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The clinical application of nanoparticles (NPs) to deliver RNA for therapy has progressed rapidly since the FDA
approval of Onpattro® in 2018 for the treatment of polyneuropathy associated with hereditary transthyretin
amyloidosis. The emergency use authorization or approval and widespread global use of two mRNA-NP based
vaccines developed by Moderna Therapeutics Inc. and Pfizer-BioNTech in 2021 has highlighted the trans-
latability of NP technology for RNA delivery. Furthermore, in clinical trials, a wide variety of NP formulations
have been found to extend the half-life of RNA molecules such as microRNA, small interfering RNA, and

messenger RNA, with limited safety issues. In this review, we discuss the NP formulations that are already used in
the clinic to deliver therapeutic RNA and highlight examples of RNA-NPs which are currently under evaluation
for human use. We also detail NP formulations that failed to progress through clinical trials, in hopes of guiding
future successful translation of nanomedicine-based RNA therapeutics into the clinic.

1. Introduction

The extensive characterization of ribonucleic acid (RNA) since the
initial discovery of nucleic acids in 1868 has demonstrated its essential
role in both health and disease [1]. Following the identification of
messenger RNA (mRNA), microRNA (miRNA), and small interfering
RNA (siRNA), these functionally and structurally diverse molecules have
been explored as preventative vaccines, drug treatments, and immuno-
modulatory agents to treat a wide variety of diseases, including cancer,
atherosclerosis, and Alzheimer’s disease, via induction or silencing of
protein production (Fig. 1) [2,3].

However, although the use of RNA for therapy has multiple advan-
tages, including ease of production and dose dependent, transient
mechanism of action in vivo, clear disadvantages have limited their
clinical success. These disadvantages include the short half-life of RNA
molecules caused by reticuloendothelial system (RES) clearance and
nuclease degradation [4,5]. Therapeutic efficacy is also limited by poor
RNA delivery into the cellular cytoplasm, where RNA acts, which has
been associated with RNA’s negative charge and size. For example, the
small size of miRNA and siRNA promotes increased renal clearance,
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while the potentially large size of mRNA limits cellular uptake [6,7].
Cellular binding and endocytosis of RNA is also inhibited by the stiff
structure of RNA molecules, especially siRNAs, a feature that has been
shown to limit receptor-ligand interactions on the cell surface and
impede the ability of the cell membrane to engulf RNA [8,9]. Addi-
tionally, following cell membrane internalization, RNA is trapped in
endosomes, with only ~1-2% of siRNAs that are taken up by cells
escaping the endosome [1]. Even when these hurdles are overcome,
RNA administration can induce toxicity at high doses, particularly with
double stranded structures such as siRNA, which can trigger an anti-viral
innate immune response [8,10]. Furthermore, the lack of specific RNA
targeting to the disease site results in off-target accumulation in healthy
cells, thereby decreasing the therapeutic efficacy of RNA and necessi-
tating the administration of high doses for therapy [9]. Additionally, this
increased dosage increases the risk of developing off-target side effects
[11].

In order to overcome the inherent limitations of using RNA mole-
cules as therapeutics, nanoparticles (NPs) have been successfully used in
the clinic and in clinical trials to facilitate RNA delivery for therapy and
disease prevention [7,12]. Depending on their size, NPs can avoid
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macrophage clearance and extend RNA half-life, thereby increasing in
vivo circulation time and cellular uptake [13,14]. Additionally, targeted
NPs can reduce RNA toxicity at off-target sites, and multiple RNA types
can be incorporated in one NP, allowing multi-target therapy for com-
plex pathologies [15].

Many types of NPs have been applied for RNA delivery, although
lipid- and polymer-based formulations remain the most widely used
[16]. Non-toxic and biodegradable components can be used to create
biocompatible NPs for clinical use with low host immunogenicity [17,
18]. Cationic and ionizable lipids are often employed to produce solid
lipid NPs, bi-layered liposomes, or micelles for RNA delivery in order to
optimize complexation with negatively charged RNA and condense
large mRNA molecules that would otherwise be unable to enter the cell.
Ionizable lipids, e.g. 1,2-dioleoyl-3-dimethylammonium propane
(DODAP) and 1,2-dioleyloxy-N,N-dimethyl-3-aminopropane (DODMA),
are particularly useful as they have a neutral or low positive charge at
physiological pH (e.g., in the extracellular space) and high positive
charge at low pH (e.g., in endosomes), preventing non-specific in-
teractions and reducing the risk of toxicity [7,19]. “Stealth” molecules,
including polyethylene glycol (PEG), are also commonly incorporated in
NPs to prolong circulation time by reducing serum protein attachment
and subsequent aggregation, and thereby avoiding clearance by the
mononuclear phagocyte system [20]. Considering the wide variety of
materials available, each with numerous potential modifications, NP
formulations can easily be optimized for the specific RNA type to be
delivered, as detailed previously [21-25].

Here, we discuss the RNA-NP therapies that are approved by the
United States (US) Food and Drug Administration (FDA) for clinical use,
along with those that are currently in clinical trials. Finally, we examine
some common reasons for the therapeutic failure of RNA-NPs and how
these can be combatted to optimize the translational potential of
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emerging RNA-NP based therapies.

2. FDA approved RNA-NP therapy

FDA approval is required for the marketing and sale of drugs in the
US [26]. In order to receive approval by the FDA, there are multiple
factors that are considered during regulatory review. Outside of the
physiochemical properties of the RNA-NP— such as charge, size, and
reaction of the NP to environmental factors (e.g. pH, salt concentration,
and temperature)—, manufacturing processes and controls (e.g. stabil-
ity, sensitivity, and purity/quality of the RNA-NPs during production
and storage) must be evaluated [27]. For clinical evaluation, the
RNA-NP pharmacokinetics/pharmacodynamics, dosage and dose fre-
quency, administration route, immunogenicity, bioavailability, bio-
distribution, biodegradation, and elimination pathway must be
monitored in clinical trials and provided to the FDA for review [28].
Safety and efficacy of the drug varies depending on the disease which
the RNA-NP is targeting. However, the treatment should be able to
induce a significant therapeutic effect with minimal adverse side effects.
The environmental impact of the RNA-NP, particularly in terms of its
manufacturing process, must also be submitted to the FDA [28]. The low
number of FDA approved RNA-NPs can be partially explained by the
numerous determinants that must be assessed preclinically and clini-
cally before approval for public use, along with the variability in
acceptable efficacy or safety parameters. For example, lower drug effi-
cacy is normally considered acceptable for FDA approval in the case of
rare diseases where no alternative therapy is available [29,30].

Despite these limitations, there are currently three RNA-NPs that
have fulfilled these requirements and have been approved by the FDA
for public use in the US. In 2018, both the FDA and the European
Medicines Agency (EMA) approved an RNA-NP for the first time [31].
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Fig. 1. Mechanism of action of short interfering RNA (siRNA), microRNA (miRNA), and messenger RNA (mRNA), reprinted from Lin et al. [3] under the Creative
Commons Attribution 4.0 International License (CC-BY license). siRNA: The precursor of siRNA, short hairpin RNA (shRNA), or double-stranded RNA (dsRNA), is
recognized by Dicer and then incorporated into the RNA-induced silencing complex (RISC). The siRNA-RISC complex then binds to one target mRNA, inducing
cleavage by the argonuate-2 endonuclease (Ago2) and reducing target protein expression. microRNA: The enzymes Drosha and DGCR8 convert primary miRNA
(pri-miRNA) into precursor miRNA (pre-miRNA), measuring ~70 nucleotides. Cleavage by Dicer then creates mature miRNA which is incorporated into RISC and
reduces protein expression via mRNA cleavage in the 3'-untranslated regions (UTR). Unlike siRNA, miRNA can bind multiple mRNA targets. mRNA: The UTR at the
5 and 3’ ends of mRNA are recognized by the ribosome, which facilitates protein translation.
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Onpattro® (or patisiran) was developed by Alnylam Pharmaceuticals
Inc. to treat polyneuropathy associated with autosomal dominant he-
reditary transthyretin amyloidosis (hATTR). This type of amyloidosis is
characterized by abnormal deposition of bone marrow-derived amyloid
protein in the liver, thus inhibiting proper organ function. Onpattro®
consists of liposome-encapsulated siRNA that silences expression of
transthyretin (TTR), a protein that is released by the liver to transport
thyroid hormone, and can undergo mutations causing hATTR [31].
siRNA is a double stranded, 20-25 nucleotide molecule that binds to and
inhibits a specific mRNA [5,32]. This specificity offers therapeutic
benefits by preventing off-target binding and associated negative side
effects, although it also limits its versatility [20]. The Onpattro® lipo-
somes contain DLin-MC3-DMA (MC3), cholesterol, 1,2-distearoyl-sn--
glycero-3-phosphocholine (DSPC), and PEG, and have a diameter
range of 60-100 nm [33]. Following intravenous (IV) administration,
Onpattro® NPs exploit the RES to localize in the liver, where they
release siRNA in hepatocytes to inhibit TTR production and secretion.
One of the major reasons for Onpattro’s® therapeutic success is its
incorporation of the pH sensitive ionizable lipid MC3 (Fig. 2). As the pK,
of MC3 is ~6.5, the same pH as the late endosome/lysosome [34], the
liposome can fuse to the endosomal membrane following uptake and
release therapeutic siRNA into the cytoplasm [35]. However, although
Onpattro® can suppress TTR expression by >80% [36], the requirement
for IV infusion every three weeks limits the ease and widespread use of
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this RNA-NP therapy.

The most recently approved/authorized and widely publicized RNA-
NP therapies are the two RNA-NP vaccines produced by Pfizer-BioNTech
and Moderna Therapeutics Inc. (Moderna) in 2020 to prevent severe
coronavirus disease 2019 (COVID-19) infection and hospitalization
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) [7]. These vaccines use mRNA, a single-stranded molecule that is
complementary to a single DNA strand. mRNA is translated to a protein
in the cytoplasm in a rapid, transient, and dose dependent manner, and
is subsequently degraded, often in mere minutes, therefore limiting
long-term protein expression and potential associated adverse effects [9,
37-39]. mRNA vaccines induce cells to transiently express a specific
antigen in order to elicit a strong immune response that provides
long-term protection against the target virus [17]. While Moderna has
previously developed mRNA vaccines for cytomegalovirus (CMV),
Pfizer’s COVID-19 vaccine is the company’s first mRNA-based vaccine.
Both COVID-19 vaccines progressed from phase I to phase III clinical
trials in <7 months and in 2020, both received emergency use autho-
rization (EUA) from the FDA [40,41]. The Pfizer-BioNTech vaccine
received full FDA approval in 2021. Furthermore, the EMA approved the
Pfizer-BioNTech and Moderna vaccines in 2020 and 2021, respectively.
PEG and cholesterol are incorporated in both COVID-19 vaccine lipo-
some formulations, with Moderna using the ionizable lipid
sphingomyelin-102 (SM-102) and Pfizer-BioNTech including the
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Fig. 2. Chemical compositions of the ionizable lipids (top) DLin-MC3-DMA (MC3) used in Onpattro® liposomes to deliver siRNA targeting transthyretin for the
treatment of polyneuropathy associated with hereditary transthyretin amyloidosis (hATTR), republished with permission from Jayaraman et al. [43], (middle)
sphingomyelin-102 (SM-102) used in liposomes to deliver mRNA for vaccination against COVID-19 developed by Moderna Therapeutics Inc., and (bottom) ALC-0315
used in liposomes to deliver mRNA for vaccination against COVID-19 developed by Pfizer-BioNTech, both reprinted from Buschmann et al. [36] under the Creative

Common CC BY License.
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ionizable lipid ALC-0315 from Acuitas [36,42] (Fig. 1).

The Pfizer-BioNTech vaccine uses mRNA BNT162b2, which is 4.3 kb
long and encodes for the prefusion full-length SARS-CoV-2 membrane-
bound spike protein. The protein is stabilized by two prolines (to pre-
vent viral fusion) in the C-terminal furin (an enzyme responsible for
proteolytic cleavage during viral protein assembly) cleavage fragment,
which encodes for the viral fusion machinery (Fig. 3) [36,44]. This an-
tigen can induce antibody production against SARS-CoV-2 along with a
strong Th-1 T-cell response, showing 94% efficacy in preventing infec-
tion in phase III clinical trials [36,40]. The Moderna vaccine in-
corporates a similar mRNA sequence, mRNA-1273, which encodes for
the transmembrane-anchored prefusion spike protein with a native furin
cleavage site, similarly stabilized with two prolines [36]. The Moderna
vaccine also showed a strong Th-1 T-cell response and demonstrated
94.5% efficacy in interim phase III trials. However, Moderna’s vaccine
induced a higher incidence of side effects than the Pfizer-BioNTech
vaccine, including fatigue (9.7% vs. 3.8%) and headaches (4.5% vs.
2%) [36]. While both COVID-19 vaccines show high efficacy, one of
their major limitations is temperature instability, with both vaccines
requiring storage at —20 °C (Moderna) or —80 °C (Pfizer-BioNTech), a
factor that is particularly detrimental when distributing vaccines to
under-resourced communities [45]. A summary of these three FDA
approved/authorized RNA-NPs is given in Table 1.

3. RNA-NPs in clinical trials

While there are only a few RNA-NPs that are authorized for public
use by the FDA and EMA as of 2021, there are many that are being
investigated in ongoing clinical trials. Considering the rapid develop-
ment and approval of the two RNA-NP vaccines against COVID-19, there
is a reasonable expectation that more successful RNA-NP based treat-
ments will attain FDA and EMA approval in the coming years. Here, we
describe NP formulations that are currently in clinical trials as potential
vaccines, cancer therapies, protein replacement therapies, and gene
editing therapies.

3.1. Vaccines for infectious diseases

Similar to the FDA approved COVID-19 vaccines described in section
2, many RNA-NP vaccines are under investigation for disease prevention
in humans. Most RNA-NP vaccines in clinical trials incorporate ionizable
lipids, such as MC3, to facilitate cellular uptake and/or endosomal
escape, along with mRNAs that encode for virus-specific structural
proteins that can stimulate antibody production (e.g., NCT04232280
targeting CMV, NCT03713086 for rabies, NCT04144348 for human
metapneumovirus (hMPV) and human parainfluenza virus type 3 (PIV3)
infection) or directly encode for disease-targeting antibodies (e.g.,
NCT03829384 targeting Chikungunya virus, a trial which concluded in
July 2021). These ionizable lipid-based NPs often exploit charge-
mediated targeting, with cationic lipids preferentially accumulating in
the lungs [36]. For example, a phase I clinical trial (NCT04844268) by
Senai Cimatec is currently investigating an RNA-NP to be used as a
COVID-19 vaccine. This formulation contains the cationic lipid 1,
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2-dioleoyl-3-trimethylammonium-propane (DOTAP), which enables
surface adsorption of an mRNA encoding the spike protein of
SARS-CoV-2. The final mRNA-NP product is produced by mixing the
mRNA and NPs at a 1:1 M ratio. The liposomes are stabilized by
encapsulating superparamagnetic iron oxide NPs [46]. Pre-clinical trials
showed this RNA-NP formulation elicited an effective T-cell response
against SARS-CoV-2 in mice and macaques [46]. This formulation has
the advantage of large scalability, and is stable for 3 months at both 4 °C
and 25 °C, conferring an advantage over the currently approved
COVID-19 vaccines [46]. Similarly, other companies have produced
vaccines utilizing a lipid-based NP with RNA, incorporating mRNA
encoding for SARS-CoV-2 antigens such as the viral spike protein (e.g.,
NCT04847102, NCT04785144, NCT04566276).

Outside of COVID-19 prevention, RNA-NP vaccines have also been
developed to target other pathogenic viruses such as the zika virus and
rabies lyssavirus. Moderna used its proprietary ionizable lipid MC3
along with DSPC, cholesterol, and PEG in a 50:38:5:1.5 ratio to form
lipid NPs which deliver modified mRNA-1893 encoding for the both the
envelope and pre-membrane protein of the zika virus [47]. Interim re-
sults from the completed phase I trial (NCT04064905) showed no
serious side effects related to the vaccine. Furthermore, a majority of the
patients who had previously tested seropositive (either by having been
previously vaccinated or infected) for the zika virus produced a four-fold
increase in the number of disease neutralizing antibodies present
following vaccination [48]. Like Moderna’s zika virus vaccine NP
formulation, CureVac AG’s rabies vaccine (NCT03713086) also uses a
proprietary ionizable lipid from Acuitas along with cholesterol, PEG,
and DSPC to deliver mRNA encoding a rabies virus glycoprotein which
can induce an antibody response [49,50]. Phase I results from this
clinical trial have shown no vaccine-related adverse effects at low doses
(1 or 2 pg), and induced functional neutralizing antibody production
against the rabies virus glycoprotein that were comparable to licensed
rabies vaccines [49]. A list of ongoing clinical trials involving RNA-NP
based vaccines is presented in Table 2.

3.2. Cancer

Outside of vaccines, cancer therapies using RNA-NPs have shown
great potential. This is likely influenced by the success and FDA approval
of NP-based cancer therapies such as Doxil® (liposomal doxorubicin to
treat Kaposi’s sarcoma, breast cancer, ovarian cancer, and other solid
tumors) and Onivyde® (liposomal irinotecan to treat metastatic
pancreatic cancer). Although these two therapies do not use RNA, they
do demonstrate the feasibility of NP use to target and treat cancer.

Many of the mRNA-NPs currently under clinical investigation for
cancer treatment have vaccine-like properties, as they increase the
production of tumor-specific and tumor-associated antigens on cancer
cell surfaces, thus allowing for increased recognition by the host im-
mune system (e.g., NCT02410733 targeting melanoma-associated anti-
gens). A major advantage of mRNA cancer vaccines is that they have the
potential to be personalized to a patient by generating mRNA that cor-
responds to specific tumor antigens that are over-expressed in individual
patients, thus increasing the vaccines efficacy (e.g., NCT03897881,
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Fig. 3. The structure of BNT162b2 mRNA used in the COVID-19 vaccine developed by Pfizer-BioNTech, reprinted from Vogel et al. [44]. UTR-untranslated region.
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Table 1
FDA approved RNA-NP therapies.

Company, drug name Disease target Mechanism of NP carrier components ~ RNA Method, frequency  Year approved by

action - of administration the FDA

Alnylam Polyneuropathy associated Gene silencing of Lipid NP (DLin-MC3- siRNA targeting IV infusion, every 2018
Pharmaceuticals with hereditary transthyretin DMA, DSPC, transthyretin three weeks
Inc., Onpattro® transthyretin-mediated cholesterol, PEG2000-

amyloidosis C-DMG)

Moderna COVID-19 Induces antibody Lipid NP (cholesterol, Synthetic mRNA-1273, IM (deltoid), two 2020 Emergency
Therapeutics Inc., production against SM-102, PEG2000- encoding stabilized doses use authorization
Spikevax® SARS-CoV-2 DMG, DSPC) prefusion SARS-CoV-2

spike protein
Pfizer-BioNTech, COVID-19 Induces antibody Lipid NP (cholesterol, Nucleoside modified IM (deltoid), two 2021

Comirnaty®

production against
SARS-CoV-2

PEG2000, ALC-0315,
DSPC)

mRNA BNT162b2,
encoding SARS-CoV-2
spike protein

doses

Legend: NP- nanoparticle, DSPC- 1,2-distearoyl-sn-glycero-3-phosphocholine, PEG-polyethylene glycol, IV-intravenous, COVID-19- coronavirus disease 2019, SARS-
CoV-2- severe acute respiratory syndrome coronavirus 2, SM-102- sphingomyelin 102, IM- intramuscular.

Table 2
Examples of ongoing clinical trials of RNA-based NP vaccines [19,36,49,51,52].
Company/Investigator Disease Target RNA NP carrier Method of Phase  NCT number
administration
CureVac AG Rabies mRNA CV7202 encoding the rabies Liposomes (cholesterol, 1M, 1-2 doses 1 NCT03713086
virus glycoprotein PEG2000, Acuitas administered at days
proprietary ionizable 1, 29 in the deltoid
lipid, DSPC)
Moderna Therapeutics Cytomegalovirus (CMV) mRNA-1647 encoding the pentamer Liposomes (DLin-MC3- IM, on days 1, 56, I NCT04232280
Inc. infection complex and the full-length DMA, DSPC, 168
membrane-bound glycoprotein Band  cholesterol, PEG2000-
mRNA-1443 encoding the pp65 T cell ~ C-DMG)
antigen of CMV
Moderna Therapeutics Human metapneumovirus mRNA-1653 encoding the fusion Liposomes (DLin-MC3- IM, on day 1 and 57 1 NCT04144348
Inc. (hMPV) and human proteins of hMPV and PIV3 DMA, DSPC,
parainfluenza virus type 3 cholesterol, PEG2000-
(PIV3) infection C-DMG)
Senai Cimatec COVID-19 mRNA encoding for the full-length Lipid-inorganic NP IM, on day 1 and 29 1 NCT04844268
spike protein of the SARS-CoV-2 virus ~ (LION™) or day 1 and 57
(HD-301)
Walvax Biotechnology mRNA encoding for the receptor Liposomes (Lipid 9001,  IM, onday 1 and day  III NCT04847102
Co., Ltd. binding domain of the spike cholesterol, DSPC, 29
glycoprotein of the SARS-CoV-2 virus ~ DMG-PEG2000)
National Institute of mRNA-1273.351 encoding for full- Proprietary lipid NP IM, single dose I NCT04785144
Allergy and length spike protein of SARS-CoV-2
Infectious Diseases B.1.351 variant
(NIAID)
Chulalongkorn mRNA encoding SARS-Cov2 wild- Proprietary Lipid NP IM, escalating dose I NCT04566276
University type spike protein mRNA regimen 21 days
apart

Legend: NP- nanoparticle, NCT- national clinical trials, PEG- polyethylene glycol, DSPC- 1,2-distearoyl-sn-glycero-3-phosphocholine, IM- intramuscular, ID- intra-
dermal, IV- intravenous, COVID-19- coronavirus disease 2019, SARS-CoV-2- severe acute respiratory syndrome coronavirus 2.

NCT03313778, NCT02316457, NCT03289962). These personalized
cancer treatments are generated by isolating patient cancer cells through
a biopsy, and sequencing their DNA or RNA, most often using next
generation sequencing (NGS) [53]. NGS is used to identify the
tumor-related genes, proteins, and mutations that could be used as
possible therapeutic targets. For example, Moderna’s ongoing phase II
trial NCT03897881 is investigating IV infusion of lipid NPs that deliver
mRNA-4157 encoding for 20 neoantigen epitopes identified in individ-
ual patients with high-risk melanoma to generate a strong immune
response following tumor resection. Phase I studies using mRNA-4157 in
combination with pembrolizumab (a humanized immunotherapy used
to treat melanoma) showed an adequate safety profile and a high T-cell
response specific to the encoded neoantigens [54]. Although these initial
clinical results are promising, development of this personalized therapy
can take 3-4 months from the moment a patient sample is obtained to
sequencing and mRNA production, therefore delaying initiation of
therapy. However, the production timeline is expected to be shortened
to as little as four weeks in the near future as NGS technology and

207

analysis techniques continue to advance [55].

In addition to mRNA-based RNA-NP therapeutics, siRNA and
miRNA-based RNA-NPs are being used in clinical trials in order to
knockdown tumorigenic genes and inhibit cancer progression (e.g.,
NCT02716012, NCT04675996, NCT01591356). miRNAs are small (~22
nucleotides), single stranded, endogenous, noncoding RNAs that regu-
late post transcriptional gene expression by binding to the 3’-untrans-
lated regions (UTR) of multiple target mRNAs and repressing protein
production by mRNA destabilization or cleavage and translational
silencing [56-58]. Interestingly, miRNAs show evolutionarily conser-
vation across species, prompting extensive mammalian research that has
implicated miRNAs in a wide variety of human pathologies including
kidney disease, cancer, Parkinson’s disease, and Alzheimer’s disease
[56,59,60]. They are now commonly listed as disease markers, with up-
or down-regulation of specific miRNAs being associated with various
pathologies. This association has enabled their use as therapeutic targets
via multiple strategies including replacement with synthetic or bio-
mimetic miRNAs, or targeting with synthetic anti-miRNAs, which bind
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to and inhibit miRNAs by steric hindrance, thereby upregulating gene
expression and subsequently altering protein translation [61-63].
Pre-clinical data using miRNA-based therapy is promising, and their
smaller molecular weight in comparison to mRNA lends themselves to
easier and more efficient delivery in vivo via improved cellular uptake
[9].

An example of miRNA delivery via NPs is in the ongoing phase I
clinical trial NCT04675996 which employs a modified miR-193a-3p
mimic. This miRNA inhibits expression of the cyclin D1 protein, which
is involved in tumor progression. This inhibition can induce tumor cell
apoptosis and inhibit cell migration and proliferation in advanced solid
tumors found in the colon, liver, skin, pancreatic, and breast cancer
[64]. The addition of 2’-O-methyl nucleotide on the passenger strand of
this miRNA mimic enabled it to impede inflammatory pathway activa-
tion and reduce adverse side effects, as well as increase binding efficacy
of the miRNA strand to cyclin D1 mRNA in vivo [64].

As mentioned with the clinical trial NCT03897881 above, many
ongoing clinical trials assess dual cancer therapy by applying RNA-NPs
in combination with traditional cancer therapies, such as chemotherapy
or immunotherapy. Examples of these trials include NCT03289962
(mRNA-NPs used with atezolizumab, an anti-PD-L1 antibody),
NCT03739931 (mRNA-NPs used to stimulate T-cell response with dur-
valumab, an anti-PD-L1 antibody) and NCT03323398 (liposomal
mRNA-2416 used with durvalumab to treat multiple advanced malig-
nancies). Synergistic treatments combining these RNA-NPs and a
chemo- or immune-therapeutic agent can reduce tumor recurrence,

Bioactive Materials 12 (2022) 203-213

sensitize cancer cells, and reduce therapeutic resistance. A summary of
ongoing clinical trials using RNA-NP therapy for cancer is given in
Table 3.

3.3. Protein replacement and gene editing therapies

Outside of vaccine development and cancer therapy, NPs that deliver
RNA molecules for protein replacement therapy and gene editing have
also progressed to clinical trials (Table 4). mRNA has been extensively
researched for therapeutic protein replacement, whereby a specific
protein that is absent or mutated in a diseased state can be produced in
vivo [65]. Clinical trials addressing protein replacement in patients have
mainly incorporated non-replicating mRNA in order to overcome pro-
tein deficiencies (e.g., NCT04442347 to treat ornithine trans-
carbamylase (OTC) deficiency by producing OTC enzyme) or to produce
healthy functional versions of a specific physiological protein (e.g.
NCTO03375047 to treat cystic fibrosis by producing functional human
cystic fibrosis transmembrane regulator protein). For example, Mod-
erna’s phase I/II clinical trial NCT04159103 explores the use of
mRNA-NPs to treat propionic acidemia. In this rare metabolic disorder,
the breakdown of proteins and lipids is inhibited due to propionyl-CoA
carboxylase (PCC) mitochondrial enzyme deficiency, thus leading to a
build-up of toxins such as urine organic acids [66]. The trial uses lipid
NPs to deliver mRNA-3297, which translates PCC. This mRNA-NP
formulation, which includes the proprietary MC3-based ionizable lipid
“Moderna lipid 5, received fast track designation by the FDA in 2019,

Table 3
Examples of ongoing clinical trials of RNA-based NP therapies for cancer [19,51,64].
Company/ Cancer target RNA NP carrier Method of Phase  NCT number
Investigator administration
Moderna Melanoma mRNA-4157 modified to encode for patient Proprietary lipid NP IV infusion I NCT03897881
Therapeutics Inc. specific tumor-associated antigens or formulation
neoantigens
BioNTech RNA RNAs (RBL001.1, RBL002.2, RBL003.1, Liposomes ID, 7 dose escalation I NCT02410733
Pharmaceuticals RBLO004.1) that induce a CD8" and CD4* (cholesterol, DOPE, cohorts
GmbH response against melanoma-associated antigens =~ DOTMA)
M.D. Anderson Solid tumors siRNA against Ephrin type-A receptor 2 Liposomes 1V infusion over 120 1 NCT01591356
Cancer Center (EphA2) (DOPC) min on days 1 and 4,
repeated every 21
days.
Moderna mRNA-4157 modified to encode for patient Proprietary liposome IM, 9 doses I NCT03313778
Therapeutics Inc. specific tumor-associated antigens or formulation administered every
neoantigens 21 days
InteRNA miRNA-193a-3p mimic Proprietary lipid NP IV infusion for 60 min I NCT04675996
Technologies B.V. formulation twice per week
Genentech Inc. mRNA RO7198457 encoding patient specific Proprietary lipoplex IV infusion in 21-day 1 NCT03289962
tumor-associated antigens formulation cycles
Mina Alpha Limited =~ Advanced liver cancer Double stranded RNA to activate CEBPA gene Amphoteric IV, 1-3 times weekly I NCT02716012
liposomes for 21 days
(SMARTICLES®)
University Medical Ovarian cancer mRNAs encoding for three ovarian cancer Liposomes v I NCT04163094
Center Groningen tumor associated antigens
BioNTech SE Triple negative breast IVAC_WAREHOUSE brel_uID and IVAC® Liposomes v I NCT02316457
cancer MUTANOME _ulD, which produce RNAs de
novo targeting patient specific tumor-associated
antigens/neoantigens
Moderna Solid tumors and mRNA-2752 encoding for the 0X40 ligand T- Proprietary lipid NP Intratumoral, I NCT03739931
Therapeutics Inc. lymphoma cell costimulator, IL-23, and IL-36y escalating dose every
2 weeks
Moderna Melanoma, colon cancer, = mRNA NCI-4650 encoding patient specific Liposomes (SM-102, /11 NCT03323398

Therapeutics Inc.

gastrointestinal cancer,
genitourinary cancer,
hepatocellular cancer,
relapsed/refractory solid
tumor malignancies,
lymphoma,

ovarian cancer

tumor-associated antigens
mRNA-2416 encoding for a 0X40 ligand

DSPC, PEG2000-
DMG, cholesterol)

Intratumoral
injection on days 1
and 15 for six 28-day
cycles

Legend: IM- intramuscular, ID- intradermal, IV- intravenous, DOPE- 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, DOTMA- 1,2-di-O-octadecenyl-3-trimethylam-
monium propane, DOPC- 1,2-dioleoyl-sn-glycero-3-phosphocholine, SM-102- sphingomyelin 102, DSPE- 1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine, PEG-

polyethylene glycol.
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Table 4
Examples of ongoing clinical trials for mRNA-based protein replacement therapy and RNA-NP based gene editing applications [19,51,72,73].
Company/ Disease target Type of RNA NP carrier Method of Phase NCT Number
Investigator therapy administration
Moderna Propionic acidemia  Protein mRNA 3927 encoding for a and §  Lipid NP (Moderna lipid5, IV infusion, up to 10  I/II NCT04159103
Therapeutics replacement subunits of mitochondrial cholesterol, PEG2000, doses over 30 weeks
Inc. propionyl-CoA carboxylase DSPC)
protein
Translate Bio Cystic fibrosis (CF) Protein mRNA MRT 5005 for human CF Lipid NP (Poly(p-amino Nebulization /1 NCT03375047
Inc. replacement transmembrane regulator protein esters, DOPE, PEG2000,
cholesterol)
Nitto Denko Hepatic and Gene editing siRNA for heat shock protein Lipid NP (diretinamide- 1V, every 2 weeks I NCT03538301
Corporation pulmonary fibrosis (HSP) 47 PEG-diretinamide
conjugated to Vitamin A)
Arcturus Ornithine Protein ARCT-810 mRNA encoding for Proprietary lipid NP v I NCT04442347
Therapeutics, Transcarb-amylase replacement OTC enzyme (LUNAR®)
Inc. (OTC) deficiency

Legend: NP- nanoparticle, PEG-polyethylene glycol, DSPC- 1,2-distearoyl-sn-glycero-3-phosphocholine, IM-intramuscular, ID- intradermal, IV- intravenous, SQ-

subcutaneous, DOPE- 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine.

allowing for more rapid review and development of the therapy [67,68].

Another application of RNA-NPs is gene editing therapy, which utilizes
siRNA, miRNA, and/or anti-miRNA to suppress or promote protein pro-
duction. For example, the ongoing phase II clinical trial NCT03538301
employs an siRNA-NP (ND-L02-s0201) to target hepatic stellate cells or
lung myofibroblasts for treatment of liver or lung fibrosis respectively [69,
70]. Following chronic liver or lung damage, excessive activation of he-
patic stellate cells or lung myofibroblasts respectively causes fibrosis and
excessive collagen accumulation, thereby diminishing organ function
[69]. ND-L02-s0201 incorporates six lipids along with the
retinoid-conjugating molecule di-retinamide-PEG-di-retinamide for tar-
geting of hepatic stellate cells or lung myofibroblasts. These lipid NPs
deliver siRNA that reversibly inhibits production of the heat shock protein
47 (HSP47), which facilitates the correct folding of procollagen, thereby
reducing collagen deposition [69,71]. In preclinical trials, ND-L02-s0201
was shown to reduce expression of HSP47 and inhibit fibrosis progression
in silica-induced lung fibrosis rat models [69].

4. Reasons for therapeutic failure of RNA-NPs

Despite the promising clinical research occurring in the field of RNA-
NP therapeutics recently, there have been many setbacks in RNA-NP
translation. Most commonly, NPs and/or their RNA load are incapable
of escaping the endosome, or they induce toxic immune responses and/
or off-target side effects, leading to failure of clinical trials. Safety and
efficacy remain vital in the clinical success of RNA-NPs and there are
multiple methods for evaluation of these factors. Confirmation of in vitro
safety should be evaluated using relevant cell types, including diseased
cells, and should aim to use complex 3D models to better reflect the in
vivo disease [74,75]. Similarly, appropriate animal models that present
similar biological signs and symptoms to those displayed in humans, and
appropriately age matched, should be utilized in preclinical studies
[74]. In terms of clinical research, the FDA requires information on both
short- and long-term side effects of RNA-NPs when reviewing them for
general use. Therefore, recording minor adverse reactions, such as pain
or inflammation at injection sites or mild/transient nausea following
oral administration, or major side effects that dramatically affect the
health or quality of life of the patient, is in an integral part of clinical
trials. Major adverse reactions can lead to the rejection of RNA-NP use
by the FDA. Likewise, a lack of efficacy is a major reason for failure to
receive FDA approval. The definition of treatment efficacy varies based
on disease, but broadly refers to the induction of factors that ameliorate
or prevent a disease, e.g., the induction of antibody production by
administration of the COVID vaccines that prevents development of
severe disease and reduces hospitalization rates [17]. Here, we discuss
some examples of clinical trials that were withdrawn and broadly
categorized as failures, either due to issues with NP formulation or due
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to the structure of the RNA construct incorporated in NPs for therapy.

4.1. Limitations due to NP formulation

The use of NP formulations that have not been optimized either for
RNA delivery or for use in humans is one of the reasons for failure or
withdrawal of RNA-NPs from clinical trials. Most commonly, the use of
generic NP formulations that are incapable of escaping the endosome
following cellular uptake prevents the release of RNA cargo, leading to
limited therapeutic response. Currently, many NPs utilize ionizable
lipids to induce endosomal escape, as the positive charges on their
headgroups can destabilize the endosomal membrane. A study in 2006
highlights the importance of endosomal escape in the clinical success of
RNA-NPs. A lipid that lacks a cationic headgroup, N,N-dimethyl-2,3-bis
[(9Z,12Z)-octadeca-9,12-dienoxy]propan-1-amine (DLinDMA), was
used to create NPs for siRNA delivery. When administered to non-human
primates with hypercholesterolemia, this formulation reduced expres-
sion of apolipoprotein B (ApoB) protein [76,77]. However, the primates
exhibited low tolerance of the treatment and ApoB protein expression
was not sufficiently reduced to induce a therapeutic response, factors
which prevented advancement to clinical trials [76]. To address this
failure, Alnylam Pharmaceuticals reformulated the siRNA-NP to include
a potent cationic headgroup, (6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,
31-tetraen-19-yl 4-(dimethylamino)butanoate (DLin-MC3-DMA) [34].
Addition of MC3 as part of DLin-MC3-DMA increased the therapeutic
and protein knockdown efficacy of the NP compared to DLinDMA NPs
by two orders of magnitude, demonstrating the importance of enhancing
RNA-NP endosomal escape [76]. This formulation was later used in the
FDA-approved Onpattro®, as described in section 2.

Additionally, insufficient localization of the RNA-NP in the target
cells can limit therapeutic effects, and associated accumulation in off-
target cells can generate toxicity. For example, in September 2019, the
clinical trial NCT03767270 run by Translate Bio was withdrawn as
preclinical results showed poor pharmacokinetics and concerning safety
profiles of their RNA-NP formulation. The trial used IV-administered
NPs loaded with mRNA encoding OTC enzyme. These RNA-NPs were
delivered to the liver to treat OTC deficiency, although a detailed
mechanism of targeting has not been published [78].

Similarly, Calando Pharmaceutical’s phase Ia/Ib clinical trial
(NCT00689065) targeting multiple types of solid tumor cancer cells
(including melanoma, prostate cancer, breast cancer, colorectal cancer,
and cervical cancer), was terminated in 2013 due to dose-limiting toxic
effects, likely due to the NP carrier [79]. In this trial, siRNA was deliv-
ered to inhibit expression of ribonucleotide reductase subunit M2, which
plays a role in tumor progression [79]. The NP was comprised of ada-
mantane PEG (AD-PEG), along with a human transferrin protein which
acted as a targeting ligand to transferrin receptors present on the surface
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of cancer cells. Unfortunately, the transferrin-targeting ligand may have
caused adverse effects due to misfolding and aggregation that took place
during storage before administration [79]. Five of the 24 enrolled pa-
tients discontinued treatment due to adverse side effects, including
bradycardia, hematuria, and pericardial effusion [79]. This study em-
phasizes the need for detailed RNA-NP stability studies, including
monitoring aggregation behavior over time under various storage con-
ditions (e.g., temperature), before progression to clinical studies.

Low targeting efficacy may also be improved through alteration of
the RNA-NP delivery route rather than modification of the NP formu-
lation. Although many RNA-NPs are administered IV to avoid
bioavailability limitations associated with other administration routes,
IV injections can lead to adverse effects due to accumulation in off-target
tissues, commonly the heart and lungs where NP accumulation can
cause clot formation [79,80]. As an alternative, many researchers
explore localized delivery of RNA-NPs to the tissue or organ of interest,
including injection directly into the heart [81,82], eyes [83,84], lungs
[85], or tumors [86,87], in an attempt to minimize systemic side effects
and to improve therapeutic efficacy. AstraZeneca’s phase II clinical trial
NCT03370887, for example, is looking into the safety and tolerability of
their RNA-NPs (AZD8601) after being administered through an epicar-
dial injection in patients that undergo coronary artery bypass grafting
surgery. AZD8601 contains an mRNA encoding for VEGF-A, which can
enhance blood vessel and myocardial growth at the wound site [88].
Injection of this RNA-NP could improve recovery after bypass surgery
and enhance cardiac function. Although the results of this clinical trial
have not yet been released, pre-clinical in vivo results of epicardial in-
jection of AZD8601 in pigs have shown augmented cardiac activity after
myocardial infarction, with greater vessel density and decreased
myocardial fibrosis [89].

The failures highlighted in this section emphasize the need to opti-
mize NP formulations in vitro and in vivo, including the choice of
appropriate administration route, before use in clinical trials. This must
include analysis and optimization of (1) NP stability under different
storage conditions (e.g., temperature) and at different pH levels,
including those present in the endosome, (2) quantification of targeting
ability in order to determine if incorporation of specific targeting moi-
eties is necessary, and (3) an efficient endosomal escape mechanism.
The addition of stability enhancers, e.g. trehalose [90], targeting li-
gands, e.g. peptides, sugars, or antibodies [91-93], and/or endosomal
escape moieties, e.g. trileucine [94], can potentially overcome these
common issues.

4.2. Withdrawal of RNA-NPs from clinical trials due to issues with the
RNA complex

The choice of therapeutic RNA molecule to be incorporated in the
RNA-NP may be another reason for a lack of clinical success. Before
loading into the NP, many RNA molecules are chemically modified. For
example, 5’ capping can prevent innate immune sensing, addition of a
poly(A) tail can prevent degradation by exonucleases, and incorporation
of beta-globin 5- or 3'-UTRs can enhance translation efficiency.
Furthermore, the addition of 2’-O-methyl and 2'-fluoro to RNA can in-
crease its stability, reduce immunogenicity, improve efficacy, and
reduce off-target side effects [95]. 2'-O-methyl modifications have been
shown to change the conformation of RNA to protect it from nucleases
[96]. Similarly, 2'-fluoro modifications have allowed siRNA to evade
detection by RNases, thus protecting siRNA from degradation [97].
However, RNA modifications have sometimes been shown to lessen their
therapeutic effect inside the target cell. For example, including the
2'-fluoro modification on both the sense and anti-sense strands of siRNA
can decrease its binding efficacy and thereby inhibits its ability to
silence its target gene [95].

Along with RNA modifications, new technologies have been
employed to engineer alternative RNA types to the traditionally used
mRNA, siRNA, and miRNA molecules in order to improve the efficiency
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and efficacy of RNA therapeutics. For example, self-amplifying mRNA
(saRNA) has been extensively investigated in vivo as a therapeutic [24,
98]. Unlike non-replicating mRNA, which consists of mature mRNA with
one open reading frame (ORF) that produces a target protein/antigen,
saRNA comprises alphavirus replicons with two ORFs. saRNAs allow for
production of the target antigen and amplification of the mRNA itself
and have been shown to produce a larger number of antigens than
non-replicating mRNA. However, the generally large size of replicons
(~9500 nucleotides) limits their potential application as a therapeutic
[24]. An alternative promising technology is circular RNA (circRNAs)
[99]. circRNAs are long (ranging in size from 100 nucleotides to over 4
kb) closed non-coding RNAs developed by covalently linking the 5’ and
3’ ends of pre-mRNA via back-splicing of exons. These molecules are
expressed in numerous mammalian cell types and can regulate cellular
processes by binding to and inhibiting miRNAs, thereby controlling gene
expression and subsequent protein translation. Though this regulatory
capacity indicates that circRNAs are a promising therapeutic technol-
ogy, the full details of their physiological mechanisms and interactions
require further elucidation before their clinical application [100].

One clinical trial that failed due to problems with the incorporated
RNA complex is NCT01829971, which was terminated in 2016 [80].
This trial used a mimic miR-34a (MRX34) encapsulated in liposomes
named SMARTICLES® [80,101]. miR-34a has been shown to down-
regulate the expression of multiple oncogenes and inhibit tumor growth,
progression, and metastasis [79]. At least one dose of the RNA-NP
formulation was administered to 85 patients presenting with an
assortment of cancers such as melanoma, small cell lung cancer, hepa-
tocellular carcinoma, sarcoma, and ovarian cancer. Approximately 50%
of these patients discontinued the study due to persisting cancer pro-
gression and five patients withdrew due to serious side effects, including
sepsis, hypoxia, systemic inflammatory response syndrome, cytokine
release syndrome, and liver failure along with enterocolitis and pneu-
monitis. Furthermore, there were four treatment-related patient deaths
[80]. Due to a lack of serious side effects in other clinical trials utilizing
SMARTICLES®, the authors concluded that adverse effects in the pa-
tients were not due to the NP carrier, but due to MRX34 [80,101].
Chemical modification of the miRNA construct, such as 2'-O-methyla-
tion (which can suppress immune activation against the miRNA), will
likely be necessary in order to minimize immunogenicity if
MRX34-based treatment is to be explored in the future [102].

5. Conclusion

RNA-NP therapy has proven to be safe and effective for both disease
treatment and prevention in the clinic, as demonstrated with Onpattro®
and the two COVID-19 vaccines developed by Pfizer-BioNTech and
Moderna. These RNA-NP formulations can be produced rapidly and on a
large scale, facilitating the incorporation of a variety of RNA molecules,
including mRNA, miRNA and/or siRNA, for treatment and prevention of
many diseases, ranging from multiple cancer types and viral diseases to
pathologies characterized by functional protein deficiencies such as
hATTR.

RNA-NPs are versatile due to the wide array of materials that can be
used for NP synthesis, from biological lipids to biodegradable polymers.
However, it should be noted that the three RNA-NPs authorized by the
FDA for use in humans consist of cholesterol-PEG based lipid NPs, with
almost identical structures being broadly applied in clinical trials
currently. The success of lipid NPs thus far over other formulations may
guide future research and could indicate that biologically derived and
biocompatible lipids, such as cholesterol, may be the safest and most
efficient way to deliver RNA in humans. The common incorporation of
PEG in the FDA approved RNA-NPs also underlines the importance of
using materials that prolong the in vivo half-life of drugs, in this case
incorporating PEG to limit serum protein adsorption to NPs.

Despite some RNA-NP success in the clinic, most RNA-NPs do not
enter or complete clinical trials, indicating safety and toxicity issues in
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non-human primates and humans. In order to overcome these issues and
improve effective translation to clinical use, RNA-NPs for translational
purposes require effective and stable RNA incorporation methods, a low
surface charge following RNA incorporation, high stability, a diameter
measuring <100 nm to maximize cellular uptake, and a well-
established, large scale, sterile manufacturing process [103].

With continued research into the links between RNA molecules and
disease, RNA may offer more hope for therapy for rare or previously
untreatable diseases. The rapid increase in emergent knowledge related
to NP processing in vivo will facilitate more advanced modifications to
effectively deliver RNA. By following the examples of clinically suc-
cessful NPs, the field of RNA therapy can expand dramatically for years
to come.
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