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management of liver diseases, where optimal management would benefit from

targeted delivery, doses titrated to liver metabolism, and personalized therapy
based on the specific site of interest. In this review, we discuss in-depth the
different types of RNA and nanocarriers used for liver targeting along with their
specific applications in metabolic dysfunction-associated steatotic liver disease,
liver fibrosis, and liver cancers. We further highlight the strategies for cell-specific
delivery and future perspectives in this field of research with the emergence of
small activating RNA, circular RNA, and RNA base editing approaches.

INTRODUCTION specific targeting capacity, stability, safety, and ability to

deliver a wide range of drugs, proteins, and RNA machinery.
Over the past few decades, nanomedicine has emerged as Among these, the important role of RNA therapeutics during
a personalizable solution to several diseases owing to its the COVID-19 pandemic cannot be unnoticed. The success
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of Pfizer-BioNTech and Modema mRNA-lipid nanoparticle
(LNP) COVID-19 vaccines has encouraged researchers to
further investigate this niche of therapeutics in other
diseases including liver diseases. RNA nanomedicine offers
unprecedented advantages of dose titration and personal-
ized therapy based on the patient’s liver condition. RNA
therapeutics in nanomedicine emphasize the feasibility of
rapid optimization and therefore quicker clinical translation.
Considering the example of the evolving COVID-19
variants, it was much easier for researchers to modify and
optimize the RNA machinery to suit the respective variant of
the virus without changing the formulation. This could not
have been feasible with other drugs or therapeutic moieties
considering the urgency of the situation. This can be
potentially applied to treat liver diseases since there are
specific signaling pathways either upregulated or down-
regulated during the disease pathogenesis and targeting
core genes or proteins through RNA therapy could provide
an optimal therapeutic outcome. Nevertheless, since RNA
therapy can be modified without changing the formulation,
this offers an unprecedented advantage for personalized
treatment depending on the patient’'s transcriptomic profile.
In addition, the unique attribute of most nanoparticles (NP)
to inherently accumulate in the liver after systemic delivery
possesses an unparalleled approach to liver targeting in
these patients with chronic liver disease. This is attributable
to the unique feature of lipids used during the synthesis of
LNPs allowing liver delivery through their apolipoprotein
(Apo) E-binding characteristic that offers a high affinity for
LDL receptors (LDLRs) that are abundantly located in the
liver. This strategy has been proven by the success of
patisiran (Onpattro), a first-in-human FDA-approved RNA
nanoformulation for the treatment of hereditary transthyretin-
mediated amyloidosis (hATTR), which requires hepatocyte
targeting to inhibit transthyretin (TTR), the protein respon-
sible for the amyloidosis.['-3!

Furthermore, nanomedicine permits dose titration
based on individualized liver profiles by developing
image-guided nanoformulations. For example, a team
of researchers has developed porphysomes and por-
phyrin-based LNPs that show inherent fluorescence
in vivo and are also capable of radio-labeling for effective
image-guided therapy in the clinical setting.** These
NPs also offer the advantage of encapsulating a wide
range of cargos including RNA machinery and specific
liver cell targeting for personalized therapy depending on
the patient’'s needs. Henceforth, image guidance in liver
disease treatment has the potential to assist clinicians in
better managing the challenges of liver metabolism and
its associated toxicities.

RNA MACHINERY FOR LIVER
DISEASE TREATMENT

Liver diseases encompass a wide spectrum of condi-
tions, stemming from diverse causes and intricate

biological contexts, as well as progressing through
varying stages. Consequently, the development of a
customizable and universally applicable treatment
modality holds tremendous promise in the realm of liver
disease management. RNA therapy is a type of medical
treatment that uses RNA molecules to modulate gene
expression to treat diseases. It has the potential to treat a
wide range of diseases, including cancers, infectious
diseases, immune diseases, and genetic disorders.[6.7]
Most importantly, the goal of RNA therapy is to alter the
expression level of specific genes at the RNA or protein
level in various liver diseases, without changing the
corresponding DNA sequence. This can be achieved
through various types of therapeutic RNA molecules
(Figure 1), which can be divided into 2 main categories
based on their function®'2l: (1) target silencing, including
ASOs, small interfering RNAs (siRNAs), and microRNAs
(miRNAs) and (2) protein expression, mostly through
mRNAs. Unlike gene editing, RNA therapies do not alter
the underlying genetic code, but instead modulate gene
expression levels at the RNA or protein level, making
these treatments often less invasive, safer, and more
reversible than other gene-based therapies.

Target silencing
ASO

ASOs are single-stranded oligonucleotides (~18-30
nucleotides) that bind to target mRNA or pre-mRNA
with a complementary base pairing principle.['3.14]
Diverse mechanisms of ASO to regulate mRNA
expression have been explored, which could be divided
into 3 main categories (Figure 1)['"13.15: (1) induce
degradation of target mRNA sequence through
complementary binding; (2) suppress translation of
target mRNA through steric blocking; and (3)
modulate alternative splicing events of pre-mRNA.
The first mechanism is dependent on the endogenous
degradation pathways of RNase H, which recognize
and degrade the RNA strand of an RNA/DNA duplex
(formed by ASO and its target mRNA sequence).['"]
Importantly, as RNase H exists in both cytosol and
nucleus, ASO can induce both mature mRNA and pre-
mRNA degradation through this mechanism.['®! The
second mechanism takes place in the cytosol, where
ASO and the mRNA molecule form a stable complex
that blocks the binding of ribosomes and thereby
suppresses subsequent protein translation. The third
mechanism occurs in the nucleus, where ASOs bind to
the specific splice sites within the intron—exon bound-
aries of the pre-mRNA, resulting in either skipping or
inclusion of the targeted exon/intron and ultimately
restoring the normal splicing pattern of the mRNA and
producing a functional protein.['4171 Of note, for the
latter two mechanisms, ASOs usually contain 2’
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modified nucleotides (2’-O-methyl, 2’-O-methoxyethyl,
and 2’-fluoro) or phosphorodiamidate-modified morpho-
lino oligomers that prevent the hybrids of these ASO
and cellular RNA from being recognized by RNase H
and being cleaved.['® Currently, 2 ASOs based on
RNase H-mediated mRNA degradation mechanism
have received regulatory approval for treating liver
metabolism diseases: mipomersen targeting ApoB-100
for treating hypercholesterolemia (2013) and volaneso-
ren targeting ApoC-lIl for treating familial chylomicro-
nemia syndrome (2019).['920 These currently marketed
ASO drugs further provide hope for the development
of ASO NPs for the treatment of other chronic liver
diseases.

Small interfering RNA

Unlike ASO, siRNAs are dsRNAs typically with 20-24
nucleotides in length (normally 21), which can silence
complementary mRNA expression through the RNA
interference pathway—a naturally occurring mRNA regu-
lating process in the cell.2" siRNAs function in the cellular
cytosol and involve the following steps (Figure 1) first,
the siRNA molecule is incorporated into the RNA-induced
silencing complex (RISC) that unwinds the ds RNA and
exposes the antisense strand. This strand is then used by
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Mechanisms of action of different RNAs. Abbreviations: AGO2, Argonaute 2; miRNA, microRNA; RISC, RNA-induced silencing

the RISC to find and bind to complementary mRNA
molecules. Once the siRNA-RISC complex binds to the
target mRNA, the mRNA is cleaved by the RISC’s
endonuclease activity, resulting in the degradation of the
target mRNA and inhibition of subsequent protein
production. One of the key advantages of siRNA over
other RNA-based therapies is its specificity since siRNA is
almost always fully complementary to the target mRNA
sequence. This specificity minimizes off-target effects and
reduces the risk of toxicity, making it a more attractive
approach for therapeutic use compared with other RNA-
based therapies.?*-25 |n addition, siRNA can be target-
delivered to hepatocytes after chemical conjugation with
the N-acetylgalactosamine (GalNAc) ligand.l®! This has
led to the FDA approval of 4 drugs that treat liver-related
diseases, including givosiran for acute hepatic porphyria
(2019), inclisiran for hypercholesterolemia (2020), luma-
siran for primary hyperoxaluria type 1 (2020), and
vutrisiran for hATTR amyloidosis (2022).27-301 Qverall,
siRNA stands as a very promising RNA therapeutic for
treating liver diseases.

MicroRNA

Like siRNAs, miRNAs are also short nucleotides
(21-25 bp) and they are naturally occurring molecules
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in human cells.B"l Their immature form is processed by
dicer and then loaded into RISC to initiate the subse-
quent cleavage of the mRNA target (Figure 1).8" The
major difference between siRNAs and miRNAs is that the
former is mostly fully complementary to its mRNA target,
whereas the latter binds to the target mRNA through
partial bp matching [usually nucleotides (nt) 2—7 of the 5’
end].?5! Therefore, siRNA has a very high target
specificity, while miRNA has a lower target specificity
but enables regulating multiple mRNA expressions with
the same miRNA sequence. In addition to inducing target
mRNA cleavage, endogenous miRNA also has a
translational repression function; therefore, they can also
serve as drug targets and diagnostic disease
biomarkers.’2 Due to the nonspecificity and diverse
functional roles of miRNA, the clinical translation of
miRNA as a therapeutic agent is much slower compared
with siRNA. Currently, there are only 3 miRNA mimics
that have entered clinical trials as therapeutic agents, 2 of
which are still ongoing (phase I/l trials) while 1 was
terminated (MRX 34). MRX 34 is a liposomal mimic of
miRNA-34a developed to treat primary liver cancer and
several other solid tumors. Although significant clinical
activity was observed, the trial was closed early due to
the serious immune-mediated adverse events that led to
4 patient deaths.’3l The exact cause of these serious
immune-mediated adverse effects was unknown, and
the researchers aim to investigate the biology circling
these adverse effects, which would be helpful for future
drug developments.

Protein expression
mRNA

Contrary to the abovementioned RNA that acts by
silencing the target of interest, mMRNA is a type of RNA
molecule that acts as a blueprint to synthesize proteins
in cells. It carries the genetic information from DNA to
the ribosome, where it is translated into a functional
protein (Figure 1). Under the context of RNA therapy,
mMRNA refers to in vitro—transcribed (IVT) synthetic RNA
molecules with a length varying from a few hundred
base pairs to up to 15 kb, which are composed of 5’
cap, 5’-, and 3’-untranslated regions, the coding region,
and the poly(A) tail. The crucial role mRNA plays in
RNA therapy has led to 2 important treatment
avenuesl3®36l: (1) protein replacement therapy and (2)
mRNA vaccination. For the former application, mMRNAs
are engineered to replace missing or malfunctioning
proteins in the cells. For instance, a lack of ornithine
transcarbamylase, a critical urea cycle enzyme in liver
cells, can lead to high blood ammonia levels, which can
cause diminished cognitive ability, seizures, coma, and
death.[37:381 mRNA delivered through LNPs have been
investigated in a phase Il clinical trial to treat patients

with ornithine transcarbamylase deficiency to restore
normal ornithine transcarbamylase mRNA expression in
the liver (NCT05526066). For the latter application as a
vaccine, mRNA uses the host cell translational
machinery to produce the targeted antigens in the
cellular cytosol that are subsequently presented on the
cellular membrane and activate immune cells, eliciting
specific adaptive immune responses against infectious
diseases and cancers.[34:39.401 As mentioned earlier, the
remarkable potential of clinical translation of mMRNA
vaccines is highlighted by the success of Pfizer-
BioNTech’'s BNT162b2 and Moderna’s mRNA-1273
against COVID-19, which showed an extremely rapid
timeline in less than a year from the genetic
identification of the disease to the regulatory
approval.#"l Currently, there are no ongoing mRNA
vaccine clinical trials for ftreating liver diseases;
however, preclinical studies in this emerging field of
research have demonstrated the immense potential of
using MRNA vaccines to protect against HCC and HCV,
which could revolutionize the standard of care in liver
disease management.42-44l

As exogenous mRNA, therapeutic IVT mRNA can be
recognized by cellular innate immune receptors.
Although this property can be advantageous for mRNA
vaccine application by providing an additional adjuvant
effect, it can also negatively impact protein replacement
therapy with an unexpected immune response and
reduced mRNA translation.3645461 To minimize the
immunogenicity and improve the translation of IVT
mRNA, many efforts have been made to optimize its
structural elements. One of these elements is the 5’-cap
of the mRNA, which is crucial for IVT mRNA translation.
The 5'-cap protects the mRNA from degradation by
exonucleases and facilitates its recognition by the
ribosome.*”) Traditional 5'-capping methods mostly
used cap 0, which makes the mRNA very recognizable
by pattern recognition receptors that can trigger an
undesired innate immune response by activating toll-
like receptor 7, 8, RIG-I, or interferon-inducible
proteins.[*749 The latest cotranscriptional capping
method such as CleanCap overcomes these limitations
by using cap 1, a mimetic of the endogenous mRNA
cap, thereby evading pattern recognition receptor
recognition and inducing a much lesser innate immune
response.l®® The cotranscriptional CleanCap capping
also reduces purification steps, results in over 95%
capping efficiency, and ultimately leads to improved
mRNA translation. Besides 5’-cap, incorporating chem-
ically modified nucleosides can also reduce the
immunogenicity of mRNA. Kariké and colleagues first
showed that pseudouridine (¥)-modification could
enable IVT mRNA to resist intrinsic immune
responses.5'-53 W_.modified mRNA plus HPLC purifi-
cation achieved up to a 1000-fold increase in mMRNA
translation in primary human dendritic cells compared
with unmodified, unpurified mRNA. Later, researchers
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demonstrated that N1-methyl-pseudouridine modifica-
tion is even better than ¥ in preventing the activation of
innate immune sensors.**55 Andries and colleagues
observed an up to 13-fold increase in luciferase mMRNA
translation when using a N1-methyl-pseudouridine
modification compared with ¥-modified mRNA in a
mouse model through both intramuscular and intra-
dermal injection. Considering the compromised liver
metabolic function in many liver diseases, delivering
modified mMRNA to reduce mRNA immunogenicity and
subsequent inflammatory responses in the liver micro-
environment would be beneficial.

INTRODUCTION TO NANOCARRIERS
FOR RNA DELIVERY

Despite the vast therapeutic potential of RNA-based
therapeutics, the targeted and efficient delivery of RNA
therapeutic molecules to in vivo gene targets remains a
significant challenge. This is due to several key
reasons. First, RNA molecules are highly unstable and
prone to rapid degradation by ribonucleases in most
bodily fluids and tissues.®8! In addition, RNA therapeutic
molecules can be recognized by the immune system as
foreign invaders, leading to the activation of inflamma-
tory pathways and potentially causing adverse
effects.’’] Finally, RNA therapeutic molecules are
negatively charged and hydrophilic, which makes it
challenging for them to cross cellular membranes and
enter the target cells.?"] To address these challenges,
researchers have developed several innovative and
safe RNA delivery platforms to efficiently deliver RNA
molecules to their intended sites of action as shown in
Tables 1 and 2, and continue to discover the niche of
nanocarriers including LNPs, GaINAc—RNA conjugates,
and polymeric NPs for a safe and effective therapy in
liver diseases.

Lipid nanoparticles

LNPs are the most advanced and well-established RNA
delivery platform available today, with a proven track
record of successful clinical translation, demonstrated
by patisiran (Onpattro) for siRNA delivery,['l as well as
Pfizer-BioNTech COVID-19 vaccine (Comirnaty) for
mRNA delivery.[®! Typically, LNPs are composed of 3
main components: an ionizable lipid, a diffusible
polyethylene glycol (PEG)-lipid, and helper lipids
(Figure 2). Each component plays a significant role
during the RNA loading and delivery.

The ionizable lipids occupy ~50 molar percentage of
total LNP components. They usually consist of hydro-
phobic lipid tails and ionizable headgroups that are
typically tertiary amines. During RNA loading, the
ionizable lipid headgroups are protonated in the acidic

environment, making them positively charged and
allowing them to interact with negatively charged RNA
molecules. This electrostatic interaction enables ~90%—
100% encapsulation of RNA molecules within the
LNP.[7473] Afterward, the LNPs are dialyzed against a
neutral buffer to obtain a neutral surface charge, which is
crucial for preventing the LNPs from inducing undesired
immune responses following i.v. administration.l”® Fol-
lowing intracellular uptake of the LNPs, the ionizable
lipids become positively charged in the acidic endo-
somes and this promotes fusion with anionic endosomal
membranes, ultimately leading to cytosolic delivery of the
RNA cargo.[’”)

In addition, PEG-lipids are crucial in controlling the
cellular uptake and transfection efficiency of LNPs,
particularly in the liver. Following i.v. administration, the
dense PEG layer on the LNP surface hinders the
adsorption of serum proteins and the mononuclear
phagocyte system, extending LNP circulation time
in vivo.[’8! However, the shedding of PEG-lipids is
essential for subsequent ApoE binding and uptake by
hepatocytes. This is largely impacted by the amount
and length of PEG-lipids in LNPs. For instance, LNPs
with 1.5% PEG-lipids have shown more efficient
delivery of the RNA cargo to hepatocytes and signifi-
cantly improved gene silencing efficacy compared with
LNPs with 5% PEG-lipids, despite having shorter blood
circulation time.[”®! Moreover, LNPs with shorter PEG-
lipids (C14 lipid tail) exhibit faster PEG shedding and
2.3-fold higher delivery efficiency to the liver compared
with their C18 lipid tail counterparts after 24 hours of i.v.
injection.[80!

Helper lipids, including sterols, phospholipids, and
glycerolipids, are also essential components of LNP
formulations and can have an impact on LNP delivery to
the liver. For instance, preclinical studies have revealed
that dioleoylphosphatidylethanolamine-containing LNP
formulations have stronger interactions with ApoE and
stronger mRNA delivery to the liver than identical LNP
formulations that substitute dioleoylphosphatidylethanol-
amine with distearolyphosphatidycholine.[8!

LNP is an ideal RNA delivery system for treating liver
diseases due to their liver tropism. Upon i.v. adminis-
tration, ApoE has been identified as one of the key
serum proteins that bind to LNPs, facilitating their
subsequent binding to the LDLR expressed on the
surface of hepatocytes, thereby enabling selective
uptake of LNP into hepatocytes (Figure 3).[26.8283] |n
fact, studies have demonstrated that >80% of LNPs
can be distributed to the liver within just 6 hours of i.v.
administration in mouse models.”¥ In the liver, it is
crucial to specifically target the cells of interest since
different liver diseases involve specific liver cells, and
nonspecific targeting could result in toxic accumulation
and significantly lower therapeutic effect. Several recent
studies have shown that LNPs can selectively deliver to
KCs and hepatic endothelial cells over hepatocytes by



TABLE 1 Currently approved RNA nanotherapeutics for the treatment of liver diseases

Product
Givosiran (2019)

Inclisiran (2020)

Lumasiran (2020)

Vutrisiran (2022)

Onpattro (2018)

Tegsedi (2018)

Carrier/RNA
GalNAc—siRNA

GalNAc—siRNA

GalNAc—siRNA

GalNAc—siRNA

LNP-siRNA

ASO

Target cell/
gene

Hepatocytes/
ALAS1

Hepatocytes
/PCSK9

Hepatocytes
/glycolate
oxidase

Hepatocytes/
transthyretin

Hepatocytes/
transthyretin

Hepatocytes/
TTR

Indication

Acute hepatic porphyrias

Hypercholesterolemia

Primary hyperoxaluria
type 1

hATTR amyloidosis

hATTR amyloidosis

hATTR amyloidosis

Route/treatment dose

s.c./2.5 mg/kg, once
monthly

s.c./284 mg, as an initial
dose, again at 3 mo,
followed by a dose
every 6 mo

s.c. /3 mg/kg monthly for
first 3 mo, followed by
3 mg/kg every 3 mo?®

s.c. /25 mg, every 3 mo

i.v./0.3 mg/kg, once
every 3 wk®

s.c. /300 mg, once a
week

Efficacy

A phase Il randomized controlled trial
involving 94 patients with symptomatic
acute hepatic porphyria showed that
givosiran reduced the annualized rate of
composite porphyria attacks by 74%
compared with placebo after 6 mo of
treatment.

In the givosiran group, the median percent
reduction from baseline at 6 mo was 86%
for urinary ALA levels and 91% for PBG
levels!®®]

In the inclisiran-only arm, LDL cholesterol was
reduced by 47.5% at day 210 and this
reduction was sustained over 1440 d (~4 y).
The average mean reduction of LDL-C
cholesterol over the 4-y period was 44.2%,
with reductions in PCSK9 ranging from
62.2% to 77.8%59

For the lumasiran/lumasiran group (n = 24), a
sustained reduction in 24-h UOx level was
observed, with a mean reduction of 66.9%
at month 6 and 64.1% at month 12. The
placebo/lumasiran group (n = 13) showed
a similar trajectory and magnitude of 24-h
UOx reduction, with a mean reduction of
57.3% after 6 mo of lumasiran treatment!6°!

Vutrisiran met the primary endpoint of change
from baseline in mNIS +7 at 9 mo (p = 3.54
x 107'2), and all secondary efficacy
endpoints. The drug reduced the Norfolk
QOL-DN score by 16.2 points and
increased the 10-MWT gait speed by
0.131 mys(1]

The median reduction in serum

TTR levels during the 18 mo was > 80%.
Onpattro was superior to placebo on mNIS
+7, with a mean difference of —34.0 points
(95% CI: -39.9, -28.1; p < 0.00001). The
drug reduced the Norfolk QOL-DN score by
21.1 points[62]

The patients treated with inotersen showed a
75% decrease in TTR levels by week 13,
slowed the progression of nerve cell damage,
and improved the overall quality of Iife[63]

411
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Mipomersen (2013) ASO Hepatocytes/
ApoB-100

Volanesorsen (2018)° ASO Hepatocytes/
ApoC-lll

Familial
hypercholesterolemia

Familial chylomicronemia

syndrome

s.¢./200 mg,
once a week

s.¢./300 mg, once a

week

Phase Il clinical trials showed a 28%—-36%

decrease in LDL-C levels in patients treated
with mipomersen compared with a 13%
increase in LDL-C levels in the patients
administered with a placebo. No effect was
observed on the HDL-C levels. A significant
decrease in ApoB, TC, and Lp(a) levels was
also noted!®*

Phase Il study results showed decreased

mean apolipoprotein C-lll levels by 84%
and 83% after 3 and 6 mo after therapy,
respectively. In contrast, patients treated
with the placebo showed 6.1% and 5.2%
increase in ApoC-lll levels 3 and 6 mo after
treatment. Also, a 77% decrease in
triglyceride levels was observed in patients
treated with volanesorsen as opposed to an
18% increase in patients treated with a
placebo[65]

@For patients weighing > 20 kg.
PFor patients weighing <100 kg. If > 100 kg, recommending 30 mg.
°Drug is EU-approved, but not yet FDA-approved.

Abbreviations: ApoB, apolipoprotein B; GalNAc, N-acetylgalactosamine; hATTR, hereditary transthyretin-mediated amyloidosis; mNIS, modified Neuropathy Impairment Score; 10-MWT, 10-m walk test; QOL-DN, Quality of
Life-Diabetic Neuropathy; siRNA, small interfering ribonucleic acid; TTR, transthyretin; UOx, urinary oxalate.
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TABLE 2

Product

ALN-HSD/Alnylam
ALN-PNP/Alnylam

ION224/Ionis
AZD2693/AstraZeneca

LY3849891/Eli Lily
TKM-080301/Arbutus

ALN-VSPO02/Alnylam

DCR-MYC/Dicerna

MTL-CEBPA/Mina Alpha

VIR-2218/Vir Biotechnology

AB-729/Arbutus

Fazirsiran/Takeda and
arrowhead

Indication Gene target
NASH HSD17$13
NASH PNPLA3
NASH DGAT2
NASH PNPLA3
NASH PNPLA3

Liver cancer PLK1
Liver cancer VEGF and
KSP
HCC MYC
HCC C/EBP-a
Chronic HBV
hepatitis B mRNAs
Hepatitis B HBsAg
AAT deficiency AAT

Type and route

GalNac-siRNA, s.c.
GalNac-siRNA, s.c.

GalNac-ASO, s.c.
GalNac-ASO, s.c.

GalNac-siRNA, s.c.

LNP—siRNA, i.v.

LNP-siRNA, i.v.

LNP—siRNA, i.v.

LNP-saRNA
(+Sorafenib), i.v.

GalNac—siRNA, s.c.

GalNac-siRNA, s.c.

GalNac—siRNA, s.c.

Selected RNA nanotherapeutics under clinical trials for the treatment of liver diseases

Phase

171

11

Clinical trial
identifier

NCT05519475
NCT05648214

NCT04932512
NCT05809934

NCT05395481
NCT01437007

NCT00882180

NCT02314052
(terminated)

NCT02716012,
NCT04710641

NCT03672188
NCT04507269

NCT04980482

NCTO05677971

Efficacy

Ongoing study. No results posted yet
Ongoing study. No results posted yet

Ongoing study. No results posted yet
Ongoing study. No results posted yet

Ongoing study. No results posted yet

Well tolerated between 0.3 and 0.6 mg/kg in patients with
advanced HCC; single-agent TKM-080301 did not demonstrate
clinically meaningful antitumor activity[ee]

Well tolerated between 0.1 and 1.5 mg/kg; 8.3% (1 of 12 pt) at
doses <0.4 mg/kg had SD for at least 2 mo compared with 46.6%
(7/15) with SD (n = 6) or PR (n = 1, endometrial cancer with liver

metastases) at doses >0.7 mg/kg[67]

No results posted yet

Well tolerated up to 130 mg/m?; 4% (1 of 24) had a PR to HCC for
over 2y and 50% (12 of 24) had SD. After discontinuation of MTL-
CEBPA, 7 patients were treated with TKIls; 3 patients had a
complete response with 1 further PR; and 2 with spl6sl

In a 48-wk trial, VIR-2218 was dosed between 20 and 200 mg.
Across the treatment arms, 70.8% of patients had more than 1 log
IU/mL HBsAg reduction (70.6% of which achieved HBsAg below
100 1U/mL)[6°!

Tested at doses of 60 or 90 mg and dosing intervals of 4, 8, or
12 wk for 24 wk. HBsAg reduction ranged from 1.86 to 2.16 log 1U/
mL across different treatment arms and lasted for up to 48 wk.
HBsAg reduction was associated with lower circulating HBV RNA
and HBsAg isoforms, as well as increased HBV-specific T-cell
activation markers6®

A median reduction of 83% in liver Z-AAT concentrations at week
24 or 48.
A reduction of ~90% in serum Z-AAT concentrations at the nadir.

A reduction in histologic globule burden (a measure of Z-AAT

accumulation in the liver) from a mean score of 7.4 at baseline to

2.3 at week 24 or 48.
Reductions in liver enzyme concentrations (a marker of liver
inflammation and damage) in all cohorts.
Fibrosis regression in 7 of 15 patients and fibrosis 8rogression in 2 of
15 patients after 24 or 48 wkl70]
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Fitusiran/Sanofi Hemophilia A Antithrombin ~ GalNac—siRNA, s.c.
and B
ARCT-810/Arcturus OTC deficiency = OTC mRNA LNP—mRNA, i.v.
AKCEA-APO(a)-LRx/Akcea, Cardiovascular Lipoprotein GalNac-ASO, s.c.
lonis, Novartis disease A

1l NCT03417245 The estimated mean annualized bleeding rate was significantly

lower in the fitusiran prophylaxis group [3.1 (95% CI: 2.3—4.3)] than
in the on-demand clotting factor concentrates group [31.0
(21.1-45.5); rate ratio 0.101 (95% ClI: 0.064-0.159); p < 0.0001].
In the fitusiran group, 40 (51%) of 79 treated participants had no
treated bleeds compared with 2 (5%) of 40 participants in the on-
demand clotting factor concentrates group.
Treatment-emergent serious adverse events were rePorted in5 (6%)
participants in the fitusiran group[7 ]

Il NCT05526066
Il NCTO03070782

Ongoing study. No results posted yet

Dose-dependent decreases in lipoprotein(a) levels were
achieved'’ <
35% at a dose of 20 mg every 4 wk,

56% at 40 mg every 4 wk,

58% at 20 mg every 2 wk,

72% at 60 mg every 4 wk.

80% at 20 mg every week,
6% with placebo

Abbreviations: AAT, alpha1-antitrypsin; CEBPA, CCATT/enhancer binding protein alpha; GalNAc, N-acetylgalactosamine; LNP, lipid nanoparticle; OTC, ornithine transcarbamylase; PLK1, polo-like kinase 1; PR, partial

response; SD, stable disease; siRNA, small interfering ribonucleic acid; TKI, tyrosine kinase inhibitor.
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(C) Polymeric nanoparticles
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Different types of RNA nanocarriers and their compositions. (A) Lipid nanoparticles are composed of three main components: an

ionized lipid, a diffusible PEG-lipid, and helper lipids. (B) GalNAc conjugates are composed of an RNA molecule such as siRNA or ASO that is
chemically linked to a N-acetylgalactosamine molecule. (C) Polymeric nanoparticles are composed of polymers with ionizable amino groups enabling
stable complex formations with RNA through electrostatic interactions. Abbreviations: GalNAc, N-acetylgalactosamine; PEG, polyethylene glycol.

changing ionizable lipids and the type of cholesterol in
LNPs.84-861 The size of LNPs can also influence their
delivery in the liver. Clinically relevant LNPs typically
have a small size of <60 nm. Since the average diameter
of liver endothelial fenestrae is 107 + 1.5 nm,’¥”l LNPs
with smaller sizes can easily pass through and be

selectively taken up by hepatocytes.I"79 Conversely,
larger LNPs may have a greater propensity to

Lipid nanoparticles

accumulate in other cells in the liver, such as KCs and
LSECs, which is helpful for a therapy-targeting liver
fibrosis. Another strategy to enable LNP delivery to
specific cell types in the liver is to engineer the
LNP with surface-targeting ligands. For example,
LSECs express high levels of mannose receptors
on their surface, which can be used to selectively
deliver LNP-mRNA to these cells by modifying the

GalNAc - RNA conjugates Polymeric nanoparticles
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FIGURE 3

5. Receptor recycling

Mechanisms of intracellular delivery of various nanocarriers. Abbreviations: ApoE, apolipoprotein E; ASGPR, asialoglycoprotein
receptor; GalNAc, N-acetylgalactosamine; LDLR, LDL receptor.
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LNP surface with mannose.®8l Also, by adding a
targeting peptide, LNPs have exhibited higher
selectivity to HCC cells over normal liver tissues in
an in vitro study.®9 Overall, the growing field of LNPs
could accelerate the current challenges in liver disease
treatment.

GalNAc—RNA conjugates

Similar to LNPs, GalNAc-RNA conjugates have
emerged as another highly promising class of RNA
therapeutics that have demonstrated remarkable
clinical success in treating liver diseases. Currently,
4 drugs based on GalNAc—-RNA conjugates have
entered the clinical market. These conjugates are
composed of an RNA molecule, such as siRNA or
ASO, chemically linked to a GalNAc molecule
(Figure 2).1901 The GalNAc molecule acts as a highly
efficient ligand for the asialoglycoprotein receptor
(ASGPR), which is abundantly expressed on
hepatocytes in the liver, with up to 500,000 copies per
cell.®l After the internalization of GalNAc—RNA
conjugates by hepatocytes through the ASGPR-
mediated endocytosis pathway, the receptor—ligand
complex is transported to early endosomes and the
ASGPR subsequently recycles back to the cell
surface for further uptake of GaINAc—RNA conjugates
(Figure 3).1921 Notably, the ASGPR has a rapid
recycling rate of <20 minutes.l®3 Together with its
abundant expression on hepatocyte surfaces, ASGPR
enables efficient capture of circulating GalNAc-
conjugated siRNA or ASO by hepatocytes.

Despite the strong binding affinity between GalNAc—
RNA and hepatocytes, it is necessary to improve the
stability and half-life of the RNA molecule in the
bloodstream to allow a longer therapeutic window
and increase therapeutic efficacy. Thus, several chem-
ical modifications have been applied to GalNAc—
RNA conjugates to increase RNA stability during
circulation, such as 2'-O-methylation,®! phosphoro-
thioate linkage,®” and 2'-fluoro modification.l! These
modifications have improved RNAs’ resistance to
nucleases and binding affinity to their target.

The advancements in GaINAc—RNA chemical mod-
ification have significantly reduced the frequency of
dosing and enabled s.c. injection. All 4 currently
approved GalNAc conjugates are GalNAc—siRNA
and are administered s.c. for treating liver-derived
diseases. Givosiran is the first GaINAc—siRNA conju-
gate that was approved by the FDA in 2019, which
targets ALAS1 that is involved in acute hepatic
porphyria.”2’l In a phase Il trial, givosiran reduced
the annualized rate of porphyria attacks by 74%
compared with placebo, and its effects lasted for up
to 6 months after the last dose.®8! Similarly, inclisiran,
which targets liver PCSK9 mRNA for treating

hypercholesterolemia, received FDA approval in
2020. It is recommended to administer a single s.c.
injection initially, again at 3 months, and then every
6 months for maintenance.[?8] Phase Il trials con-
ducted at month 17 demonstrated that inclisiran
effectively and sustainably reduced LDL-C by up to
52% compared with placebo and had a safety profile
comparable with placebo.[97.98]

Polymeric NPs

Polymeric NPs have emerged as another promising
platform for RNA delivery, owing to the diverse
chemical structures of polymers that enable tunable
biocompatibility, biodegradability, enhanced targeting,
and controlled release of RNA payloads.l?*-0"l various
types of polymers have been investigated for RNA
delivery, including synthetic polymers such as branched
dendrimers, 92 polyethyleneimine,['93 and poly(p-amino
ester)s (PBAEs),l'"™ and natural polymers such as
chitosan and hyaluronic acid.l'051%] These polymers
share a common feature of possessing ionizable amino
groups that enable the formation of stable complexes
with RNA through electrostatic interactions between the
positively charged amino groups on the polymer and the
negatively charged phosphate groups on the RNA
backbone (Figures 2 and 3).

Du et al'%”] have used PBAEs to deliver siRNA to
silence a newly identified oncogenic circRNA that is
significantly upregulated in HCC and is often associated
with poor survival in patients with HCC. Their PBAE—
siRNA NP formulation effectively inhibited tumor pro-
gression in 4 different liver cancer mouse models,
including s.c., metastatic, orthotopic, and patient-
derived xenograft models, without any observed
adverse effects. Recently, another study also used
PBAE to deliver a plasmid that only encodes the
therapeutic enzyme in the presence of alpha fetoprotein
that is highly expressed in HCC cells. This enzyme can
further activate the prodrug ganciclovir to kill HCC cells,
without causing toxicity to the adjacent healthy liver
tissues due to minimal enzyme translation in these
cells.[08]

Despite the potential advantages of polymeric NPs
as RNA delivery systems for liver disease therapy, none
of these platforms have yet entered clinical trials. This is
largely due to concerns over the toxicity and biode-
gradability of polymers. In contrast to LNPs, which
closely mimic the biological membranes and can be
metabolized and cleared by the body, the high
molecular weight and rigid backbone of some polymers
may hinder their clearance and promote accumulation
in tissues potentially leading to chronic toxicity.!'09
Further optimization of their biocompatibility and biode-
gradability is needed to ensure their safety and efficacy
for clinical use.
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CURRENT APPLICATIONS OF RNA
MEDICINE IN LIVER DISEASES AND
HOW NANOTECHNOLOGY CAN BE
USED FOR LIVER TARGETING

Success stories of RNA nanomedicine in
liver diseases

So far, RNA nanomedicine has achieved exceptional
success, particularly in 2 liver diseases: hATTR and
alpha1-antitrypsin (AAT) deficiency. In hATTR amyloi-
dosis, liver targeting is required for therapeutic effect
since this is a systemic disorder caused by mutations of
the TTR gene (chromosome 18911.2-12.1) in the liver.
Such mutations cause the synthesis of misfolded TTR
proteins and their deposition as amyloid fibers in
various extracellular tissues.['"%-12] This further leads
to motor, sensory, and autonomic neuropathies that
cause cardiac, ocular, renal, and gastrointestinal
complications with a fatal outcome within 10 years of
disease onset. For a long time, liver transplantation
remained the first specific and only treatment option for
hATTR until a breakthrough in RNA nanomedicine. In
2018, the first RNA nanomedicine Onpattro (patisiran)
was approved by the FDA for the treatment of hATTR.
Onpattro acts by inhibiting TTR protein synthesis by
delivering LNP—siRNA to hepatocytes.['-3113] As a
result of the preferential hepatocyte uptake of LNPs
and the high specificity of siRNA, patisiran showed
exceptionally improved clinical activity during its clinical
studies with >80% of TTR gene knockdown and
excellent safety profile with no drug-related adverse
effects when the patients received a dose of
0.15-0.5 mg/kg through i.v. administration.'!. These
LNPs act through LDLR binding on hepatocytes for their
internalization through endocytosis and release siRNA
into the cytoplasm for its activity.!"!

Furthermore, AAT deficiency is the most common
genetic disease of the liver.'"*1151 AAT is a serine
protease inhibitor encoded by SERPINA1, which is
produced in hepatocytes and secreted systematically.
In AAT deficiency, a mutant AAT protein called Z-AAT is
produced, which accumulates in hepatocytes, leading
to liver fibrosis. The major role of AAT is to protect the
lung tissue against enzymatic attack by neutrophil
elastase. Any mutations causing the retention of
mutated AAT in the liver could lead to a toxic “gain of
function” liver disease such as neonatal hepatitis or
fibrosis, further progressing to cirrhosis and HCC.
Conversely, the deficiency of normal AAT leads to a
‘loss of function,” further causing proteolytic lung
damage and panlobular emphysema. To date, the only
therapy for “loss of function” AAT deficiency is the
administration of i.v. plasma-purified AAT, while the
treatment for panlobular emphysema is the same as
the treatment for chronic obstructive pulmonary
disease.['14115] On the other hand, there is no specific

treatment for liver diseases caused by AAT “gain of
function,” which results from the accumulation of Z-AAT
protein in hepatocytes. Recently, fazirsiran, an siRNA
conjugated to GalNAc nanotherapy, has been shown to
reduce new Z-AAT synthesis and hence the toxic
accumulation of the mutated AAT protein in hepato-
cytes, further allowing the native liver-restoration
processes to function in clinical studies.’® Although
treatment with fazirsiran showed excellent AAT gene
knockdown, it did not clinically benefit the patients to
prevent regression of fibrosis, and therefore, larger
studies are still required to confirm the efficacy of
fazirsiran on fibrosis.['"6-118] Despite this, the potential
of RNA nanotherapy cannot be overlooked and it
continues to represent an emerging therapeutic option
for liver diseases. Also, the potential of nanotherapy to
combine two or more RNA moieties into a single
formulation could harness the current challenge with
fazirsiran by co-delivering RNA to knock down AAT as
well as a core gene or protein involved in liver fibrosis in
future studies. Overall, these strategies suggest that
LNPs with different RNA machinery can be designed,
developed, and optimized for safe and effective liver
targeting in different liver diseases.

Liver fibrosis and cirrhosis

Liver fibrosis is a wound-healing response to liver
infammation and injury, which can further progress to
cirrhosis and HCC with currently no approved treatment
options.['"9 Although the uptake of drugs into the liver is
usually high, this is not the case in a fibrotic liver.l'2]
Drug targeting to fibrogenic cells in a fibrotic liver is
relatively low and often associated with off-target effects
due to compromised hepatic metabolism and excretion,
and therefore, researchers are currently in dire need of
a breakthrough to safely treat liver fibrosis, which could
also reduce its progression to cirrhosis and HCC.['21]
A key event during liver fibrosis is the activation of
quiescent HSCs, and therefore, strategies to specifically
target these cells are necessary. Furthermore, activated
HSCs differentiate into myofibroblasts and lead to
excessive extracellular matrix (ECM) secretion and
accumulation at all stages of fibrosis and cirrhosis. The
accumulation of ECM further causes sinusoidal remodel-
ing by reducing the fenestrations on sinusoidal endothe-
lial cells, and this in return hinders the normal bidirectional
metabolic exchange between the hepatic portal vein and
hepatocytes along with reduced passive transport of
therapeutic drugs as depicted in Figure 4.122-127]
Moreover, this also limits and compromises the RNA-
based drug delivery to HSCs for the treatment of
liver fibrosis. For RNA therapies to exert their
therapeutic effect, NPs need to be taken up by the
HSCs and should be capable of cytosolic RNA release.
However, in liver fibrosis, the accumulation of ECM
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- Lipid accumulation in
>10% hepatocytes
- Lobular inflammation

Injured hepatocytes
- Hepatocyte ballooning
- Increased accumulation
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- Fibrogenesis and ECM accumulation
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Quiscent Hepatic stellate cells
Kupffer cell &SCS]

- HSCs activate, proliferate and differentiate
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advances to

Fibrosis ——————— P Cirrhosis Cancer

HSC targeting:
Type IV collagen receptors, PDGFRI,
IGFIIR, RBP, CD44, Synaptophysin
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- GalNAc targeting to ASGPR on hepatocytes
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Lipid nanoparticles lipid nanoparticles

Asialoglycoprotein
GalNAc nanoparticles receptor

FIGURE 4 Changes in liver microenvironment depending on the liver disease and how nanomedicine can be specifically targeted. Abbre-
viations: ASGPR, asialoglycoprotein receptor; ECM, extracellular matrix; GalNAc, N-acetylgalactosamine; IGFIIR, insulin-like growth factor 2
receptor; LDLR, LDL receptor; PDGFR, patient-derived growth factor receptor; RBP, retinol-binding protein.

hinders and limits the overall NP transport; hence, there is
reduced or low NP uptake by the HSCs. Also, considering
the stability of the RNA nanoformulations, ECM
hindrance can delay the overall cellular transport and
lead to the degradation of the RNA nanotherapies. It is
therefore of utmost importance to consider these
limitations, and therefore, researchers are attempting to
target ECM reduction as a potential treatment strategy
irrespective of the stimuli causing the disease.['28-130] |n
return, a successful ECM reduction therapy would not
only decrease these hindering ECM fenestrations but
also increase cellular uptake of RNA-based therapies for
a more stable and efficient therapeutic response in liver
fibrosis.

To overcome the current challenges in developing a
safe and effective antifibrotic agent, RNA nanomedicine
has the potential to specifically target these cells safely
and effectively. This is because RNA nanotherapeutics
can be designed to specifically target genes or proteins,
allowing precise and selective treatment. In response,
this approach minimizes any off-target effects, reducing
the risk of side effects and improving safety. Also, RNA
nanotherapeutics can easily be modified based on the
patient’'s disease state to enhance biodistribution and
cellular uptake, thereby increasing therapeutic efficacy.

Recently, Mitchell and colleagues investigated heat
shock protein 47 (HSP47) as a novel target for
antifibrotic therapy.['3'l As mentioned, liver fibrogenesis
occurs from the collagen deposition in the ECM, which
is mainly produced by HSCs.['19132 Studies have
shown that quiescent HSCs are activated and trans-
differentiated into proliferative, profibrogenic, and con-
tractile myofibroblasts during liver injury.['32 These
further secrete excessive ECM components, especially
collagen that specifically requires HSP47 for its
secretion into the ECM.[133.134] Therefore, in this study,
LNPs with siRNA against HSP47 were used to reduce
collagen production and hence alleviate fibrosis. This
was achieved by identifying and optimizing AA-T3A-
C12 from a library of anisamide ligand-tethered lipidoids
that showed high potency and selectivity to deliver RNA
to activated HSCs. Surprisingly, this AA-T3A-C12
lipidoid-synthesized LNPs also showed improved RNA
delivery and transfection in HSCs compared with the
FDA-approved MC3 ionizable lipid.['3"! This is due to
the high affinity between anisamide ligands and the
overexpressed sigma receptors located on the acti-
vated HSCs. Interestingly, the study results also
demonstrated that 65% silencing efficacy was achieved
with HSP47 siRNA LNPs along with a significant
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reduction of collagen deposition and alleviation of liver
fibrosis without any noticeable toxicity. These observa-
tions are striking and further illustrate that a lipid
nanovehicle has the potential to successfully deliver
an RNA cargo to the fibrotic liver and holds promise for
future antifibrotic drug development research.

Subsequently, while liver fibrosis is still considered a
reversible phase of chronic liver injury, depending on
the cause of liver damage, environmental factors, and
host factors, it becomes inevitably difficult to manage
liver fibrosis once it advances to the end stage, also
known as cirrhosis. Cirrhosis is characterized by
sinusoidal capillarization and hepatocyte islands sur-
rounded by fibrotic septa that are devoid of a central
vein.[35] Cirrhosis often impairs liver function with some
common complications such as variceal bleeding,
ascites, encephalopathy, and spontaneous bacterial
peritonitis. Currently, there is no treatment to reverse
cirrhosis, and liver transplantation is the only available
option for selected patients. However, the elimination of
the triggers leading to cirrhosis could probably delay
disease progression and reduce further advancement
to HCC.

The inclusion of ligands that could target HSCs also
confers a high degree of specificity for an antifibrotic
agent. Among these, vitamin A has emerged as a
promising targeting ligand on nanoformulations for RNA
delivery to HSCs. This is by virtue of HSCs being the
primary storage site of vitamin A.l'29 Studies have shown
that vitamin A—conjugated NPs are preferentially taken
up by HSCs through their affinity for retinol-binding
proteins and are most often used as an anticirrhotic
therapy in vivo. Sato et all'®® demonstrated the
therapeutic effect of vitamin A-coupled liposomes
containing siRNA against a homolog of HSP47 in 3
animal models of liver cirrhosis and the results indicated
that vitamin A—coupled liposomes had remarkable
uptake into HSCs and further showed significant
reduction in liver fibrosis. It was observed that within
the cirrhotic rat liver, these vitamin A—coupled liposomes
occupied 61.2% of the region stained for a-SMA
(indicator for activated HSCs), while unconjugated
liposomes showed negligible distribution of 5.6% in a-
SMA—positive regions. In addition to this, cirrhotic rats
treated with vitamin A—coupled siRNA liposomes showed
a dose-dependent increase in survival time reaching a
maximum of 83.3% at 0.75 mg/kg i.v. twice per week and
100% when the same dose was administered thrice per
week. Anticirrhotic activity was determined by analyzing
the collagen deposition in liver sections. Results depicted
a 3-fold and 4-fold decrease in the percentage of area
positive for collagen | in vitamin A—treated siRNA
liposomes as compared with nonconjugated siRNA
liposomes and saline control-treated mice, respectively.
Furthermore, vitamin A—conjugated siRNA liposome
treatment significantly reduced the serum bilirubin,
albumin, and alanine aminotransferase levels in cirrhotic

rats to a normal rate after 70-day treatment suggesting an
improvement in liver functioning.['*8 Apart from vitamin
A, various other HSC-specific receptors and ligands have
also been identified as depicted in Tables 3 and 4. This
approach shows proof-of-concept of using cell-specific
ligands for developing anticirrhotic therapy. In addition to
this, NPs also permit dose titration of the RNA
therapeutic considering the severely impaired metabolic
function of the cirrhotic liver. NPs can be conjugated to
radioisotopes as well as other imaging conjugates to
image-guide and quantitatively adjust the treatment
provided.['65-168] This allows to manage the therapeutic
dose depending on individualized liver function for
optimal outcomes while preventing toxicity due to
reduced metabolism.

Metabolic dysfunction—associated
steatotic liver disease

Although research advances over the past few
decades have enhanced our understanding of the
disease etiology, pathophysiology, and molecular
pathways involved, there are currently no treatment
options for metabolic dysfunction—associated steatotic
liver disease (MASLD) management. The only thera-
peutic intervention involves lifestyle changes such as
weight loss and management of metabolic diseases,
indicating an urgent unmet need for the treatment of
MASLD.['89 To overcome the current deficit, research-
ers are employing RNA nanomedicine as a promising
strategy to treat MASLD. Although RNA nanotherapies
possess a plethora of advantages, certain potential
complications in targeting RNA molecules to hepato-
cytes in the context of MASLD need to be highly
considered while designing an optimal RNA nano-
therapy. First, the increased fat accumulation in
hepatocytes during MASLD leads to the activation
and alteration of the endolysosomal trafficking network
that is responsible for regulating lipid metabolism,
protein degradation, and signal transduction.l'70.171] |n
addition, this network dysfunction also causes abnor-
mal endocytosis, cargo sorting, and increased degra-
dation of endocytosed cargo such as RNA-based NPs
from the cell membrane. In response, this leads to
inefficient cellular uptake and internalization of NPs to
release RNA and exert their therapeutic effect, and
therefore, careful considerations are necessary when
designing RNA-based NPs for MASLD. Furthermore,
the endolysosomal ftrafficking also leads to an
increased accumulation of lysosomal contents that is
responsible for activating other metabolic disease
pathways rendering the treatment of MASLD even
more difficult.'72173] To solve this problem, combina-
tion therapies may be designed to target more
than one target using either the same or different
nanoformulations.
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TABLE 3
delivery

Receptor

Type IV collagen receptor

PDGFR

IGFIIR

LDLR and SR-B1

RBP receptor

CD44

Synaptophysin

Mechanism of action

Is a crucial matrix protein for cell adhesion.

Is expressed on activated HSCs during liver fibrogenesis
but not normal liver cells, therefore is a potential
receptor for targeted delivery of antifibrotic agents to
HSCs

PDGEF plays a crucial role in liver fibrogenesis.

It binds to PDGFR for the migration, proliferation, and
survival of HSCs.

PDGFRs are overexpressed in HSCs and fibrotic livers;
however, they are dramatically overexpressed in
activated HSCs, and therefore PDGFR-targeted RNA
delivery can be used to specifically deliver cargo to a
fibrotic livert122:139-141]

IGFIIR regulates IGFIl and also plays a role in the
activation of TGF-b.

IGFIIR is positively correlated to liver injury and is
overexpressed in activated HSCs with 3-fold faster
ligand internalization as compared with quiescent
HSCs and constitutes an ideal receptor for HSC-
targeted RNA delivery

LDLR and SR-B1 are highly expressed in the liver and
responsible for cholesterol homeostasis.

These receptors are also located on HSCs and therefore
contribute to RNA delivery in a fibrotic liver149-151]

Quiescent HSCs store 80% vitamin A as retinyl palmitate
and are taken up through RBP receptors.

Vitamin A is increasingly taken up by activated HSCs
and therefore ligands targeting RBP receptors can be
used for HSC-specific RNA delivery[136:153

CD44 receptors are overexpressed in liver injury and are
mainly present in lymphocytes, KCs, and HSCs. The
splice variant CD44v6 is specifically expressed in
activated HSCs and can therefore be targeted for RNA
delivery to HSCsl157.158]

Is a plasma membrane protein expressed in
myofibroblasts that are important regulators in liver
fibrosis! 6]

Summary of receptors overexpressed during HSC activation in liver fibrosis and their receptors that have been used for RNA

Ligands

1.

WN

WN =

. Cyclic peptide—pPB
. PDGFR-antibody!14°!

. IGF2R-specific peptide
. IGF R-sPecific aptamer’
. MepPl148

. Apolipoprotein gl151]
. ApoA-1-mimicking peptides

. Vitami
. Retinol
. Retinoic acid“se]

. Human recombinant scAb

Cyclic arginylglycylaspartic
acid (RGD) peptides[%?*ms]

. Cyclic peptide C*SRNLIDC (* cyclizing

[142,143]

cysteine residue) [144]

[146]
[147]

[152]

A[1 36]
154,155]

. HA[15]
. CD44-antibody!160]

[161]

Abbreviations: ApoA, apolipoprotein A; HA, hyaluronic acid; IGFIIR, insulin-like growth factor 2 receptor; LDLR, LDL receptor; M6P, Mannose 6 phosphate; PDGFR,
patient-derived growth factor receptor; RBP, retinol-binding protein; scAb, single-chain antibody; SR-B1, scavenger receptor class B type I.

RNA-based therapeutics offer the potential to modu-
late key genes and pathways involved in NASH
pathogenesis. In addition, the use of nanocarriers for
RNA delivery provides stability, enhanced cellular
uptake, and targeted delivery to liver cells that are
involved at different stages of the disease progression.
Several preclinical and clinical studies are using RNA
nanomedicine to modulate inflammation and/or inhibit
fibrogenesis, and the results highlight the potential of this
approach for future translation in NASH therapy. Most
recently, Zhou et all'’4l studied the therapeutic efficacy of
targeting liver macrophages and silencing HMGB1 for
NASH treatment. HMGB1 is an inflammatory factor that
is synthesized by macrophages following liver injury and
plays a critical role in driving the progression of NASH

and its subsequent development into liver fibrosis and
cirrhosis.l'” In this study, the therapeutic effect of
coadministering docosahexaenoic acid, an unsaturated
fatty acid, along with HMGB1 siRNA coupled to mannose
modification for macrophage targeting was investigated.
This combination therapy resulted in rapid recovery of
liver function and normalization of hepatic steatosis after
8 weeks. This study not only presents an actively
targeted siRNA delivery system that modulates liver
macrophage phenotype in NASH but also demonstrates
the effectiveness of docosahexaenoic acid coadminis-
tration as a therapeutic approach.['’¥ These findings
offer valuable insights and provide a scientific foundation
for the development of future therapeutic strategies for
NASH RNA nanomedicine.



TABLE 4 Summary of the main results obtained from preclinical studies using RNA medicine in liver fibrosis and cirrhosis

No.

1

Specific RNA
Procollagen a1(l) siRNA

Procollagen a1(l) siRNA

Procollagen a1(l) siRNA

Gp46 siRNA (a rat homolog
of HSP47)

PCBP2 siRNA

Delivery vehicle

Cationic lipid nanoparticles

SS-cleavable proton-activated
lipid-like materials (ssPalms)
containing either myristic acid
(ssPalmM), hydrophobic
vitamin A (ssPalmA), or
vitamin E (ssPalmE)

Cationic nanohydrogel particles

Vitamin A—coupled liposomes

Multicomponent nanocomplex
using siRNA/PNA hybrid

Preclinical model

CClg-induced liver fibrosis

CClg-induced liver fibrosis

CCly-induced liver fibrosis

DMN-induced liver cirrhosis
rat model

CClg-induced rat fibrotic
model

Dose (mg/kg) and duration

siRNA dose: 100-800 pg/kg,
body weight in 100 uL PBS

Duration: weekly or biweekly
over 2—4 wk

siRNA dose: 2 mg/kg, i.v.
Duration: 24 h after last CCl,
dose

siRNA dose: 1 and 2 mg/kg, i.v.;

Duration: 2 doses 48 h apart
and mice killed 48 h after last
dose

Dose: 0.75 mg/kg siRNA
Duration: total 3 doses every
other day

Dose: 1 mg/kg siRNA
nanocomplex

Duration: i.v. injection on days
14, 18, 23, and 27 after
induction of CCly injections

Summary of results

90% knockdown of procollagen a1(l), reduction of
septa formation, and 40%—60% decrease in
collagen deposition in vivo without any
detectable side effects!!62

Among the 3 LNPs, ssPalmA delivered the
highest amount of siRNA selectively to HSCs
and this is due to the increased affinity of HSCs
toward vitamin A since HSCs produce various
intracellular and extracellular vitamin A—binding
proteins 163

These cationic nanohydrogel particles showed
ideal delivery to the different liver cells
especially nonparenchymal (nonhepatocyte)
cells devoid of any toxicity. siRNA NPs were
taken up by 50% of activated HSCs and
myofibroblasts that are the major cell targets for
liver fibrosis 1641

These liposomes effectively suppressed collagen
through a receptor-specific siRNA delivery and
is an excellent strategy to reverse liver
cirrhosis

PCBP2 is a crucial gene for type | collagen
mRNA stability, which further leads to ECM
accumulation. This IGF2R-targeted PCBP2
siRNA nanocomplex potently reversed liver
fibrosis progression and inhibited type |
collagen in vivo 128

Abbreviations: DMN, dimethylnitrosamine; ECM, extracellular matrix; HSP47, heat shock protein 47; PCBP2, poly(rC)-binding protein 2; PNA, peptide nucleic acid; siRNA, small interfering ribonucleic acid.
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Liver cancer (HCC, cholangiocarcinoma,
metastatic liver cancer)

Liver cancers are the fourth leading cause of cancer-
related mortality worldwide. Liver cancers can be
broadly classified as HCC, cholangiocarcinoma (CCA),
and liver metastasis (LM). Among these, HCC remains
the most common form of liver malignancy with
treatments challenged by the disease heterogeneity
and common occurrence in the setting of a chronic liver
disease such as cirrhosis. Owing to the current pitfalls in
HCC management, RNA nanomedicine could bring
forward a paradigm shift for a safe targeted therapy in
patients with HCC.[176-178]

Recently, Xiao et all'79P53) demonstrated an inter-
esting breakthrough in mRNA nanomedicine in HCC.
They developed a CXCR4-targeted mRNA NP platform
to effectively restore p53 expression in HCC models.
Since the loss of function of tumor suppressors is a
crucial driver of hepatocarcinogenesis and drug resist-
ance, targeting tumor suppressor genes could poten-
tially induce and regulate the immune antitumor
effect.l'80.181] |n this study, the p53 tumor suppressor
gene, which is responsible for diverse functions ranging
from apoptosis, senescence to the regulation of
cell cycle arrest, was used to develop an mRNA NP
for p53  therapy.['8218]  The  coating of
CXCRA4-specific targeting peptide CTCE (KGVSLSYR-
CRYSLSVGK) has enabled NPs with 15-fold higher
cellular uptake to HCC cells in vitro. Moreover, in vivo
studies in HCC mouse models showed similar kinetics
such that there was significantly higher (1.5-2.7-fold)
intratumoral accumulation of CTCE NPs as compared
with nontargeted NPs. These CTCE NPs also demon-
strated 2-2.5-fold stronger tumor growth inhibition
in vivo while enhancing the overall survival of the mice
as compared with nontargeted NPs. Overall, these
results indicate the immense potential of RNA nano-
medicine in transforming the landscape of HCC
therapeutics.

To date, 2 RNA-based nanotherapies for advanced
HCC have reached the clinical trials—TKM-080301 and
DRC-MYC. TKM-080301 uses polo-like kinase 1 siRNA to
knock down polo-like kinase 1, which is a validated
molecular target in HCC with a crucial role in cell cycle
regulation. In this study, 43 patients were given a dose of
0.3 mg/kg siRNA and the results indicated that the siRNA
LNPs were safe and well tolerated in patients with
advanced HCC; however, the nanomedicine did not show
significant antitumor effect limiting its use and advance-
ment to the clinic.®® Similarly, DRC-MYC is an LNP
formulated with dicer substrate siRNA targeting MYC
mRNA, which is a well-known tumor driver. This nano-
formulation showed promising results in phase Ib/ll studies,
whereby MYC mRNA silencing efficacy was observed.
However, this study was terminated due to the sponsor’s
decision despite the antitumor potency of DRC-MYC.[84]

The secondmost common primary liver cancer is
CCA. This presents with an unfavorable prognosis, low
resectability rate, and poor therapeutic outcome due to
the associated drug resistance. It is also a highly lethal,
epithelial cancer that occurs in the biliary tree or the
hepatocyte parenchyma along with characteristics of
cholangiocyte differentiation.['’71 Considering the cur-
rent challenges in CCA treatment, increasing studies
are using nanoplatforms to enhance specific targeting
and reduce toxicities. Although most researchers have
been studying the delivery of chemotherapeutic drugs
to CCA tumors through nanocarriers, some researchers
have investigated the effect of RNA nanomedicine in
CCA models and have achieved promising results. Xie
et al reported a series of polymeric CXCR4 antagonist
NPs capable of delivering miRNA to CCA tumors. In this
study, combination therapy was developed using
polymeric CXCR4 antagonist-anti miR-210 NPs, which
were capable of blocking CXCR4 due to polymeric
CXCR4 antagonist and inhibiting hypoxia-inducible
miR-210 with the encapsulated miRNA. These NPs
were formulated and evaluated in vivo in the Mz-ChA-1
cell-derived xenograft mouse model. The results
depicted that this innovative combination NP treatment
simultaneously inhibited CXCR4 and miR-210. These
NPs were effectively delivered to CCA xenograft tumors
and exhibited direct tumor growth reduction (~51%) and
chemotherapy sensitization [~79% tumor growth inhibi-
tion when NPs were combined with gemcitabine and
cisplatin (GEM/CDDP) chemotherapy in this GEM/
CDDP-resistant tumor model].l'8%1 Similarly, another
study evaluated the antitumor effects of cationic
liposome—mediated co-delivery of gemcitabine and
aPKC1-siRNA in an EGI-1 cell-derived xenograft
mouse model, and the results showed enhanced tumor
targeting and a synergistic antitumor effect of the
combination therapy. Previous studies report that
aPKC1 is responsible for tumor cell survival and
gemcitabine resistance in CCA. aPKC1 activation
promotes cell survival pathways, counteracting the
apoptotic signals triggered by gemcitabine, which in
return permits tumor cells to survive. Also, reports
indicate that aPKC1 activation is linked to overexpres-
sion of multidrug-resistant proteins such as P-
glycoproteins that actively contribute to the efflux of
gemcitabine from CCA cells leading to drug resistance.
Therefore, a combination of gemcitabine with aPKC1-
siRNA would not only inhibit aPKC1 gene expression
but also permit a synergistic antitumor effect of
gemcitabine in a drug-resistant environment.[186]
Although several advantages have been reported in
RNA delivery through nanocarriers, CCA still presents a
challenging tumor to maintain targeting for elevated
periods. Therefore, to improve the shortcomings of an
effective CCA RNA nanomedicine, the development of
surface group modifications and camouflage membrane
coating systems could be used, and more research is
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needed in this field for a safe and effective CCA
nanotherapy.!87]

In addition, due to the rich portal blood supply, the
liver presents a harbor for metastases. LMs can be
defined as tumors that have spread beyond their site of
origin to the liver. The most common cancers that may
lead to LM include colorectal, breast, lung, and
pancreatic cancers. Considering the heterogeneity of
LMs arising from different organs, this presents the
challenge of different tumor environments due to
varying signaling pathways depending on the tumor
origin. The unique features of RNA nanomedicine
perfectly fit to address these challenges by virtue of
their ability to specifically and effectively target all
different metastases as opposed to traditional chemo-
therapy. Also, with RNA nanomedicine, the delivery
profile to the liver is determined by the carrier, which
can easily be modified through specific ligands to
accommodate different metastases. Furthermore,
through combination therapy, it is feasible to treat all
different signaling pathways using a similar nano-
system. Among these LMs, colorectal cancer is the
most common cause of LM with more than 50%
probability that a colorectal tumor will advance to the
liver.[177.188,189] Degpite the advancements in this field of
research, the current chemotherapeutic agents lack
effective therapeutic efficacy and safety mostly due to
heterogenous tumor response, drug resistance, and
microenvironmental factors such as the unique charac-
teristics of the liver, presence of liver-specific immune
cells, and immunosuppressive nature of the liver
compared to the colon where the tumor originated.[190
RNA therapies provide an alternative to conventional
chemotherapy as a molecular tool for silencing genes
associated with colorectal cancer. In addition, delivering
RNA therapies through nanomedicine provides the
advantage of specific targeting and therefore less or
no off-target toxicities. Among several molecular tar-
gets, the AKT/PI3K pathway largely affects cell prolif-
eration, migration, and survival in colorectal LM
(CRLM), and therefore, designing a targeted RNA
nanotherapy to deliver inhibitors of this pathway could
be a promising strategy.

Recently, Kang et all'®!l designed a novel oral gold
NP delivery system to encapsulate Akt2 siRNA to treat
CRLM. These NPs were synthesized using glycol
chitosan-taurocholic acid that facilitates active transport
through enterocytes and enhances selective accumu-
lation in CRLM through the enterohepatic recycling
process. Briefly, these specifically targeted NPs are
absorbed through the apical sodium bile acid trans-
porter receptors from the ileum to the liver through the
natural bile acid recycling system. This occurs through a
series of processes starting with endocytosis in the
ileum through the apical sodium bile acid transporter
receptors, followed by endosomal escape or lysosomal
degradation and eventually exocytosis through organic

solute transporter (OST) peptide receptors to hepatic
portal circulation to the liver without disintegration.!'92
This study also concluded that this Akt2 siRNA gold
nanosystem enhanced siRNA accumulation in the liver
(~2-fold) and significantly reduced AKT/PI3K down-
stream signaling in an orthotopic CRLM mouse model
with a significant decrease in tumor nodules compared
with nontargeted NPs. This study reflects the magnif-
icent qualities of a targeted RNA nanosystem in
reducing tumor growth that could be translatable to
the clinic for an effective CRLM therapy.

Similarly, breast cancers are also highly heteroge-
neous and can spread to the liver.l'93.194] Studies have
demonstrated that all subtypes of breast cancers can
proliferate in the liver; however, among these, HER2-
positive tumors have shown the highest percentage of
metastasis to the liver. In addition, studies have also
shown that patients with LM due to triple-negative
breast cancer have worse overall survival than HER2-
enriched breast cancer patients.'95-19] Owing to the
disease heterogeneity and complexity, currently, there
is no defined standard treatment for breast cancer LM
and the therapy is often determined through the
molecular profile of the metastasis. To overcome the
current challenges in breast cancer LM treatment, Liu
et all'® designed siRNA-loaded exosomes as a natural
nanocarrier system to deliver siRNA against long
noncoding INncRNA DARS-AS1 to triple-negative breast
cancer liver metastatic mice. MDA-MB-231 cells trans-
fected with DARS-AS1 or CDKA siRNA (7.92 ug each)-
loaded exosomes were injected s.c. into the left breast
of the female mice. On days 7 and 14 after injection, the
same amount of siRNA-loaded exosomes were injected
intratumorally and mice were killed on day 36. Results
indicated that DARS-AS1, a newly discovered tumor
accelerator, activated HSCs that further facilitated liver
colonization and tumor cell growth. It was also reported
that DARS-AS1 increased triple-negative breast cancer
LM through miR-129-2-3p targeting and activation of
NF-kB/STAT3 signaling pathway in MDA-MB-231-
tumor bearing mice. Further, DARS-AS1 siRNA nano-
vesicles substantially inhibited tumor growth (2-fold)
and LM in these mice, which rationalizes the potential of
RNA nanomedicine in breast cancer LM.

Pancreatic cancer LM also presents a common
malignancy due to the proximity of the pancreas to the
liver in the body, further increasing the spread of tumors
to the liver. RNA nanotherapy has been rarely studied in
this cancer; however, many researchers have been
successful in reducing tumor growth by using different
RNA moieties. A study investigated the efficacy of Nek2
siRNA in a pancreatic cancer liver metastatic rat
model.[2901 Overexpression of Nek2 has been indicated
in several cancers including pancreatic, CCA, breast,
and colorectal cancers.201-2031 |n this study, Nek2
siRNA was delivered to the tumor using Lipotrust as
the lipid nanocarrier through an intraportal catheter that
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was initially used to develop the metastatic rat model
through an injection of KP4 cells. Interestingly, it was
noted that Nek2 siRNA substantially reduced the
number and area of LMs in the rats, indicating the
efficacy of Nek2 siRNA for pancreatic cancer LM.
However, this treatment could be modified by develop-
ing a nanosystem to deliver the Nek2 siRNA through
NPs or conjugates. This would be clinically applicable
as it would not require direct injections into the portal
vein and the nanocarrier could be modified to deliver the
RNA moiety either systematically or orally. Overall, RNA
nanotherapy is being extensively explored in the field of
liver cancers and some selected study results are
described in Table 5.

Viral hepatitis

To date, limited research has been conducted in the
field of RNA nanomedicine for the treatment of viral
hepatitis; however, this field of research holds tremen-
dous scope for novel therapies.?'2 Hepatitis is a
heterogenous syndrome that refers to liver inflammation
and damage and can be classified as viral hepatitis,
autoimmune hepatitis, drug-induced hepatitis, and
alcohol-induced hepatitis.l'21213.2141 |n the HCV struc-
ture, all structural and nonstructural genes are in the
same open reading frame, and therefore, designing a
specific siRNA or miRNA targeting any portion of the
viral sequence could inhibit viral replication.22]
Similarly, considering HBV, which is a circular dsDNA
virus as opposed to the RNA HCV virus, modifications
and diverse strategies are required to target the 4
different open reading frames.2'2 Another important
consideration is the everchanging and mutating viral
sequence in these viruses. Data indicate that HBV has
a mutation rate of 2 x 10* base substitutions/site/year,
and therefore, RNA medicine that targets conserved
parts of their sequences and/or nanomedicine with
multiple RNAI triggers could provide the most optimal
therapeutic option.

Recently, Huang and colleagues designed a novel
ionizable lipidoid NP (RB131) with a state-of-art
lyophilization technology to specifically deliver siRNA
targeting apolipoprotein B into hepatocytes. Later, a
potent siRNA targeting HBV was encapsulated within
these LNPs as a functional cure for hepatitis B.
Interestingly, the results of this study indicated that
the viral RNA and antigen (HBsAg and HBeAg)
expressions were inhibited dose-dependently and
time-dependently in vivo when dosed biweekly at
0.04, 0.2, and 1 mg/kg with 99% knockdown at the
highest dose, suggesting that RNA nanomedicine
could offer a promising strategy for the treatment of
hepatitis B.2'% In this study, the siRNA target aims to
inhibit HBsAg antigen levels as an effective endpoint
for resolved acute HBV since HBeAg and HBsAg are

considered to induce T-cell tolerance and T-cell
exhaustion, further accelerating viral replication.
Researchers are also using combination RNA nano-
therapies with antivirals to effectively knock down
HBsAg as a therapeutic option for viral hepatitis. Also,
this highlights the advantage of nanomedicine that
permits combination therapy through diverse cargos.
Furthermore, Tan et all?’®l have shown that the
combination of siRNA and ASO (HBV siRNA ALG-
125755 and ASO ALG-020572) in vivo maximized
HBsAg reduction and demonstrated additive efficacy,
further concluding the effectiveness of a combined
RNA nanomedicine for the functional cure of viral
hepatitis. These research findings and ongoing pre-
clinical and clinical studies shown in Table 6
demonstrate the potential for RNA nanomedicine to
treat hepatitis B.

Liver metabolic diseases

Hepatocytes are the main functional cells of the liver,
accounting for about 80% of the liver mass and liver
volume.[226.2271 They perform various metabolic func-
tions, such as synthesis, storage, and secretion of
carbohydrates, lipids, proteins, bile acids, and hor-
mones; detoxification and excretion of drugs, toxins,
and bilirubin; and regulation of energy homeostasis,
immune response, and inflammation.[228-2301 There-
fore, hepatocytes are essential for maintaining the
metabolic balance of the whole body. However,
hepatocytes can also be impaired by rare genetic
disorders, known as inborn errors of metabolism
(IEMs), which are inherited diseases that affect the
metabolism of various substances in the liver and
other tissues.[23l |EMs are caused by mutations in
genes that encode enzymes or proteins involved in
metabolic pathways, resulting in their deficiency or
dysfunction. For example, phenylketonuria is an IEM
caused by a deficiency of phenylalanine hydroxylase,
an enzyme that converts phenylalanine to tyrosine in
hepatocytes232]; glycogen storage diseases are IEMs
caused by defects in enzymes that are involved in
glycogen synthesis or degradation in hepatocytes.[233]
The consequences of these metabolic defects are the
accumulation of toxic metabolites or the lack of
essential products in hepatocytes and other tissues,
which can further cause a variety of symptoms and
complications, such as liver failure, neurological
damage, kidney damage, developmental delays, and
death.[234.235] Therefore, hepatocytes play a critical
role in liver metabolic diseases, both as the primary
site of metabolic dysfunction and as the potential
target of therapeutic intervention.

One of the promising therapeutic interventions for
IEM liver diseases is LNP-based mRNA therapy, which
can deliver mRNA encoding the missing or defective



TABLE 5
No. Specific RNA
1 VEGF siRNA
2 Survivin siRNA
3 Midkine siRNA + sorafenib

combination

Bcl2 siRNA + paclitaxel
combination

miR-122

sphk2 siRNA

miR-199a-3p

mRNA encoding
costimulatory OX40L

IL-12 mRNA

Delivery vehicle

Phenyl b-p-galactoside-
decorated LNPs

GalNAc-PEG-PLGA
nanoconjugates

Ultra small LNPs

Hetero assembly of polymeric
micelles and liposomes

Cationic LNPs

LNPs and chitosan NPs

Arginine a,b-
dehydrophenylalanine (RAF)
NPs

LNPs

LNPs

Preclinical model

HCA-1 cell-derived orthotopic
mouse model

DEN-induced HCC mouse model

HepG2 cell-derived xenograft
mouse model

HepG2 cell-derived xenograft
mouse model

Sk-Hep-1 cell-derived xenograft
mouse model

Sk-Hep-1 cell-derived xenograft
mouse model

Huh7 cell-derived xenograft
mouse model

H22 cell-derived xenograft
mouse model

LAP-tTA/tet-O-hMYC transgenic
mice

Summary of the main results obtained from selected preclinical studies using RNA medicine in liver cancers

Dose (mg/kg) and duration

Dose: 0.7 mg/kg siRNA, 3 times
per week for 2 wk

Dose: 150 nM siRNA/200 pL
PBS i.v. single daily dose for
10d

Dose: 0.5 mg/kg siRNA and
2.5 mg sorafenib, i.v. single
dose per day at 3-d intervals
for total 7 doses

Dose: 300 pg siRNA/kg body
weight and 1 mg paclitaxel i.v.
every 2 d for 7 treatments

Dose: 10 mg miR-122 mimic
intratumorally, twice a week
for 26 d

Dose: 1.5 mg/kg siRNA i.v.
treated for 21 d

Dose: 1 mg/kg miRNA every 3 d
for 28 d i.v.

Dose: 11.5 ugg mRNA
intratumorally, once every 3 d
for a total of 6 injections

Dose: 0.025 mg/kg weekly i.v.
for 3 wk

Summary of results

LNPs significantly suppressed the tumor and
phenyl galactoside showed excellent HCC-
targeting for siRNA delivery in Hccl204]

These nanoconjugates were able to
specifically bind to ASGPR and showed
excellent antitumor effect and siRNA
accumulation within the tumor cells(205]

It was demonstrated for the first time that
midkine siRNA reverses sorafenib
resistance in sorafenib-resistant HCC mice
and these LNPs can be potentially useful for
designing RNA nanomedicine in drug-
resistant HCC[206]

This hetero-nanoassembly showed significant
intratumoral accumulation and antitumor
effect. Also, combination therapy overcame
the bcl2-mediated drug resistance during
chemotherapy!207

LNPs showed significant antitumor effects
in vivo demonstrating the potential of
miRNA delivery for HCC treatment[208]

These LNPs and NPs showed significant
knockdown of sphk2 in vivo with a
potent antitumor effect[209

These functionalized RAF NPs showed high
stability and specific targetability to HCC
tumors. A significant tumor regression was
also observed in vivol210

mRNA LNPs showed a significant decrease in
tumor burden(*]

IL-2 mRNA LNPs were well tolerated and
safe. They significantly decreased the
tumor burden in vivo and showed increased
survival timel211

Abbreviations: ASGPR, asialoglycoprotein receptor; DEN, diethylnitrosamine; GalNAc, N-acetylgalactosamine; LNP, lipid nanoparticle; NP, nanoparticle; OX40L, Oxford 40 ligand; PEG, polyethylene glycol; siRNA, small
interfering RNA; sphk2, Sphingosine kinase 2.
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TABLE 6

No.

1

Specific RNA

2 siRNAs triggering X ORF of
HBV cccDNA

3 siRNA targeting 3 distinct
sites on the HBV genome (S
and X ORFs)

dsRNA that cleaves mRNA
encoding all forms of HBsAg
in hepatocytes

siRNA designed to silence all
major HBV transcripts
(X ORF)

siRNA targeting all HBV RNA
transcripts (S and X ORF)

Fas siRNA

Core-specific HCV siRNA

Irf5 siRNA

Delivery
vehicle

Cholesterol

LNPs

GalNAc

GalNAc

GalNAc

Galactose-
conjugated
liposomes

ApoA1-
conjugated
cationic
liposomes

LNPs

Preclinical model/clinical
study

Con A-induced hepatitis
mouse model

Transient HCV model
using hydrodynamic
injection of plasmids

Con A-induced hepatitis
mouse model

Dose (mg/kg) and duration

Clinical study (AR520)—4 mg/
kg single dose

Clinical study (ARB-1467)—
0.2 mg/kg and 0.4 mg/kg,
monthly for 3 doses

Clinical study (RG-6346)—
0.1-12 mg/kg monthly for 4
doses

Clinical study (VIR-2218)—
20-200 mg/kg on days 1 and
29

Clinical study (JNJ-3989)—
100—400 mg/kg doses on
days 1, 27, and 57

Dose—50 pg siRNA per mouse
single i.v. injection

Dose—2 mg/kg siRNA on days
2,4, and 6

Dose—5 mg/kg siRNA on days
1,2,and 7

Summary of the main results obtained from selected preclinical and clinical studies using RNA medicine in hepatitis

Summary of results

The siRNA was well tolerated and produced a reduction in HBeAg
levels; however, due to incidences of mortality induced by an
excipient in nonhuman primate studies, the study was
terminated(217:218

Treatment was well tolerated in both doses with HBeAg
antigen inhibition greater in 0.4 mg/kg dose compared
with 0.2 mg/kg, supporting further studies219

dsRNA-conjugated GalNAc consistently reduced HBsAg levels
regardless of the HBeAg antigen status with no serious adverse
effects or dose-limiting toxicities

The NPs were well tolerated with dose-dependent decline in
HBsAg levels reaching a maximum by week 161221

The NPs were well tolerated in the clinical study with reductions in
HBsAg levels. These were linearly correlated to the reduction in
HBeAg and HBV RNA levels222]

These liposomes showed a decrease in hepatic injury through Fas
siRNA specifically delivered to the liver 2z

LDLR-targeted liposomes showed high potency and specificity in
targeting HCV in the hepatocytes[224

Irf5 encodes the transcription factor responsible for inflammatory
responses in hepatitis. The designed biodegradable LNPs
reduced liver enzyme levels and inflammatory cytokines in
treated mice!22°

Abbreviations: ApoA, apolipoprotein A; ConA, Concanavalin A; GalNAc, N-acetylgalactosamine; LDLR, LDL receptor; LNPs, lipid nanoparticles; NP, nanoparticle; ORF, open reading frame; siRNA, small interfering RNA.
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protein to hepatocytes, restoring their normal metabolic
function and reducing the symptoms and complications
of these diseases.[%6:237] L NP-based mRNA is intrinsi-
cally a good therapeutic candidate targeting the liver, as
LNPs have a natural affinity for hepatocytes following i.
v. administration due to their interaction with ApoE and
LDLR on the surface of LNP and hepatocytes, which
enhances the delivery efficiency and specificity of
MRNA therapy. An example of LNP-mRNA therapy for
IEM liver diseases is the treatment of acute intermittent
porphyria, a rare genetic disorder that causes acute
attacks of abdominal pain, vomiting, and neuro-
psychiatric symptoms due to a deficiency of porphobili-
nogen deaminase (PBGD) in the hepatocytes.[23¢!
Researchers have loaded human PBGD mRNA into
LNP and administered it to acute intermittent porphyria
mice at a dose of 0.5 mg/kg. This resulted in a rapid
and high therapeutic efficacy, with a gain of ~80% of
endogenous PBGD activity 24 hours after administra-
tion. The sustained efficacy and tolerability of
LNP-hPBGD mRNA was confirmed by repeated admin-
istration in mouse, rabbit, and nonhuman primate
models.?® The same approach also worked for
variegate porphyria, another liver disease caused by
the accumulation of porphyrins and their precursors, in
a rabbit model of variegate porphyria.24% In contrast,
methylmalonic acidemia/aciduria (MMA) is a liver
disease caused by a deficiency of methylmalonyl-CoA
mutase (MUT), a mitochondrial enzyme. Researchers
have used LNP to deliver human MUT mRNA to the
hepatocytes of mice with MMA and restore MUT in their
mitochondria. A single dose of LNP-hMUT mRNA
(0.5 mg/kg) reduced plasma MMA levels by 90% within
24 hours. Repeated doses of LNP-hMUT mRNA
(0.2 mg/kg, weekly) maintained normal MUT levels
and improved survival rates in MMA mice after 6 weeks
(100% vs. 17% in control mice).24"l This LNP-mRNA
formulation has entered a phase /Il trial by Moderna
(NCT04899310). Similarly, LNP-mRNA was used to
treat propionic acidemia/aciduria, a liver disease
caused by a deficiency of propionyl-CoA carboxylase
(PCC), another mitochondrial enzyme. Researchers
have used LNP to deliver 2 mRNA molecules encoding
both subunits of PCC to the mitochondria of mice with
propionic acidemia/aciduria. This dual-mRNA strategy
produced higher PCC enzyme activity than single
mRNA alone. It also restored functional PCC enzyme
in the liver and reduced primary disease-associated
toxins in a dose-dependent manner in long-term
3-month and 6-month repeat-dose studies in propionic
acidemia/aciduria mice with no toxicity observed.[24?]

Overall, LNP-based mRNA therapy has shown
efficacy and safety in preclinical models of several liver
metabolic diseases by restoring normal protein meta-
bolic functions, highly suggesting its potential to be a
transformative treatment for patients with inborn liver
metabolic diseases.

FUTURE PERSPECTIVES

While several researchers are currently exploring differ-
ent RNA machinery for liver diseases, certain recent
advances in RNA are yet to be fully explored. Among
these, small activating RNA (saRNA) is an intriguing
class of noncoding RNA composed of 21-nucleotide
dsRNA with an opposite mechanism of action to siRNA
and has been recently studied for HCC treatment.[243-246]
Unlike siRNA, saRNA only binds to Argonaute 2 protein,
and the complex is transported to the nucleus for gene
activation by directly targeting the gene promoters.
During transcription, the RNA-Argonaute 2 complex
recruits proteins such as RNA helicase A, CTR9 homolog
(CTR9), and RNA polymerase ll-associated factor 1
homolog for gene activation.?47-250 Most RNA medicine
has centered around the approach to target gene
silencing; however, several liver diseases are also
caused by downregulated proteins, and therefore,
development of technologies such as saRNA to restore
these protein expressions could have a huge impact in
the future.

Recently, saRNA that upregulated the transcription
factor CCATT/enhancer binding protein alpha (CEBPA)
was developed for the treatment of liver cancer.
Preliminary studies identified CEBPA as an important
gene that is often silenced in HCC and associated with
poor survival.?5" Studies have shown that the depletion
of CEBPA leads to the dysregulation of liver-specific
transcription factors and therefore hinders hepatocyte
maturation.2522531 Therefore, restoration of this gene
could serve as a potential therapeutic option for
HCC.2% |n this study, an saRNA sequence that
upregulated CEBPA mRNA 2.5-fold was designed and
evaluated in vitro and in vivo. saRNA treatment showed
an antitumor effect through the activation of CEBPA
mRNA and its downstream targets in vitro and in vivo.
With the exceptional results obtained from preclinical
studies, CEBPA saRNA has been encapsulated in a
liposomal formulation and is currently being evaluated
in patients with HCC as the first-in-human study of an
saRNA therapeutic.[®®! It can therefore be anticipated
that saRNA therapeutics have immense potential and
drugs targeting different liver diseases will be developed
in the future, transforming the current state of liver
disease therapeutics.

Apart from that, circular RNAs (circRNAs) have emerged
as a novel class of RNA therapeutics. Traditionally,
endogenous circRNAs are considered as noncoding RNA
and characterized by a covalently closed loop structure
generated by backsplicing.255-258] | ater, researchers dis-
covered that circRNA can act as miRNA sponge, protein
sponge, and scaffold for the formation of protein
complexes,?®? enabling them as promising therapeutic
targets. For example, in the liver, 668 circRNAs have been
reported and play a key role in both damage and repair
processes during liver diseases.?8% During liver fibrosis, the
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major circRNA-mRNA pathways based on a diet-induced
NASH model include circ_002581-miR-122-Slc1a5,
circ_002581-miR-122-Cpeb1, circ_002581-miR-122-Plp2,
and circ_007585-miR-326-UCP2.261 Also, it has been
reported that 179 and 630 circRNAs are upregulated and
downregulated in activated HSCs as compared with
quiescent HSCs, respectively.[?62 As previously discussed,
since HSC activation is a crucial process in fibrogenesis,
targeting these upregulated or downregulated circRNAs
may be promising for the treatment of liver fibrosis.
circRNAs also play a functional role in HCC and
function as an miR-7 sponge.[2%3! Studies have reported
that circRS-7 was highly elevated in patients with HCC
and this correlated with reduced miR-7 levels. It was
also observed that increased ciRS-7 levels increased
cell proliferation and invasion of tumor cells by down-
regulating miR-7 and its target genes CCNE1 and
PIK3CD.[?64 Although there is a growing number of
studies on circRNAs in liver diseases, there is still an
incomplete picture of the underlying mechanisms of
circRNAs in these diseases, and extensive research is
still required for developing RNA therapies. Recently,
exogenous circRNA delivery and translation in vivo
have been reported.[26% circRNA translation is extended
in adipose tissue in comparison to unmodified and
uridine-modified linear mRNAs, highlighting its potential
as RNA therapeutics for protein replacement therapy.
Currently, the most recent technique in RNA
medicine is RNA base editing for the treatment of
different ailments through temporary or permanent
RNA base alterations, bringing us closer to precision
medicine.[266.267] Base editing refers to the introduction
of single-nucleoside variants into RNA in viable cells.
Base editors may include RNA-programmable deami-
nases, MRNAs, etc. For optimal therapy, it is extremely
important that the RNA base tool such as mRNA
efficiently reaches the site of interest devoid of any off-
target side effects.[?671 To achieve this, using nano-
carriers for specific targeted delivery could overcome
the foremost challenges in this RNA delivery. A few
studies have investigated the effect of base RNA editing
on liver diseases. Most recently, Packer et all268]
developed 2 base editing approaches to treat AAT
deficiency through LNPs. A cytosine base editor was
used to add a p.Met374lle compensatory mutation and
an adenine base editor was used to correct the major
Piz mutation in AAT deficiency. PiZ-transgenic mice
were treated with base editing tool encapsulated LNPs
and interestingly, it was observed that there was long-
term SERPINA1 editing in the liver along with an
improvement in liver enzyme levels and overall liver
histology. Overall, this RNA nanoformulation was
capable of targeting both “loss of function” and “gain
of function” complications of AAT deficiency. In addition,
as a proof-of-concept, Villiger et al?69.270 have demon-
strated cytidine base editing of hepatocytes in vivo
without encountering any detectable off-target RNA

mutations. This serves as a foundation to discover in-
depth effects of RNA base editing in genetic liver
diseases and can be investigated in other liver
diseases. In this study, intein-split cytidine base editors
were encapsulated in LNPs and i.v. administered to
mice with phenylketonuria. This led to ~21% of gene
editing on hepatocytes with the reversal of the disease
phenotype. This is an attractive approach to target
genetic variations in liver diseases and promising as a
therapeutic option in the clinical setting.

CONCLUSION

In conclusion, RNA nanomedicine presents a promising
approach for addressing the complex biological environ-
ments associated with various liver diseases. Tradi-
tional drug treatments have faced significant challenges
due to their nonspecific targeting, limiting their efficacy
and leading to potential side effects, especially in the
presence of impaired liver function. However, the
advent of nanomedicine and RNA-based drugs has
revolutionized the field by offering targeted delivery and
enhanced therapeutic capabilities. The success of
Onpattro has transformed the standard of care for
hATTR with specific hepatocyte targeting,[ highlighting
the potential of RNA nanomedicine to bypass the liver's
compromised function, thus increasing treatment effec-
tiveness and reducing off-target effects. Furthermore,
the versatility of RNA-based therapies allows for the
development of personalized treatments tailored to
individual patients, paving the way for more precise
and efficient liver disease management. The current
clinically approved RNA drugs and the ones in late-
stage clinical trials (Tables 1 and 2) have shown a trend
that for target silencing applications, GalNAc—RNA
(ASO or siRNA) is predominantly developed and
potentially the best way ahead, especially for hepato-
cyte-related diseases. The advantage comes from the
clear chemistry, long-lasting effect (stability), and low
immune-related adverse effects of GaINAc—RNA con-
jugates. These properties also enable s.c. delivery,
which is much more favorable for patients as compared
with i.v. drug administrations. This directional advance-
ment in the field of GalNAc therapeutics is also evident
in the product line of Alnylam Pharmaceuticals: since
the approval of Onpattro, they have shifted their major
focus from LNPs to GalNAc—RNA conjugates and the
major progress in gene silencing of hepatocytes is
evident using these GalNAc-RNA conjugates. How-
ever, to target other cell types in the liver, approaches
beyond GalNAc need to be developed and LNP as an
RNA carrier can be advantageous in targeting ligand
modifications.

Another trend noticed from clinical progress is that
LNPs are still the most optimal nanocarrier for protein
replacement therapy and vaccine development for liver
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diseases using mMRNA cargo. This is because in order
to modulate the metabolic profile in the liver, mRNA
must be delivered to the liver. Unlike siRNA or ASO,
chemical modification is sufficient to keep them stable in
blood circulation. mRNA is much more fragile; therefore,
it has to be protected by a carrier to enable in vivo
delivery. As LNP has intrinsic tropism to accumulate in
liver and hepatocytes following i.v. administration, most
studies have used LNP-mRNA (dosed i.v.) for restora-
tion of functional protein expressions in liver diseases.
Moreover, vaccine development studies have shown
that LNPs (most likely due to the ionizable lipid
component) can serve as an adjuvant to further boost
the immune response of the mRNA vaccine, and this
also provides an added advantage of using LNP as a
nanocarrier to deliver RNA nanomedicine. Although
several RNA therapies as discussed in this review have
either reached the clinic or are undergoing preclinical/
clinical studies in liver disease applications, the
complexity and changes in the liver disease micro-
environment and the patient’s intolerability of therapy
still require to be completely understood and focused
upon for the successful clinical translation of novel RNA
nanotherapies.
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