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RNA interference (RNAI) is a natural process of posttranscriptional gene regulation that has raised a lot of attention culminat-
ing with the Nobel Prize in Medicine in 2006. RNAi-based therapeutics have been tested in experimental transplantation to
reduce ischemia/reperfusion injury (IRI) with success. Modulation of genes of the innate immune system, as well as apoptotic
genes, and those involved in the nuclear factor kappa B pathways can reduce liver injury in rodent liver pedicle clamping and
transplantation models of IRI. However, in vivo use of RNAI faces limitations regarding the method of administration, up-
take, selectivity, and stability. Machine perfusion preservation, a more recent alternative approach for liver preservation show-
ing superior results to static cold preservation, could be used as a platform for gene interference therapeutics. Our group was
the first to demonstrate uptake of small interfering RNA (siRNA) during liver machine preservation under both normother-
mic and hypothermic perfusion. Administering siRNA in the perfusion solution during ex vivo machine preservation has
several advantages, including more efficient delivery, lower doses and cost-saving, and none/fewer side effects to other organs.
Recently, the first RNAi drug was approved by the US Food and Drug Administration for clinical use, opening a new avenue
for new drugs with different clinical applications. RNAi has the potential to have transformational therapeutic applications in
several areas of medicine including transplantation. We believe that machine preservation offers great potential to be the ideal
delivery method of siRNA to the liver graft, and future studies should be initiated to improve the clinical applicability of RNAi
in solid organ transplantation.

Liver Transplantation 25 140-151 2019 AASLD.
Received September 26, 2018; accepted October 11, 2018.

liver transplant.1? One of the pathophysiological
mechanisms leading to the increased risk for develop-

Ischemia/reperfusion injury (IRI), especially in
extended criteria donors (ECDs), has been associated

with a high discard rate and more complications after

Abbreviations: AGO2, argonaute 2  protein; ALT, alanine
aminotransferase; BUN, blood urea nitrogen; 3, Complement 3;
Chol., cholesterol; Cy3, Cy3 dye; cas3, caspase 3; cas8, caspase 8;
DAPI, 4,6-diamidino-2-phenylindole; DCA, docosanoic acid;
DHA, docosahexaenoic acid; ECD, extended criteria donor; EPA,
eicosapentaenoic acid; GalNAc, N-acetylgalactosamine; HGMBI,
high mobility group box 1; HMP, hypothermic machine perfusion;
HTK, histidine tryptophan ketoglutarate; IFIT, interferon-induced
proteins with tetratriopeptide; IFN, interferon; IL, interleukin;
IRF, interferon regulatory factor; IRI, ischemia/reperfusion
injury; 1V, intravenous; KC, Kupffer cell; LA, lithocholic acid;
mRINA, messenger RNA; miRNA, microRNA; MIP2, macrophage
inflammatory  protein 2, MDA, malondialdehyde; MPO,

140 | REVIEWARTICLE

ing complications after transplantation is susceptibil-
ity for IRI. IRI is a dynamic process that amplifies
cellular damage in the newly transplanted organ by
recruitment of inflammatory cytokines, production of
reactive oxygen species, neutrophil accumulation, and
complement activation.®) The cascade of processes
that occurs in IRI can result in inflammation, apopto-
sis, and necrosis.®) The concept of interrupting these
IRI cascades has been proposed as a way to minimize
organ injury during liver transplantation. Several
approaches have been described to minimize IRI, such
as preventing the activation of neutrophils or Kupffer
cells (KCs), reducing the generation of reactive oxygen
species, and minimizing programmed cell death.®)
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More recently, research has been carried out to study
the potential effects of RNA interference (RNAi)
on IRI during liver transplantation. Discovered in
1998, RNAi is a natural occurring mechanism to
down-regulate gene expression by specifically target-
ing messenger RNA (mRNA) transcripts. RNAi was
transformational and opened a new avenue for targeted
therapeutic approaches culminating with the Nobel
Prize in Medicine in 2006 for Andrew Fire and Craig
Mello.®) Consequently, several genes that have been
identified as mediators in the pathophysiological path-
way of IRI have been silenced by this technique.”"*

Genetic ex vivo modification of the liver is an
underused option. RNAi appears to be promising in
alleviating IRI and has the potential to improve post-
operative graft survival. Developments in the chemis-
try of oligonucleotides offer more selective therapeutics
for targeting the liver.(14)

myeloperoxidase; NALP3, NACHT domain, leucine-rich repeat
domain and pyrin domain containing protein 3; NF-kB, nuclear
Jactor kappa B; NGAL, neutrophil gelatinase-associated lipocaling
NMP, normothermic machine perfusion; PC, phosphocholine
head  group; PC-DCA,  phosphocholine+docosahexaenoic — acid;
PC-EPA,  posphocholine+eicosapentaencic  acid; ~ PC-Chol;
phosphocholine+cholesterol; PCSKY, proprotein convertase subtilisin-
kexin type 9; PC-LA, phosphocholine+lithocholic acid; PC-RA,
phosphocholine+retinoic acid; PC-TS, phosphocholine+a-tocopheryl
succinate; PMNs,  polymorphonuclear  neutrophils; pre-miRINA,
precursor  microRNA;  pri-miRINA, primary microRNA; RA,
retinoic acid; RBC, red blood cell; RISC, RNA-induced silencing
complex; RINAi, RINA interference; RNase, ribonuclease; shRINA,
short-hairpin RINA; SCr, serum creatinine; siRINA, small interfering
RNA; TID, renal tubulointerstitial damage; TLR4, toll-like
receptor 4; TTR, transthyreting TNF-a, tumor necrosis factor o;
TINFR1, tumor necrosis factor receptor; TS, a-tocopheryl succinate;
UW, University of Wisconsin.
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In previous studies, IRI was attenuated by system-
ically injecting (donor) animals up to 48 hours prior
to transplantation or clamping experiments.®-1513)
For obvious reasons, this method of administration,
in which human donors would be injected with RNAi
therapeutics several hours before procurement would
be clinically inapplicable. Therefore, administration
of RNAI therapeutics with machine preservation can
offer its beneficial effects by silencing IRI-associated
pathways and prove to develop into a clinical applica-
ble platform for administration of RNAi therapeutics
in transplantation. Also, costs, which limit the applica-
bility of RNAi, may be reduced because the treatment
dosage used in machine preservation administration is
based on the weight of the liver instead of the weight
of the whole donor.

In this review, we examine the current status of
RNAI in alleviating IRI to improve liver graft qual-
ity. We review RNAi gene targeting strategies of
experimental studies in the liver and kidney. Finally,
we discuss future challenges of RNAi and propose a
novel technique using ex vivo machine preservation
to improve the clinical applicability of RNAI in liver

transplantation.

Gene Silencing With RNAi

RNAI is a mechanism of gene regulation mediated
by a family of ribonucleoprotein complexes called
RNA-induced silencing complex (RISC), which can
be programmed to target any specific gene. Small reg-
ulatory RNA molecules assemble into RISC and guide
the complex to complimentary bind to target mRNA
transcripts.">) Once the RISC is loaded with the small
regulatory RNA, it can silence the target gene by sev-
eral distinct mechanisms, including translational re-
pression and degradation of mRNA with imperfect
complementarity and sequence specific cleavage of
perfectly complementarily mRNA.(10)

The small regulatory genes that guide RISC have
similar sounding names and are categorized based on
the biosynthetic pathway of the small RNA or the
type of RISC in which the small RNA is found. Even
though the exact molecular composition of RISC is not
defined, proteins of the Argonaute family are required
within the complex to bind and cleave target mRNA.(1%)

Small interfering RNA (siRNA), microRNA
(miRNA), and short-hairpin RNA (shRNA) are all
small regulatory molecules that act within the system

of RNAi. The biosynthetic pathway and the types of
REVIEW ARTICLE | 141
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TABLE 1. Overview of Differences in miRNA, shRNA, and siRNA

Origin
Type of Binding to Target Duration of Type of Gene

Small RNA molecule Location Source mMRNA Silencing Silencing
SiRNA (Synthetic) Cytoplasm Exogenous Perfect/near perfect Transient Sequence specific

Watson-Crick base pairing cleavage (AGO2)
ShRNA Nucleus Exogenous (expression vector)  Perfect/near perfect Long term Sequence specific
siRNA (originating from ~ Cytoplasm  Endogenous Watson-Crick base pairing cleavage (AGO2)

ShRNA)

miRNA Nucleus Endogenous Limited complementarity Not available (natural  Translational

RISC they use differ. Differences between small reg-
ulatory molecules (siRNA, miRNA, and shRNA) and
silencing mechanisms are outlined in Table 1. The
mechanism of RNAi by siRNA, miRNA, and shRNA
is shown pictorially in Fig. 1.

For siRNAs, the initiation event of the RNAIi
pathway is cleavage of double-stranded RNA into
siRNA by an enzyme called dicer.!'”) The siRNAs are
double-stranded, 20-25-nucleotide-long RNA mole-
cules with 5’-phosphorylation and 2-base 3’ overhangs.
The guide strand of the siRNA can directly incorporate
in RISC and complementarily bind and cleave target
mRNA with a perfect match.(!® Naturally, the siRNA
originates from double-stranded RNA. However,
siRNA can also be chemically synthesized and admin-
istered to the cell or organism to induce gene silenc-
ing, through the RISC machinery, after entering the
cytoplasm.10)

The shRNAs are synthesized within the nucleus by
DNA vector-mediated production.™ In the nucleus,
polymerase II or III transcribes the shRNA from an
external expression vector bearing a double-stranded
DNA sequence with a hairpin loop.(®) The shRNA is
then processed by Drosha, a ribonuclease (RNase) II1
endonuclease, and transported to the cytoplasm. Here,
in the cytoplasm, the resulting shRNA is processed
to siRNA by dicer. Subsequently, the siRNA inte-
grates within RISC and complementarily binds target
mRNA. Silencing with siRNA is transient, whereas
silencing with shRNA that is constitutively expressed
by promotors can result in longterm gene silencing.1

The miRNAs are a class of single-stranded RNAs of
approximately 22 nucleotides (ranging 19~25 nucleo-
tides) and are generated in the nucleus from endoge-
nous transcripts. The miRNAs act as guide molecules
within RISC and can lead to posttranscriptional repres-
sion and/or mRNA cleavage to down-regulate gene

142 | REVIEWARTICLE

mechanism of
gene regulation)

repression and/or
degradation

expression.?”) The endogenous transcripts from which
the miRNA originate is known as primary microRNA
(pri-miRNA). In the nucleus, the pri-miRNA is
processed into a 60~70-nucleotide-long precursor
microRNA (pre-miRNA) by a complex consisting of
Drosha, a RNase III family enzyme, and DiGeorge
syndrome chromosomal region 8, a protein that assists
in positioning of Drosha.??? The pre-miRNA is
transported to the cytoplasm by the double-stranded
RNA-binding protein exportin 5. In the cytoplasm,
the pre-miRNA is processed into 22-nucleotide-long
miRNA duplexes by dicer, which trims down the dou-
ble-stranded RNA molecule to allow RISC loading of
the guide strand. Inside RISC, the miRNA may guide
binding to target mRNA by imperfect complementar-
ity and induce translational repression or mRNA deg-
radation, thus silencing the gene.(19)

Advances in oligonucleotide chemistry and for-
mulation resulted in recent US Food and Drug
Administration approval of the first siRNA drug for
treatment of liver diseases. Patisiran is a lipid nanopar-
ticle containing partially modified siRNAs target-
ing transthyretin (T'TR), and it is now approved for
the treatment of TTR amyloidosis, a genetic disease
commonly requiring liver transplantation. The clini-
cal schedule requires administration every 3 weeks and
has been proven to be safe and efficacious.?® Further
chemical advances resulted in the development of
next-generation liver targeting siRNAs, like inclisiran,
a low-density lipoprotein cholesterol-lowering drug,
whose duration of effect exceeds 6-12 months follow-
ing a single administration.>¥ This siRNA, which tar-
gets the proprotein convertase subtilisin-kexin type 9
(PCSKY9), provided a reduction of PCSK9 by 74.5%
after a single 300-mg dose and up to 83.8% after mul-
tiple 300-mg doses, with limited side effects.?>)
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FIG. 1. Simplified mechanism of gene silencing by RNAi. (A) The pri-miRNA is transcribed from the DNA and processed by a
complex containing the Drosha RNase III and DGCRS into pre-miRNA. The complex is transported to the cytoplasm by the transport
protein exportin 5; once inside the cytoplasm the pre-miRNA is processed by dicer into smaller fragments. The smaller fragments
incorporate RISC and can partly bind to the target mRNA, leading to translational repression or degradation of the mRNA, silencing
the gene. This pathway of RNAi occurs naturally in mammalian cells and regulates gene expression. (B) The shRNA undergoes similar
processing as the miRNA in the nucleus but is artificially introduced to the cell or organism as plasmid or viral vector. The shRNA is
transported to the cytoplasm by exportin 5. After processing by dicer, the steps of gene silencing are similar to silencing with siRNA,
which includes RISC loading with AGO2 in the complex and perfectly matched complementary binding to the target mRNA and
cleavage of the mRNA. (C) The exogenous (synthetic) siRNA can enter the cytoplasm and incorporate the RISC machinery to guide
the complex through perfect matched complementary binding to the target mRNA. After binding, the mRNA is cleaved, leading to
gene silencing. On the right side of the image, DNA replication with the production of target mRNA is shown.

activation of apoptosis, including Fas, tumor necrosis
factor receptor 1 (TNFR1), and caspases were tested
in this context, with the studies and results outlined in

Silencing Apoptotic Genes

Silencing apoptotic genes with RNAi can alleviate IRI

in the liver. The beneficial effect of silencing apop-
totic genes has been shown in liver pedicle clamping
and transplantation models of both the liver and kid-
neys.”10:1) Several genes and receptors involved in the

Tables 2 and 3.

Fas (CD95) is a relevant cell-surface receptor that
transduces death signals into the cell to induce apop-
tosis.®?) The Fas-mediated pathway of apoptosis can

REVIEW ARTICLE | 143
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be activated by Fas ligand. Hepatocytes express a high
number of Fas receptors and are susceptible for Fas-
mediated apoptosis. A study by Li et al., using a rat
transplantation model, silenced Fas in the liver.d As
a result, Fas gene expression was suppressed, and IRI
was attenuated by inhibiting hepatocyte apoptosis. The
effect of the therapy was assessed by a relative reduction
in alanine aminotransferase (ALT), decreased apoptotic
index, and a reduction in Fas mRNA levels in rat liver.1?)

Tumor necrosis factor o« (TNF-a) plays a crucial role
in the regulation of the inflammatory response during
IRI. In addition, TNF-a can cause hepatocyte apopto-
sis by prolonged c-Jun N-terminal kinase activation.“?)
Hernandez-Alejandro et al. used a mouse liver clamp-
ing model to test the effects of silencing TNF-o with
shRNA. The authors observed lower peak ALT; less
histological damage, decreased neutrophil infiltration
and lower tissue malondialdehyde levels compared
with mouse livers treated with scramble shRNA.(10

Upon activation, both Fas and TNFR1 recruit a
protein complex that consists of adapter proteins and
procaspases. Proteases also play a role in activating
apoptosis and can dismantle cells by sequential activa-
tion and cleavage of key proteins. In the downstream
pathway of Fas and TNF-a, the proteases caspase 3
(cas3) and caspase 8 (cas8) can be activated, which lead
to cell death.41)

In a study by Contreras et al., cas3 and cas8 were
silenced with siRNA in a rodent liver clamping
model.”) The cas3 and cas8 siRNA were injected
through the portal vein 1 hour before clamping both the
portal vein and the hepatic artery. Cas3 and cas8 gene
silencing was validated in vivo by measuring mRNA
using reverse-transcription polymerase chain reaction.
The authors demonstrated that intraportal administra-
tion of siRNA silenced cas3 and cas8 and attenuated
IRI. Damage was assessed by measuring ALT, apop-
tosis, histopathological features, and polymorpho-
nuclear neutrophils (PMNs), which were all reduced
in the siRNA-treated mice. In a model of prolonged
ischemia, where the warm ischemia time of the liver
was extended to 75 minutes, survival rates improved
in the cas3-treated mice (50%) and cas8-treated mice
(30%).(" Cas3 silencing has also been achieved after
infusing kidneys with University of Wisconsin solu-
tion dosed with cas3 siRNA into the renal artery. After
48 hours of cold preservation, siRNA administration
aggravated renal tissue damage. However, the kidneys
were not protected after transplant, which might be
because of systemic complementary responses. 2%
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Silencing Genes of the
Nuclear Factor Kappa B
Pathway and the Innate

Immune System

Silencing genes of the nuclear factor kappa B (NF-«xB)
pathway and innate immune system attenuated IRI
in the liver.$%1219 In a study by Luo et al.,® tran-
scription factor RelB, a protein of the NF-xB family,
was silenced. Proteins of the NF-xB family have been
implicated to play a role in the development of IRI,
and silencing RelB in the kidney diminished TR1.G>
Another study in kidney transplantation showed that
intra-arterial perfusion of mouse donor kidneys with
siRNA solution knocked down expression of comple-
ment 3, RelB, and Fas. Consequently, levels of blood
urea nitrogen (BUN) and serum creatinine were re-
duced, fewer histopathological changes and apoptotic
cells were observed, and graft survival was prolonged
compared with control groups.®? Silencing RelB in
the liver mitigated IRI and led to a decrease in the
generation of reactive oxygen species. In addition, his-
topathological liver damage and expression of TNF-a
were reduced.® Comparable results were achieved
in a study by Zhu et al. In this study, NACHT do-
main, leucine-rich repeat domain and pyrin domain
containing protein 3 (NALP3) inflammasome-sig-
naling pathway was blocked. A protective effect was
associated with reduced production of inflammatory
cytokines and reduced production of HMGBI, an im-
portant toll-like receptor ligand.!® Inflammatory in-
jury by NF-xB gene activation is also involved in the
progression of vascular stenosis. A study in rats showed
less neointimal formation and fewer proliferating cell
nuclear antigen cells in vein grafts treated with NF-xB

siRNA.42)

Hurdles of RNAi Therapeutics

There are several limitations associated with the in
vivo use of RNAi. The main limitations are related
to the method of administration, uptake, stability, and
selectivity. Naked siRNA is unstable in the blood and
is degraded rapidly by serum nucleases.*¥ The in vivo
stability of siRNAs has been optimized by chemically
modifying the RNA backbone, where advanced clin-
ical compounds are fully modified with no RNA left.
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Complex modification patterns have been evolved that
contain a combination of phosphorothioates, 2-O-
methyl RNA and 2"-fluoro RNA.(¥ In addition, the
5’ phosphate of the guide strand can be stabilized with
a variety of chemical entities, including 5-(E) vinyl-
phosphonate, which further enhance stability. These
modification patterns enable multimonth activity
in vivo, do not interfere with RISC complex assem-
bly, and enhance the half-life of the loaded RISC
complex.(1444)

To effectively induce gene silencing, siRNA must
enter the cytoplasm of the target cell. The negatively
charged nature of the siRNA molecule is proven to be a
hurdle in crossing the cellular membrane. In addition,
the siRNA complex must navigate through the circula-
tory system and avoid kidney filtration.**) To enhance
cellular uptake and selectivity, liposomes, polymers,
nanoparticles, and conjugated modifications have been
used as delivery systems.(#>46)

Development of multivalent N-acetylgalactosamine
(GalNAc) has revolutionized the field of liver siRNA
delivery. Conjugation of trivalent GalNAc to fully
chemically stabilized siRNAs enables efficient hepato-
cyte delivery both in vitro and in vivo.4” GalNAc
internalization is based on recognition by asialoglyco-
protein receptors overexpressed in hepatocytes. This
strategy should be amenable for modulation of gene
expression in liver transplants ex vivo. In early variants
of the same concept, toll-like receptor 4 (TLR4), a sig-
naling component of the innate immune system, was
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silenced with galactose-modified, liposomal formu-
later siRNA. Silencing TLR4 resulted in attenuation
of IRT.®

Machine Preservation: a New

Ex Vivo Delivery System of
RNAI Therapeutics

Machine preservation is an exciting means to improve
liver graft quality prior to transplantation. Machine
perfusion is currently undergoing clinical trials, with
the technology offering advantages to the gold stan-
dard of simple cold storage.*3#?) Machine preservation
of ECD livers has been shown to improve outcomes
after liver transplantation. Specifically, hypothermic
machine perfusion (HMP) reduces peribiliary gland
damage in treated donation after circulatory death
livers versus controls.®?) However, at this time, per-
tusion at cold temperatures lacks a reliable method to
assess the energy (adenosine triphosphate) status of the
liver,°” and a consensus regarding a biomarker pro-
file of useable HMP livers has not been reached.®? At
normothermic perfusion temperatures, even with ex-
tended preservation times, a marked decrease (~50%)
in peak ALT was observed in treated livers com-
pared with static cold storage grafts.® In addition
to HMP, normothermic machine perfusion (NMP)
allows for viability assessment of the organ prior to

PC-DHA PC-RA TS PC-DCA PC-Chol PC-TS DCA

112+3 14861 234+7 240+49 247+37 353+85 357+16 472+195

FIG. 2. Distribution of various Cy3-conjugated siRNAs in the mouse liver. Mice were injected subcutatenously with respective 3’
lipid-conjugated siRNAs at 20 mg/kg. Tissue was collected 48 hours after injection. Nuclei is visualized with DAPI in blue; siRNA is
visualized in red via 5" Cy3 fluorophore. Scale bars: 1 mm at 5x; 50 pm at 40x. Quantification of siRNA in liver tissue was measured
by PNA hybridization assay. Lipid conjugate key: PC (phosphocholine head group), RA (retinoic acid), PC-RA (phosphocholine +
retinoic acid), DHA (docosahexaenoic acid), PC-DCA (phosphocholine + docosahexaenoic acid), T'S (a-tocopheryl succinate), PC-T'S
(phosphocholine + a-tocopheryl succinate), EPA (eicosapentaenoic acid), PC-EPA (posphocholine + eicosapentaenoic acid), DCA
(docosanoic acid), PC-DCA (phosphocholine + docosanoic acid), LA (lithocholic acid), PC-LA (phosphocholine + lithocholic acid),
Chol. (cholesterol), and PC-Chol (phosphocholine + cholesterol).
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TABLE 4. Proposed Advantages and Limitations of siRNA Administration Methods in Transplantation
Administration Method Machine Preservation Injection Explanation
Advantages Organ-specific Simpler Perfused organ targeted only instead of systemically targeting all organs
Cheaper Less adverse effects to other organs
Administration method Dose is dependent of the organ weight instead of the body weight
clinically more applicable Start siRNA treatment affer procurement versus pretreating donors
Disadvantages Requires machine preserva- Systemically Application requires machine preservation expertise
tion expertise More expensive
Off-target effects

-

FIG. 3. Alexa Fluor-conjugated p53 siRNA (1 mg/kg of liver) is uptaken by rat hepatocytes during NMP with Williams’ E medium.
Scale represents 20 pm. (A)-(D) Untreated liver (no lipofectamine or siRNA) before machine perfusion. (A) Nuclei visualized in blue
with DAPI, (B) siRNA in green, (C) cell membranes in red with wheat germ agglutinin conjugated to Alexa Fluor 647, and (D) with
a merged image. (E)-(H) Liver treated with lipofectamine nanoparticles alone (no siRNA) and perfused for 2 hours at 37°C. (I)-(L)
Liver treated with lipofectamine with p53 siRNA and perfused for 2 hours at 37°C.

transplantation. Hemodynamic, synthetic, and meta-
bolic parameters can be used to assess the viability of
the graft.“>*% Administering chemically stabilized
siRNA (2°0O-methylation) leads to cellular uptake of
the siRNA by the hepatocytes.®> In vivo uptake can
be enhanced even further by encapsulating siRNA in
lipid-based nanoparticles or by using lipid-based deliv-
ery reagents.>® GalNAc-conjugated siRNA, which
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drives receptor-mediated uptake by hepatocytes, is
another promising candidate for delivery with ma-
chine perfusion to the liver. GalNAc-conjugated siR-
NAs are fully modified using an alternating 2’-fluoro,
2-O-methylation pattern to improve stability.(47-°7->%)
Other 3’ lipid modifications to siRNA can drastically
change distribution patterns in liver uptake, with the
most lipophilic capable of uniformly penetrating mouse
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liver tissue without interrupting the siRNA’s ability to
interact with RISC machinery (Fig. 2). By selectively
changing the siRNA backbone, a stable and targeted
molecule can be synthesized specifically for delivery to
liver grafts during the perfusion period.

Ex vivo graft therapy has the advantage of reducing
adverse effects related to systemic therapy. Other major
advantages of machine perfusion with siRNA are out-
lined in Table 4. Recently, research from our group
reported for the first time the use of siRNA during
machine preservation. We have shown that 21 base
pair siRNAs can be successfully delivered to rat liver
grafts during machine perfusion directly from the per-
fusate solution, both at hypothermic (4°C) and normo-
thermic (37°C) temperatures. To accomplish this, we
used siRNA together with lipid-based nanoparticles in
the rat model to silence the apoptotic gene p53.0%69
Figure 3 shows confocal microscopy images of p53
siRNA uptake by the liver during NMP. A summary of
the potential advantages and disadvantages is demon-
strated in Table 4.

In conclusion, increasing evidence exists that sup-
ports the proposition that RNAi-based therapies can
improve transplantation success. SIRNA delivery with
machine perfusion may be especially beneficial for
improving the viability of ECD organs by alleviating
IRI. We believe that machine preservation offers great
potential for the delivery of siRNA to the liver. Not
only livers, but all other organs that can be preserved by
machine perfusion, eg, kidneys, pancreas, heart, lungs,
could also benefit from this concept. We think that
delivery by machine perfusion can improve target-cell
specificity in a clinically more achievable administra-
tion platform for RNAi therapeutics. RNAi during ex
vivo machine preservation would not only be import-
ant to increase the graft tolerance to IRI, but it could
target genes to decrease the risk of rejection (eg, major
histocompatibility complex antigens), induce toler-
ance, or prevent viral infections (eg, hepatitis C virus).
Experimental research should provide proof whether
this concept is viable, and future studies should be ini-
tiated to improve the clinical applicability of RNAi

therapy in solid organ transplantation.
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