific locations. Cas9 and its guide RNA can be
delivered to target cells using viral or nonviral methods to
achieve therapeutic effects.”"** Following DNA cleavage,
the double-strand DNA break is repaired by nonhomolo-
gous end-joining or homology-directed repair, producing
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the desired genome modification. These nuclease-specific
genetic engineering strategies have enabled in vitro and in
vivo gene editing in an efficient and specific manner suit-
able for xenotransplantation applications. CRISPR-Cas9
especially has been used in xenotransplantation stud-
ies for its ease of use, low cost, wide in vivo applicabil-
ity, enhanced specificity, ability to target multiple DNA
sequences in the same cell using different guide RNAs,
and minimal off-target effects with the development of
new and improved Cas9 enzymes.”® The following dis-
cussion surrounding gene editing in xenotransplanta-
tion primarily focuses on CRISPR-Cas9 technology as
it is the method most frequently and recently employed
to selectively knockout and knock-in genes, thus sur-
mounting many of the biological barriers encountered in
xenotransplantation.

6 | BIOLOGICAL HURDLES OF
XENOTRANSPLANTATION

Today, there remain three major barriers inhibiting
the clinical success of xenotransplantation in humans
for which gene therapy strategies have been explored.
These include the elicited immune response and rejec-
tion of xenografts in recipients,” the physiological bio-
incompatibility between xenografts and humans,” and
the risk of zoonotic infection transmission between graft
and recipient.”® While these biological hurdles are often
considered independently in the context of xenotrans-
plantation, all three barriers—immunity, incompatibility,
and infection—indeed intersect and dictate the future
clinical success of xenotransplantation.®

7 | IMMUNE REJECTION OF
XENOGRAFTS

The most daunting challenge in utilizing porcine xeno-
grafts is an inevitable and aggressive immunological rejec-
tion of xenografts.?” Early studies attempting to transplant
porcine organs in humans failed primarily due to hypera-
cute rejection occurring within minutes to hours after
transplantation.® The reason for hyperacute rejection was
found to be pre-formed natural human antibodies against
the porcine carbohydrate xenoantigens, Galal-3Gal, N-
glycolylneuraminic acid (Neu5Gc), and non-gal glycan
Sda, which lead to rapid complement activation and for-
mation of the membrane attack complex, resulting in graft
destruction and organ rejection.”*

The genes encoding the xenoantigens Galal-3Gal,
Neu5G, and Sda, namely o-1,3-galactosyltransferase
(GGTALl), cytidine monophosphate-N-acetylneuraminic
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acid hydroxylase (CMAH), and -1,4-N-
acetylgalactosaminyltransferase (B4GALNT2), respec-

tively, have been the focus of several gene knockout
strategies to reduce xenograft immunogenicity and en-
hance human compatibility.®! Indeed, the first GGTA1
knockout pigs were generated in 2002, and since the dis-
covery of CRISPR-Cas9 in 2012, groups have generated
pigs with single, dual, or triple knockout genes encoding
the three enzymes necessary for porcine carbohydrate xe-
noantigen formation.**

The longest survival of xenografts thus far is 945 days
in a cardiac xenograft transplant model using donor pigs
with a GGTA1/CD46/thrombomodulin genetic knock-
out background,* 499 days in a kidney xenograft model
using donor pigs of a GGTA1 and CD55 genetic knockout
background,* 14 days for lung xenografts from pigs with a
GGTA1/CD47/CD55 genetic knockout background,® and
29 days for liver xenografts in a GGTA1 porcine knock-
out model.*® All models included an immunosuppressive
regimen. Other gene alteration strategies tested in vivo
include the addition of six human transgenes to protect
against inflammation and reduce activation of macro-
phages and T cells (i.e., CD46, CD55, TBM, EPCR, CD47,
and HO1),” the insertion of human anti-apoptotic and
anti-inflammatory genes (i.e., A20% and H0139), over-
expression of human HLA-E/B2 microglobulin to inhibit
natural killer cells,*’ and knockout of MHC Class 1 mole-
cules by disrupting the 7 alleles of the classic MHC Class
1 swine leukocyte antigen genes.*' Taken together, these
studies suggest that CRISPR-Cas9 genetic deletion and/or
manipulation of genes related to complement, innate im-
munity, and inflammation are viable therapeutic targets
for successful xenograft transplantation in preclinical pig-
to-NHP models.

Promisingly, recent results demonstrate that when
human blood is perfused through pig livers via ex vivo per-
fusion, Neu5Gc deletion results in reduced human anti-
pig antibody binding and promotes organ function and
survival.** Despite this, it is predicted that triple knockout
pigs with the addition of protective human transgenes will
be the most optimal organs for xenotransplantation in hu-
mans because humans produce minimal to no naturally-
existing antibodies to triple knockout porcine cells.*!~*’
Additionally, it has been suggested that a pig with a total
of 9 genetic modifications (a donor triple knockout pig
expressing human complement-regulatory proteins CD46
and CD55, coagulation-regulatory proteins thrombomod-
ulin and EPCR, and HO1 and CD47) will supply organs
(mainly kidneys and heart) that would function for a
clinically-relevant period of time (>12 months) following
transplant in patients with end-stage organ failure, in ad-
dition to an immunosuppressive regimen that adequately
controls the adaptive immune response.*!
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To date, CRISPR-Cas9 gene editing has allowed test-
ing of nearly 40 different combinations of porcine gene
knockout and human gene knock-in models in less than a
decade, with the most sophisticated transgenic pig model
containing 3 pig gene deletions (GGTA1l, CMAH, and
B4GALNT?2), insertion of 9 human genes (CD46, CD55,
CD59, B2M, HLA-E, CD47, THBD, TFB1, and CD39) as
well as the inactivation of 25 loci in porcine cells impli-
cated in endogenous retroviruses.**** Thus, there are
numerous genetically-modified pig models currently
available in xenotransplantation research each with their
own demonstrated benefits. For a comprehensive review
of these models, we direct readers to recently published
reviews in the field.”**

8 | BIOLOGICAL
INCOMPATIBILITY OF
XENOGRAFTS

Graft loss due to clotting following the hyperacute re-
jection phase of xenotransplantation is the second
biological hurdle and is due to the incompatibility of
coagulation between humans and pigs. The dysregu-
lation of coagulation regulators between species is
governed mainly by thrombomodulin present in the
blood vessels of the transplanted xenografts.*® Porcine
thrombomodulin is incompatible with human protein
C,* leading to thrombin generation, coagulation, and
inflammation. To prevent the coagulation incompat-
ibility in xenotransplantation, groups have generated
transgenic pigs expressing human thrombomodulin,
which has demonstrated favorable results in pig-to-NHP
cardiac xenotransplant studies.*®** Thrombomodulin
has also been shown to have anti-inflammatory as well
as anticoagulant properties, further demonstrating its
protective role when incorporated into xenograft mod-
els. While several studies have highlighted the impor-
tance of incorporating multiple human transgenes into
xenotransplantation models, it is unclear at this time
the specific genetic alterations needed to completely
prevent coagulation complications following xenotrans-
plantation. However, it is certain that the expression of
human thrombomodulin in transgenic animal models is
more efficient and less toxic than the continued admin-
istration of systemic anticoagulant agents.®

9 | INFECTION TRANSMISSION
RISK WITH XENOGRAFTS

The third and final hurdle preventing successful clinical
translation of xenotransplantation using pigs is due to

zoonotic infection concern, primarily for porcine endog-
enous retroviruses (PERVSs). It is known that under stress,
porcine cells release PERVs, which can infect human
cells in vitro.”® There is a concern for the pathogenicity
of PERVs in immunosuppressed xenograft recipients as
well as the potential for PERVs to become further virulent
through mutations or recombination with other human
viruses.?” There have been no cases of human PERV in-
fection since its discovery in 1995.%! Nevertheless, caution
has been taken with research efforts directed toward pre-
venting zoonotic infection as a result of porcine xenotrans-
plantation. Using CRISPR-Cas9, groups have been able to
inactivate more than 60 copies of PERV insertions to re-
duce the infectious risk threefold by specifically targeting
the retroviral gene polymerase, pol, a reverse transcriptase
universal to all PERVs needed for viral production.>

Despite the attention toward using gene editing tech-
nology to reduce the risk of porcine zoonotic infections
in xenotransplantations, many have argued that SOTs
of any type pose an infectious risk to the recipient, such
that the concern for infectious transmission in xenotrans-
plantation is becoming less of a public health threat.”
The reasons for a reduced infectious risk from pigs are
numerous, however, some of the most frequently cited
reasons include robust screening protocols implemented
over multiple generations of breeding, the ability to de-
crease potential infections with isolation and vaccination
measures, and recent advancements in genetic engineer-
ing, thus lowering the risk for infection to a greater de-
gree than in allotransplantation.®>* Undoubtedly, public
concerns with zoonosis raised by the COVID-19 pandemic
will be a major obstacle to overcome.

10 | THE FUTURE OF
XENOTRANSPLANTATION

While the future of xenotransplantation is indeed exciting
as a result of gene editing technologies, it is important to
note that the potential for organ replacement would still
vary between the type of transplantable organ.” Recent
progress in artificial pancreas and cardiac device develop-
ment such as partial and total artificial hearts, as well as
cellular therapies that enhance function, are re-shaping
the pancreas and heart transplantation landscape.”®®
However, in the case of liver, lungs, and kidneys, trans-
plantation remains the definitive treatment for end-stage
diseases as no fully implantable devices or cellular thera-
pies exist due to organ complexity. For the liver, the use
of allogeneic and xenogeneic hepatocyte transplants is
gaining traction in the field when treating inherited ge-
netic disorders, though their efficacy in systemic diseases
is unlikely given the limited potential of stem cells to
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proliferate and replace large areas of damaged or diseased
tissue.”

Though the concept of designer organs in cases of
xenotransplantation is appealing, the rapid and recent
progress within the field has encouraged regulatory au-
thorities to critically examine xenotransplantation guide-
lines, particularly in cases of proposed clinical trials. In
particular, clinical trials may not involve patients in whom
allotransplantation is contraindicated due to conditions
such as chronic infection or malignancy, as this would
likely confirm a poor prognosis beyond xenotransplant
consideration.®! Additionally, initial xenograft clinical tri-
als must demonstrate sustained life-supporting xenograft
function and survival in preclinical models.®*** Thus, the
organ transplant field awaits clinical implementation of
xenotransplantation with cautious optimism, one where
there is hope for a future devoid of organ shortages with
the realization that careful steps must be taken to ensure
such a reality.

11 | GENE THERAPY AND GENE
SILENCING STRATEGIES IN
ORGAN TRANSPLANTATION

Several gene therapy strategies have been explored in
cases of allotransplantation as well. For example, stud-
ies have used adenoviral vectors encoding human inter-
leukin-10 (AdhIL-10) during ex situ machine perfusion
of donor lungs in both discarded human and porcine
lung models to inhibit pro-inflammatory cytokine secre-
tion and promote improvement in lung function prior to
transplantation.®*** The use of mesenchymal stem cells
(MSCs) has also been explored in SOTs as a method of
modulating the inflammatory response and attenuating
tissue damage, and their addition to machine perfusate in
discarded human and animal models has been tested in
lung, kidney, and liver preclinical and clinical trials and
is thoroughly reviewed elsewhere.®” Gene therapy strate-
gies in allotransplantation can also be used to correct ge-
netic deficiencies, inborn errors of metabolism, or clotting
disorders in donor organs that are associated with an in-
creased risk of graft loss.®

Gene silencing strategies have also been implemented
in organ transplantation to modulate gene expres-
sion at the messenger RNA (mRNA) and protein level.
Specifically, RNA interference (RNAi) is a powerful,
clinically-established therapeutic technology that enables
the repression of disease-associated or overexpressed
genes by knocking down the level of target mRNA and
thus subsequent protein, and its use in the clinical set-
ting is established. The first-ever RNAi drug received
FDA approval in 2018 to treat polyneuropathy caused by

Organs

hereditary transthyretin amyloidosis, and several clinical
trials using RNAi drugs to treat a variety of human dis-
eases are ongoing.”’

RNAI therapies, specifically in the form of small in-
terfering RNAs (siRNAs) and antisense oligonucleotides
(ASOs), can be chemically-modified for enhanced sta-
bility, specificity, and potency, with a robust duration of
effect for 6-12 months following a single systemic injec-
tion.®** Delivering RNAi therapeutics during the trans-
plantation process serves as an attractive method of organ
protection for their ability to directly treat a procured graft
during the ex situ preservation period without the need for
systemic therapy, their high specificity with minimal off-
target effects, and their ability to be administered without
the need for viral transfection agents.”’ Formulation of
RNAI therapies without the inclusion of viral transfection
agents eliminates concerns of immunogenicity associated
with the transfection agent itself and is an important con-
sideration in the context of SOTs.

The application of RNAi-based therapies has recently
been investigated as a method of modulating alloimmune
responses before and after transplant to reduce graft injury
and induce donor-specific tolerance. Specifically, injury-
sensitive endothelial cells have been targeted during
the pre-transplant period as donor organs express MHC
molecules, and it is the endothelial cell barrier that the
recipient lymphocytes first encounter upon reperfusion.”
Endothelial cells are also primary targets of ischemia-
reperfusion injury (IRI) and preformed donor antibody
damage.” Thus, reduction of endothelial cell injury may
reduce the host alloimmune response. Endothelial cells
also express adhesion molecules, such as intercellular ad-
hesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1), that recruit leukocytes during
IRL.7® Strategies used to target ICAM-1 include anti-
ICAM-1 conjugated poly (lactic-co-glycolic acid) (PLGA)
nanoparticles (NPs).”* Approaches using similar methods
have also targeted MHC II on allograft endothelial cells.
It was found that NPs (poly(amine-co-ester)) loaded with
siRNA targeting MHC II and delivered via ex vivo perfu-
sion decreased endothelial cell MHC II expression for up
to 6 weeks, accompanied by decreased graft T cell infil-
tration and activation.” Other groups have demonstrated
the feasibility of conjugating anti-CD31 antibodies to NPs
to facilitate endothelial cell uptake and vascular retention
in human kidneys during normothermic machine perfu-
sion.” Thus, NPs may serve as a platform for endothelial
cell targeting during ex vivo normothermic machine pres-
ervation to reduce allograft transplant injury and promote
organ function and survival, at least in the short-term
post-transplant period.

The first use of an ASO as a gene modulatory agent in
organ transplantation was in 2017 where an ASO targeting
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miRNA-122 (Miravirsen) was delivered in a porcine model
of ex situ liver machine perfusion.”” miRNA-122 was se-
lected as a target for ASO-mediated knockdown for its high
expression in hepatocytes and because its presence allows
for hepatitis C virus (HCV) replication.”” In vitro data con-
firm ASO-mediated repression of HCV replication during
machine perfusion as a proof-of-concept, although it is
unlikely that Miravirsen will be implemented in the clinic
as a method to prevent HCV reinfections given the high
efficacy of current HCV antiviral regimens. Several other
groups have since investigated the use of gene modulation
strategies during the liver transplantation process to tar-
get components necessary for viral replication and genes
implicated in IRI such as those involved in inflammation,
oxidative stress, and cell death. Numerous RNAI strategies
have been tested experimentally in several transplantable
organ animal models involving the liver, kidneys, heart, and
lungs, and thoroughly reviewed elsewhere.>’®” However,
we highlight that Gillooly et al first demonstrated the fea-
sibility of delivering siRNA during ex situ machine perfu-
sion.* This group delivered unmodified siRNA targeting
the apoptotic Fas receptor during ex situ liver perfusion
under both hypothermic and normothermic conditions.
In addition to administering RNAi therapeutics during
ex situ machine perfusion, groups have demonstrated the
feasibility of delivering siRNA in the preservation solution
itself. In one such study, a cocktail of unmodified siRNA
targeting TNFalpha, Fas, and complement C3 was admin-
istered to the heart in a syngeneic model of mouse heart
transplantation as part of the preservation solution. After
48 h, siRNA-treated hearts were transplanted into synge-
neic recipients and demonstrated sustained beating for
>100 days (whereas control grafts lost function within
8 days), improved histology, and diminished neutrophil
and lymphocyte accumulation.® This was one of the first
studies to demonstrate that delivery of siRNA in the preser-
vation solution is feasible and can effectively repress target
mRNA expression to protect cardiac function and prolong
graft survival against IRL®" Other groups have since tested
the delivery of a siRNA cocktail solution (targeting com-
plement C3, RelB, and Fas) in a similar mouse model of
syngeneic kidney transplantation, highlighting the fea-
sibility and clinical potential of delivering siRNA-based
therapies during the preservation period of donor organs.*

12 | POTENTIAL
FUTURE PROSPECTS OF
GENE MODULATION IN
TRANSPLANTATION

Though RNAI therapeutics have been investigated ex-
perimentally as a way to protect grafts against virus

replication, rejection, and IRI, their implementation in
the clinical setting, particularly during organ transplan-
tation, has not yet occurred. RNAi-based therapeutics
are dosed based on weight. Thus, large quantities are
likely required to reach therapeutic effects in both ex situ
and in vivo models. The specificity and duration of effect
of RNAi-based therapeutics, as determined by chemical
conjugate, backbone, and delivery strategy is neverthe-
less exciting as it eliminates concerns for major off-target
effects and permanent gene modulation, especially
when the targets of IRI, for example, are involved in the
maintenance of homeostasis with numerous overlap-
ping cellular signaling pathways. Transient repression of
gene and protein expression, therefore, may sufficiently
regulate immune responses while preventing potential
toxicities and adverse effects of prolonged homeostatic
signaling repression.

It must be acknowledged, however, that in cases
where gene therapy is applied during ex vivo cold pres-
ervation, the metabolic function of an organ may limit
uptake. The use of machine perfusion at physiologic
conditions may therefore serve as a more effective plat-
form for both gene therapy and RNAi-based drug deliv-
ery. The transient nature of mRNA silencing seen with
RNAI therapeutics on the order of weeks to months is
appealing during the transplantation process, where
graft function within the first year following trans-
plantation dictates a transplant's long-term success.®
Additional randomized human studies using RNAi
therapeutics are necessary, and discarded human or-
gans declined by transplant centers may serve as a strat-
egy to investigate gene modulation therapies in human
organ models.

13 | CONCLUSION

The future of organ transplantation is indeed exciting,
as numerous gene editing and modulation strategies are
currently being explored with promising results. Though
no agents have yet to be tested in organ transplantation
clinical trials, the potential for such gene-targeting strat-
egies to revolutionize the organ transplantation field is
tangible (Figure 2). Unlike other genetic disorders where
stable and durable genetic modification may be needed,
organ transplantation may require only temporary genetic
modulation after organ transplantation. Furthermore, the
preservation period offers a uniquely appropriate and
clinically necessary period during which to administer
gene therapy, and this can be done ex situ preventing
risks of off-target effects. The concept of “designer organs”
will enable a future with uniquely improved graft and pa-
tient survival outcomes and a downwards trending waitlist,
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FIGURE 2 Timeline of major advancements in the fields of gene therapy, RNA interference, organ transplantation, and
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where the supply of organs will hopefully one day outweigh

the demand.
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