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Advances in lipid nanoparticle mRNA therapeutics
beyond COVID-19 vaccines

Yeung Wu,? Sinuo Yu® and Irene de Lazaro () *P<

The remarkable success of two lipid nanoparticle-mRNA vaccines against coronavirus disease (COVID-19)
has placed the therapeutic and prophylactic potential of messenger RNA (mRNA) in the spotlight. It has also
drawn attention to the indispensable role of lipid nanoparticles in enabling the effects of this nucleic acid. To
date, lipid nanoparticles are the most clinically advanced non-viral platforms for mRNA delivery. This is thanks
to their favorable safety profile and efficiency in protecting the nucleic acid from degradation and allowing its
cellular uptake and cytoplasmic release upon endosomal escape. Moreover, the development of lipid nano-
particle-mRNA therapeutics was already a very active area of research even before the COVID-19 pandemic,
which has likely only begun to bear its fruits. In this Review, we first discuss key aspects of the development of
lipid nanoparticles as mRNA carriers. We then highlight promising preclinical and clinical studies involving lipid
nanoparticle-mRNA formulations against infectious diseases and cancer, and to enable protein replacement
or supplementation and genome editing. Finally, we elaborate on the challenges in advancing lipid nano-
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particle-mRNA technology to widespread therapeutic use.

1. Introduction

Messenger RNA (mRNA) is a transient nucleic acid intermedia-
tor that transfers genetic information from DNA to protein syn-
thesis in the cytoplasm.” By delivering mRNAs that encode
antigens of disease-causing microorganisms or cancerous
cells, genome-editing tools, or other relevant proteins, mRNA
technology has shown its therapeutic potential. This recently
became a reality with the regulatory approval of the Pfizer/
BioNTech and Moderna vaccines against SARS-CoV-2 in 2020,
which spared millions of lives during the COVID-19 pandemic.
As a therapeutic, the advantages of mRNA over other nucleic
acids revolve around its mechanism and site of action. Unlike
DNA, mRNA poses no risk of insertional mutagenesis in the
host’s genome and does not need to overcome the nuclear
membrane barrier. Its transient expression, which decays in
~48 hours, can be advantageous or a limitation depending on
the desired application. Initial roadblocks related to the
instability and immunogenicity of mRNA have been largely
mitigated thanks to new strategies implemented during
in vitro transcription (IVT) such as capping,>® the inclusion of
a poly-A tail,* and nucleoside substitution.’

However, mRNA cannot realize its therapeutic potential
alone. It is subject of rapid degradation by nucleases in the
bloodstream and tissue compartments, and its large molecular
size and negative charge severely limit cellular internalization.®
The development of nanoparticle formulations that encapsu-
late mRNA, protecting it from enzymatic degradation and
facilitating its translocation to the cytoplasm, has proved as

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0002-2775-0173
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr00019f&domain=pdf&date_stamp=2024-04-03
https://doi.org/10.1039/d4nr00019f
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR016014

Published on 13 Ciggilta Kudo 2024. Downloaded on 18/07/2025 11:20:46 PM.

Nanoscale

equally crucial for achieving the desired biological effect as the
development of functional and stable mRNA molecules itself.
So far, a variety of nanoscale delivery vectors have been
developed for mRNA delivery, including liposomes, lipid
nanoparticles, micelles, polymer and protein-based
nanoparticles.” '® However, many of them suffer from low
encapsulation efficiencies,"* poor cellular internalization>™*
and/or limited endosomal escape,'”> among other issues. To
date, lipid nanoparticles face no close competition in mRNA
encapsulation and transfection efficiency.

Here, we first provide a general overview of the formulation
and preparation of lipid nanoparticles, and of the mRNA deliv-
ery mechanism that they enable. We then highlight recent
advances in lipid nanoparticleemRNA therapeutics that are
being developed for diseases other than COVID-19. The latter
have been the focus of various comprehensive reviews by other
colleagues and are therefore not the scope of our work.'®™°
For conciseness, we only discuss those formulations that have
been at least tested in preclinical animal models. Those that
have entered clinical trials are summarized in Tables 1-4. We
also discuss challenges and limitations of lipid nanoparticle-
mRNA delivery systems that need still to be overcome to
achieve widespread clinical presence.

2. Lipid nanoparticles: components,
formulation and mRNA delivery
mechanism

Lipid nanoparticles are spherical and nanoscale delivery
systems (typically, 80-200 nm in diameter) composed of
several distinct types of lipids. The groundwork for this col-
loidal formulation was laid in Pieter Cullis’ laboratory decades
ago.”® His group’s basic research on lipid asymmetry enabled
them to develop an ‘ionizable cationic lipid’ that can exist in
either a neutral or protonated form depending on pH. This
turned out to be extremely useful for gene therapy, because
these lipids are able to efficiently encapsulate highly negatively
charged nucleic acids and to promote endosomal escape when
positively charged, at low pH, while reducing in vivo toxicity
thanks to their close to neutral charge at physiological pH.
Today, lipid nanoparticles formulated with ionizable cationic
lipids constitute the most clinically mature delivery vectors for
nucleic acid therapeutics. They are the formulations behind
Patisiran (Onpattro®, siRNA drug) and the Moderna and
Pfizer/BioNTech mRNA vaccines against SARS-CoV-2.
Schematic representations of a typical lipid nanoparticle
mRNA formulation, together with manufacturing methods
and biomedical applications, are provided in Fig. 1.

Composition

Lipid nanoparticles are typically composed of an ionizable
lipid, a phospholipid, cholesterol, and a lipid conjugated to
polyethylene glycol (PEG-lipid). These components are crucial
for efficiently protecting and delivering mRNA into cells.
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Ionizable lipids. Early studies focused on using cationic
lipids that had already shown success in liposomal formu-
lations,*! however, these permanently positively charged cat-
ionic lipids are highly toxic in vivo.”* As a result, recent
research has devoted more efforts to developing pH-dependent
ionizable lipids. Ionizable lipids are positively charged at low
pH, which enables mRNA condensation into lipid nano-
particles and facilitates endosomal escape, but they remain
neutral at physiological pH to minimize toxicity in vivo.>® The
latter is a significant advantage over cationic lipids, and today
the ionizable counterparts are a preferred option in most
formulations.?*™° Ionizable lipids contain three distinct struc-
tures: an amino head, linker groups, and hydrophobic tails.
Based on the number of amino groups, they are classed as
single- or multiple-amino lipids. (6Z,9Z,282,31Z)-heptatria-
conta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate
(DLin-MC3-DMA, shortened as MC3), and biodegradable lipids
heptadecan-9-yl 8-((2-hydroxyethyl)(6-0xo-6-(undecyloxy)hexyl)
amino) octanoate (Lipid H (SM-102)) and ((4-hydroxybutyl)azane-
diyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) (ALC-0315) are the
only three FDA-approved single-amino ionizable lipids for RNA
delivery.'®*” MC3 was the first ionizable lipid in an FDA-approved
formulation, delivering siRNA against transthyretin (Patisiran,
Onpattro®).”® Inspired by this success, researchers have also
explored MC3-based lipid nanoparticles to deliver mRNA for
retinal gene therapy,” a vaccine against Dengue virus®® and
protein replacement therapy for cystic fibrosis®* and Friedreich’s
ataxia.’” It has also been observed that incorporating ester bonds
in the linker and lipidic tails of MC3 improves biodegradability.*?
Ionizable lipid SM-102 is used in Moderna’s vaccine mRNA-1273,
and ALC-0315 is used in Pfizer/BioNTech’s BNT162b.
ALC-0315 has four very short tails, whereas SM-102 only has
three, one of which is a long lipid. SM-102 outperformed
ALC-0315 in vaccine stability** likely because one of this tail is
long enough to stabilize the lipid in the lipid leaflet.>

The chemical identity of the ionizable lipid has also been
seen to impact the biodistribution profile of lipid
nanoparticles.>*™*® Escalona-Rayo et al. demonstrated in vivo
biodistribution of DiD-labeled lipid nanoparticles containing
clinically approved ionizable cationic lipids (MC3, SM-102, and
ALC-0315). They discovered that 24 hours after injection, these
lipid nanoparticles had accumulated in endothelial cells and
the extravascular space throughout the zebrafish embryo body.
Notably, ALC-0315-based lipid nanoparticles accumulated the
most in the extravascular space.>® Lam et al. compared intra-
muscular administration of firefly luciferase mRNA encapsu-
lated in lipid nanoparticles containing lipid benchmarks
(MC3, SM-102, and ALC-0315), in mice. Six hours post-injec-
tion, ALC-0315 and SM-102 nanoparticles provided compar-
able luciferase expression levels at the injection site, which
outperformed those observed with MC3 lipids. Additionally,
ALC-0315 nanoparticles showed high luciferase expression in
the liver, unlike the other formulations.’” When systemically
administered, MC3-containing lipid nanoparticles have been
consistently shown to accumulate in the liver
preferentially.>*™*° However, nanoparticles incorporating ioniz-
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able lipids with quaternary ammoniums have shown preferen-
tial mRNA delivery to the lungs.”' New ionizable lipids con-
tinue to be synthesized, and combinatorial design and screen-
ings of large lipid libraries have been implemented to identify
formulations that preferentially accumulate in specific
organs.>® For example, using combinatorial design and syn-
thesis together with high-throughput in vitro screening, Chen
et al. identified the ionizable lipid Iso-A11B5C1 that enables
efficient muscle-targeted mRNA delivery with minimal off-
target effects, in mice.*> A remarkable advance has been the
implementation of a high throughput DNA barcoding system,
first demonstrated by Dahlman and colleagues, to simul-
taneously investigate the biodistribution of a library of tens of
different lipid nanoparticles in vivo.**

Phospholipids. Phospholipids are helper lipids that improve
the stability and delivery efficiency of lipid nanoparticles.
Phospholipids such as 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) have been extensively utilized for decades in
lipid-based nano-formulations, both preclinically and clinically.**
DSPC is clinically used to deliver siRNA (Patisiran, Onpattro®)*®
and mRNA vaccines against SARS-CoV-2 (Moderna mRNA-1273
and Pfizer/BioNTech BNT162b)."> DSPC is a phosphatidylcholine
that contains a saturated long chain stearic acid inserted at the
sn-1 and sn-2 positions™ and a cylindrical shape. The role of this
helper lipid is key for the stability of the nucleic acid encapsula-
tion. It has been found that, in addition to participating in the
outer monolayer surrounding the lipid nanoparticle core, it also
participates, together with cholesterol, in the formation of inter-
nalized nucleic acid-lipid structures.*> DOPE is an unsaturated
helper lipid with a truncated cone shape structure traditionally
used in the formulation of cationic liposomes that forms an
inverted hexagonal (Hy) phase above 10-15 °C, at neutral or
acidic pH."® DOPE-based formulations improve transfection
efficiency due to its fusogenic properties, which disturb the
packing of the lipid bilayer structure of the endosomal mem-
brane.*” It has not yet been used in the formulation of any of the
lipid nanoparticle mRNA therapeutics with regulatory approval.**

Cholesterol. Cholesterol is another helper lipid and vital
component of lipid nanoparticles because it fills packing
defects in the lipid membrane and provides structural integ-
rity.*® In fact, a certain level of cholesterol is essential to allow
for stable nucleic acid encapsulation. Kulkarni et al. proposed
that at least 40 mol% cholesterol (without any phospholipid)
was necessary to achieve above 80% siRNA entrapment.*® The
presence of cholesterol reduces the protein corona formed
around lipid-based nanoparticles, thus also improving their circu-
lation half-life.® Cholesterol derivatives induce changes in the
structure of lipid nanoparticles’® - including changes in their
morphology, rigidity and lamellarity — and have been investigated
to tune particle biodistribution and to improve transfection. For
example, lipid nanoparticles containing oxidized cholesterol
showed higher selectivity for liver endothelial cells and Kupffer
cells than for hepatocytes.>® The substitution of cholesterol by
7a-hydroxy cholesterol enhanced mRNA delivery to primary
human T cells by 2.0-fold ex vivo> while the incorporation of
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Table 4 Clinical trials involving lipid nanoparticle mRNA drugs for gene editing
Admin. Study type, Clinical Trial

Drug name/mRNA Indication route phase ID Status Sponsor
NTLA-2001 (sgRNA Transthyretin-related (ATTR) familial N/A Observational NCT05697861  Recruiting Intellia
against the TTR amyloid polyneuropathy, Therapeutics
gene and transthyretin-related (ATTR) familial Intravenous Interventional, NCT06128629  Recruiting Intellia
Cas9 mRNA) amyloid cardiomyopathy, wild-type phase 3 Therapeutics

transthyretin cardiac amyloidosis Intravenous Interventional, NCT04601051  Active, not Intellia

phase 1 recruiting Therapeutics

sgRNA: single-guide RNA, TTR: transthyretin, Cas9: CRISPR associated protein 9. The information summarized in this table was obtained by
searching the ClinicalTrials.gov database with the following keywords: [mRNA, lipid nanoparticle], [mRNA, LNP], [messenger RNA, lipid
nanoparticle], [messenger RNA, LNP], [messenger ribonucleic acid, lipid nanoparticle] and [LNP, vaccine] between August and December 2023.
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Fig. 1 Schematic representation of preparation methods, typical for-
mulation, and biomedical applications of lipid nanoparticle-mRNA drugs
currently under preclinical and clinical investigation. Created with
BioRender.com.

mRNA encapsulation and delivery mechanism

During lipid nanoparticle-mRNA preparation, regardless of the
method of choice, the ionizable lipid becomes protonated in
contact with the acidic environment provided by the aqueous
mRNA phase (generally, a buffer with pH below 5.0).%
Electrostatic interactions between the positively charged lipids
and negatively charged mRNA molecules, together with lipid self-
assembly, enable encapsulation of the nucleic acid.® Then, the
lipid nanoparticle-mRNA suspension is dialyzed to neutral pH, so
ionizable lipids become uncharged and thus less toxic.**

Cellular uptake of lipid nanoparticles is mediated by endo-
cytosis.®® However, unlike other nanoscale delivery vectors,
ionizable lipid-based nanoparticles can efficiently escape the
endosome largely thanks to the membrane-destabilizing effect
of the ionizable lipid,>>”° it is hypothesized. In brief, ionizable
lipids become again protonated in the acidic environment of
the endosome and interact with naturally occurring anionic
phospholipids in the endosomal membrane to form cone-
shaped ion pairs that are incompatible with a bilayer.”* The
cationic-anionic lipid pair drives the transition from the
bilayer structure to the inverted hexagonal Hy phase, which
promotes membrane destabilization and endosomal escape of
lipid nanoparticles.?® Ultimately, the mRNA cargo is released
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into the cytoplasm, where it can be translated into protein in
the ribosomes.

3. Lipid nanoparticle-mRNA vaccines
for infectious diseases

To date, successful vaccination campaigns have eradicated
more than 20 life-threatening diseases, and the World Health
Organization estimates that immunization saves 3.5 to
5 million lives yearly that would otherwise be lost to
diphtheria, tetanus, pertussis, influenza and measles.””
Furthermore, it is estimated that in the first year of the
COVID-19 vaccination program, successful vaccine develop-
ment avoided 14.4 million fatalities worldwide.”® The outbreak
of the COVID-19 pandemic expedited the fastest vaccine devel-
opment in global history, with nucleic acid vaccines based on
mRNA at the forefront of those achievements. When compared
to conventional vaccines that use inactivated, live attenuated,
and recombinant microbes, which require lengthy, often
several years long development, the rapid manufacturing
process of mRNA makes this class of vaccines a promising can-
didate to bridge the time gap between pathogen emergence
and vaccine licensure. Additionally, large-scale production of
mRNA can be achieved via a one or two-step in vitro cell-free
synthesis followed by relatively simple purification’* and the
lack of infectivity and genomic integration capabilities of
mRNA add extra layers of safety. Vaccines against infectious
diseases based on lipid nanoparticle mRNA delivery that are
currently undergoing clinical trials are summarized in Table 1.
These include mRNA-based immunizations against Influenza,
Zika, HIV, Rabies, Cytomegalovirus, Chikungunya and
Respiratory Syncytial Virus. Below, we provide more infor-
mation on the development of some of these promising
candidates.

Influenza viruses

Mortality owing to influenza viruses is estimated at
290 000-650 000 yearly deaths worldwide.” Influenza viruses
are single-stranded RNA viruses classified into four types: A, B,
C, and D, with type A viruses causing seasonal epidemic or
pandemic outbreaks in animals and humans, including the
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possibility of animal-to-human and human-to-animal trans-
mission.”® Current vaccination technology primarily targets
hemagglutinin (HA) glycoproteins in the viral surface, which
promote viral entry.”” Neuraminidase (NA), an enzyme essen-
tial for the release and spread of progeny virions is also often
targeted.”® However, because of the diversity of endemic influ-
enza strains, as well as virus evolution by point mutations in
HA and NA (denoted as “antigenic drift” and “antigenic shift”,
respectively), annual vaccine efficacy ranges from 10 to 60%
only.”® As a result, influenza vaccines must be reviewed and
reformulated on a yearly basis to ensure vaccine efficacy.
Another caveat is that most influenza antigens, such as those
included in intramuscular inactivated vaccines and intranasal
live-attenuated vaccines, are prepared in chicken eggs. These
take a long time to produce and purify, and viral mutations in
chicken eggs can render them ineffective in humans. For
example, the loss of a glycosylation site in the HA of egg-
adapted H3N2 vaccine strain resulted in poor efficacy during
the 2016-2017 influenza season.®’® Alternate antigen targets
and production methods are in high demand and in vitro tran-
scribed synthetic mRNAs stand as promising candidates
thanks to ease of antigen modification and rapid large-scale
production if an entirely new influenza strain emerges glob-
ally. In 2013, eight days after the sequences coding for the HA
and NA genes of the H7N9 influenza virus were available, a
lipid nanoparticle-based self-amplifying mRNA vaccine candi-
date was formulated.®?' At the time, progress to a Phase I trial
was halted due to lack of GMP facilities for mRNA manufactur-
ing, but this case still exemplifies how fully synthetic vaccine
technology could enable remarkable speed in responding to
the initial wave of pandemic influenza viruses.

Another key advantage of lipid nanoparticle-mRNA techno-
logy is the possibility to co-administer several antigens in one
immunization. This directly resonates with long-pursued
efforts to develop a “universal influenza virus vaccine” that
would improve current suboptimal vaccine effectiveness by
providing immunity against a variety of influenza strains and
subtypes. For example, intradermal vaccination of mice with
mRNA encoding full-length HA of influenza A/PuertoRico/8/
1934 demonstrated long-lived and protective activity against
influenza A virus infection (H1N1, H3N2, and H5N1 strains).®?
A single immunization with 30 pg of full-length HA-encoding
mRNA in lipid nanoparticles (A/California/07/2009 HA lipid nano-
particle-mRNAs) induced antibody responses against both hom-
ologous HIN1 and heterologous H1N1 viruses in mice, and pro-
tected them from a lethal dose of H5N1 viruses.®* Another study
in 2022 employed a lipid nanoparticle-mRNA vaccine encoding
separate hemagglutinin antigens from all 20 known influenza A
virus subtypes and influenza B virus lineages.** This multivalent
vaccine elicited substantial levels of cross-reactive and subtype-
specific antibodies and provided protection against matched and
mismatched viral strains in both immunized mice and ferrets.
Currently, lipid nanoparticle mRNA influenza vaccines dominate
the clinical trial scene of this technology, only after those against
SARS-CoV2, and may soon be widely available. Moderna’s lead
candidate seasonal flu vaccine (mRNA-1010) is currently in Phase
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3 clinical trials, while Pfizer has begun a Phase 3 trial of a quadri-
valent mRNA influenza vaccine candidate in the United States.®®

Zika virus

The Zika virus (ZIKV) is a mosquito-borne virus that was first
discovered in 1947, with evidence of infection and illnesses in
humans emerging in the 1950s. The majority of individuals
infected by ZIKV do not develop symptoms. However, ZIKV
emerged as a global health threat when the causal link
between ZIKV and congenital malformations was revealed.®®
There is currently no treatment or prophylactic intervention
for ZIKV infection or illness, but a neutralization study with
ZIKV-immune convalescent sera in 2016 revealed a single sero-
type, implying that vaccination against an antigen from con-
temporary South American, Asian, and early African ZIKV
strains can elicit broadly neutralizing antibodies against mul-
tiple strains.”” The flavivirus envelope (E) protein is the
primary target of neutralizing antibodies.®® A proof-of-concept
DNA vaccine was first developed using the coding sequences of
the viral membrane and envelop protein (prM-E) against ZIKV
and tested in mice® and rhesus monkeys.”® It generated high-
levels of ZIKV-specific neutralizing antibodies and protected
both species from ZIKV challenges.?*° A year later, a single
low-dose (30 pg in mice or 50 pg in non-human primates)
intradermal immunization with a lipid nanoparticle-mRNA
vaccine encoding prM-E elicited rapid and lasting protective
immunity. The anti-ZIKV neutralizing antibodies produced by
this mRNA vaccine were orders of magnitude higher than
those produced by DNA vaccines in mice and rhesus maca-
ques.”’ Furthermore, a lipid nanoparticle modified mRNA
PrM-E subunit vaccine has been optimized to avoid the gene-
ration of cross-reacting antibodies that could enhance Dengue
virus infection.”® This vaccine was tested in pregnant mice,
which showed diminished viral levels, and most fetuses pre-
sented no evidence of infection.”® This technology completed
Phase 1 clinical trials in healthy adults in 2019 (NCT03014089,
NCT04064905).%*

HIV

HIV/AIDS has been one of the world’s deadliest and most per-
sistent epidemics since the first cases were recorded in 1981.
Globally, 39 million people were living with HIV at the end of
2022.% In contrast to the development of vaccines against
SARS-CoV2, accomplished in record time, no effective HIV
immunization has been achieved after 40 years of research and
the testing of more than 200 vaccine candidates. Developing
an effective HIV vaccine has been an uphill struggle, primarily
owing to the antigenic diversity of the HIV envelope protein,
the extensive ‘glycan shield’ that conceals critical envelope
protein epitopes, and the ability of retroviruses to integrate in
the host DNA.?® Now, recent advances in mRNA vaccines could
help overcome this roadblock and several studies have already
utilized lipid nanoparticles towards this goal. In 2019, Blakney
et al. reported a systematic comparison of lipid nanoparticles
carrying self-amplifying RNA encoding HIV-1 Env gp140 on the
particle’s interior versus the exterior, providing an alternative way
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to the RNA encapsulation paradigm.”” Two years later, Zhang
et al. showed that a lipid nanoparticle vaccine co-encapsulating
mRNAs encoding for membrane-anchored HIV-1 envelop and
simian immunodeficiency virus Gag proteins resulted in a 79%
per-exposure risk reduction from SHIV AD8 in vaccinated maca-
ques.”® However, although this mRNA platform offers a promis-
ing approach for developing a preventative HIV-1 vaccination, it
requires seven or more sequential immunizations, which would
be challenging to implement in humans.

Generally, the most effective, clinically used vaccines elicit
neutralizing antibodies as their primary mode of protection.®
Thus, the induction of antibodies that broadly protect against
heterologous HIV-1 strains is also a topmost objective of HIV-1
vaccine development. Broadly neutralizing antibodies (bNbs),
particularly VRCO1, that targets the HIV-1 envelope glyco-
protein are an innovative HIV vaccination approach. In 2016,
Pardi et al showed that humanized mice were protected
against an intravenous HIV-1 challenge by a single adminis-
tration of a lipid nanoparticle-mRNA encoding VRC01.%* A
combination regime of ferritin and lipid nanoparticles deliver-
ing mRNAs that encode for HIV neutralizing antibodies has
recently entered Phase 1 clinical trials (NCT05903339).

4. Lipid nanoparticle-mRNA cancer
vaccines and other anti-cancer
therapies

Responsible for nearly one in six demises per year, cancer
remains a leading cause of death worldwide.'®® However, in
the last decades, fundamental advancements in cancer immu-
nology have unveiled new strategies to harness the power of the
immune system to fight cancer. Synthetic mRNA serves as a tem-
plate for the translation of virtually any given protein, so it can be
a versatile tool to participate in many of such strategies. For
example, mRNA can encode tumor-associated antigens,' so it
can stimulate antigen-specific anti-tumor immune responses, chi-
meric antigen receptors,'®® to engineer CAR-T cells, cytokines,'*
to modify the immune-suppressive tumor microenvironment,
and anti-tumor antibodies,'®* such as anti-HER2. Another advan-
tage of lipid nanoparticle mRNA technologies in the context of
cancer immunotherapy is that these delivery vectors tend to
accumulate in immune-rich organs such as the liver and spleen
and can be internalized by antigen-presenting cells.'®> What has
been a long-standing caveat in the cancer nanomedicine field is
now an opportunity for cancer nano-immunotherapy. The most
relevant clinical trials involving cancer vaccines and other anti-
cancer therapies based on lipid nanoparticle mRNA technology
are summarized in Table 2.

mRNA cancer vaccines

Prophylactic and therapeutic cancer vaccines aim to
strengthen the patient’s adaptive immune system against
specific tumor antigens, providing immunological memory
and ensuring robust CD8" T cell activation to suppress tumor
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growth through direct killing. These vaccines typically involve
exogenous delivery of tumor-specific antigens coupled with
adjuvants, in free form or carried by nanoparticles, that are
processed by and activate antigen presenting cells. Therefore,
identification of tumor-specific antigens is a key aspect in the
successful development of anti-cancer vaccines, and can be
challenging due to high heterogeneity among cancers and
individuals.'®®

A common strategy is to utilize proteins that are mutated in
cancer cells as antigens. This ensures that the immune
response targets tumor cells specifically and minimizes off-
target effects. A lipid nanoparticle mRNA vaccine encoding for
four mutations of KRAS (G12D, G12V, G13D, and G12C) has
recently completed Phase 1 clinical trials (NCT03948763),
including patients with non-small-cell lung cancer (NSCLC),
pancreatic and colorectal neoplasms. However, not all cancers
express conserved mutations across different patients and, in
the last few years, personalized cancer immunotherapy and,
especially, the search for patient-specific neoantigens, have
gained traction thanks to advances in next-generation sequen-
cing,'®” computational algorithms,'® and machine learn-
ing." Moreover, the deployment of the neoantigen paradigm
may also benefit from the rapid mRNA production process and
the facile co-administration of multiple sequences enabled by
lipid nanoparticles. For example, the lipid nanoparticle-mRNA
formulation mRNA-4157 encodes up to 34 patient-specific
tumour neoantigens that are administered intramuscularly.
This vaccine is now being tested in Phase I trials in patients
with unresectable solid tumors (NCT03313778). A total of 79
patients received at least one dose of mRNA-4157, and prelimi-
nary data concluded that this vaccine has an acceptable safety
profile in combination with the anti-PD-1 antibody pembroli-
zumab, with only low-grade and reversible treatment-related
adverse events such as fatigue, injection-site soreness, colitis,
and myalgia reported.’'® In parallel, Phase 2 and 3 clinical
trials (NCT03897881 and NCT05933577, respectively) are
testing this therapy in patients with high-risk melanoma"'*
and a Phase 3 trial involving NSCLC is also underway
(NCT06077760). Similarly, mRNA-4650, developed by the
National Cancer Institute (NCI), involved an mRNA backbone
encoding for 20 neoantigens. Unfortunately, a Phase 1 and 2
trial of this technology was terminated due to low patient
accrual (NCT03480152).

Cancer treatment with other lipid nanoparticle-mRNA
therapeutics

Lipid nanoparticlee-mRNA formulations encoding cytokines
aim to reprogram the immunosuppressive tumor microenvi-
ronment,"*? can be administered either as monotherapies or
in combination with other immunotherapies, and through sys-
temic or local routes depending on the anatomical location of
the tumor.®'"® This strategy can mitigate the toxicity associ-
ated with recombinant cytokine therapies in their free form*"*
thanks to preferential accumulation of the particles at the
tumor site, effectively transforming into a cytokine production
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center,>'"” and minimizing off-target effects. An example is
the administration of lipid nanoparticle-mRNA encoding
Interleukin-12 (IL-12) for the treatment of MYC-driven hepato-
cellular carcinoma.''® After intravenous administration, the
nanoparticles accumulate in the liver and local IL-12 pro-
duction triggers a substantial influx of CD4" T helper cells into
the tumor and surrounding liver tissue, increasing IFN-y pro-
duction and significantly extending survival in mice. Lipid
nanoparticles encapsulating IL-12 mRNA have also been admi-
nistered intratumorally to promote local IL-12 production and
enhance T cell response with improved tolerability compared
with systemic administration for extrahepatic tumors.'*® The
combination of these particles (MEDI1191) with the anti-
PD-L1 antibody durvalumab successfully concluded an open-
label Phase 1 trial for the treatment of advanced solid tumors
(NCT03946800).""” The combination proved to be safe and feas-
ible in patients, showing preliminary evidence of clinical benefit,
with 29.0% of patients exhibiting partial responses or maintain-
ing stable disease as their best overall response at 12 weeks.
Indeed, local administration is more suitable when the tumor is
localized at a site where lipid nanoparticles do not tend to
accumulate upon systemic administration. For example, Hewitt
et al. intratumorally injected a cocktail of mRNA-encoding cyto-
kines (IL-23, IL-36y, and OX40L) formulated in lipid nanoparticles
in various tumor models in mice."*® This local therapy not only
led to the clearance of distal untreated tumors but also ignited
immune memory to prevent cancer recurrence, and the expressed
triplet mRNA therapy induced a broader immune response com-
pared to treatment with mRNA coding for any of these cytokines
individually. Moderna is currently leading a Phase 1 clinical trial
based on the intratumoral co-administration of these three
mRNAs (NCT03739931) after the administration of OX40L mRNA
alone did not meet its efficacy endpoints (NCT03323398).

CAR-T cell therapy is another anti-cancer treatment that may
be improved via lipid nanoparticle-mRNA technology.
Engineering lipid nanoparticles able to target and transfect T
cells with CAR receptors in their mRNA form in vivo has been
demonstrated by including targeting antibodies, and may bypass
the complications and high costs associated with ex vivo CAR-T
cell production.®® Moreover, the inherent transiency of mRNA
may also ameliorate CAR-T cell induce cytotoxic effects.

5. Lipid nanoparticle-mRNA for
protein replacement or
supplementation

Lipid nanoparticle-mRNA formulations have also been investi-
gated to provide proteins that alleviate genetic or acquired dis-
eases. Delivery of the mRNA form transforms the cell into its
own protein factory and offers certain advantages including
easier delivery (especially when working with high molecular
weight proteins), facile mRNA and thus protein modification,
and enhanced stability thanks to lipid nanoparticle encapsula-
tion.™'® However, a caveat to consider, particularly for genetic
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diseases that may require chronic protein supplementation, is
the short half-life of mRNA, that typically decays in 48 hours.

In terms of protein replacement in the context of genetic
diseases, clinical trials of lipid nanoparticle-mRNA therapeutics
have mainly focused on metabolic disorders, including methyl-
malonic acidaemia (NCT03810690), propionic acidaemia
(NCT04159103), and ornithine transcarbamylase deficiency
(NCT03767270). The supplement of deficient enzymes in their
mRNA forms can slow down disease progression. Two clinical
trials for cystic fibrosis have also been registered (NCT05712538,
NCT03375047). All of these trials are summarized in Table 3. In
addition, mRNA-based protein replacement therapies have been
applied to phenylketonuria,'*® arginase I deficiency'** and hae-
mophilia A"®* and B,"** in preclinical studies.

Others have also deployed lipid nanoparticle-mRNA drugs
to deliver proteins over specific periods of time, to re-establish
tissue function of induce regeneration, although all of these
are still at the preclinical stage. For example, Swingle et al.
screened different ionizable lipids to engineer lipid nano-
particles with preferential accumulation in the mouse pla-
centa. They used this platform to deliver VEGF mRNA and
promote placental vasodilation during pregnancy, with a
better safety profile than benchmark C12-200 lipid nano-
particles. This approach could be developed into a therapeutic
strategy against pre-eclampsia.'> Interestingly, lipid nano-
particles formulated with specific ionizable lipids have also
demonstrated in utero mRNA delivery that in turns triggers the
production of therapeutic proteins in the fetus’ liver."*® This
technology could be further developed to achieve in utero
protein replacement or gene editing.

6. Lipid nanoparticle-mRNA for
genome editing

Gene editing mediated by regularly interspaced short palindro-
mic repeat (CRISPR)/CRISPR associated protein (Cas) has
emerged as the third generation of gene manipulation techno-
logy following zinc finger and TALEN. The UK MHRA and US
FDA have recently approved the first ever ex vivo gene editing
therapy for the treatment of sickle cell anemia, CRISPR-
enabled Exa-cel®, so we may see other similar therapies reach-
ing clinical practice in the near future. CRISPR gene editing is
broadly classified into three types: non-homologous end
joining (NHEJ), homology-directed repair (HDR), and base
editing. NHE] and HDR primarily aim to interrupt the
expression of disease-causing genes or completely replace
them, whereas base editing makes targeted changes to the
gene sequences and normalizes protein production.'?®?®
CRISPR/Cas gene editing typically requires the delivery of - at
least — a type of Cas enzyme (e.g., Cas9), responsible for
cutting DNA at specific sites of the genome, and a single-guide
RNA (sgRNA) that guides Cas9 to that specific site.'>* However,
because of the large size of Cas9 (160 kDa, 4300 bases) and
concerns of increased off-target effects if the expression of the
editing system is sustained for an extended period of time,
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efficient and safe delivery of CRISPR-Cas9 for gene editing is
difficult to achieve with conventional viral and nonviral deliv-
ery systems.’*® Lipid nanoparticles co-encapsulating sgRNA
and Cas9 in its mRNA form could help bypass these caveats.
Indeed, in vivo NHE]J editing of the Polo-like Kinase 1 (Plk1)
gene was achieved with efficiency as high as 70% with a
system using a novel ionizable amino lipid with dilinoleyl
chain and tertiary amine head group. PlkI editing caused
tumor cell apoptosis, inhibited tumor growth by 50%, and
improved survival by 30% in glioblastoma-bearing mice, after
direct intracranial injection.’®’ HDR requires additional deliv-
ery of donor DNA as repair template. There have been very few
reports of HDR using lipid nanoparticles, and editing efficien-
cies have been disappointing, likely due to limited nuclear
translocation of the DNA.'?> However, a recent report
described two improvements to augment the efficiency of HDR
ex vivo, in primary cells. First, the HDR template can be engin-
eered to interact with Cas9 ribonucleoproteins (RNPs) that
shuttle DNA to the nucleus, increasing HDR efficiency by two-
to fourfold. Second, stabilizing Cas9 RNPs into nanoparticles
with polyglutamic acid further enhances editing efficiency."*?
In vivo cytidine base editing using lipid nanoparticles as deliv-
ery vectors has also been demonstrated and corrected phenylk-
etonuria in a transgenic mouse model."**'** Moreover, prime
editing (PE), a groundbreaking gene-editing technique intro-
duced in 2019, offers a more precise method for rewriting new
genetic information into the genome compared to earlier tech-
niques."*® PE facilitates the direct introduction of new genetic
information into a specific DNA site, allowing for precise
modification of the DNA without causing double-strand
breaks. The PE system involves a catalytically impaired Cas9
endonuclease fused with an engineered reverse transcriptase,
guided by a prime editing guide RNA, to directly modify
specific genetic sequences within the genome with enhanced
precision and minimal off-target effects.'*® Chen et al. recently
demonstrated lipid nanoparticle-mediated simultaneous deliv-
ery of chemically modified pegRNA and PE mRNA, which
enabled gene editing in wild-type mice.'*” Currently, the
biotech company Prime Medicine is developing an extensive
pipeline using PE for the treatment of diseases as diverse as
cystic fibrosis, metabolic diseases, and hematologic disorders,
among many others, with several of their candidates exploiting
lipid nanoparticle technology. However, at the time of writing
this article none of them have reached clinical investigation.**®
Clinical trials involving genome editing based on lipid nano-
particle mRNA technology are summarized in Table 4.

7. Challenges in the clinical
translation of lipid nanoparticle-mRNA
therapeutics

Despite the recent success and widespread adoption of lipid

nanoparticle-mRNA COVID-19 vaccines and other remarkable
preclinical and clinical advances highlighted in this article,
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there are still key areas of improvement and challenges ahead
in increasing the presence of this type of therapy in the clinical
practice.

Tissue and cell targeting

Clinical translation of lipid nanoparticle-mRNA therapeutics
has been limited in practice due to poor understanding of how
to target specific organs or cell types, especially when local
administration is not an option. A common caveat in nano-
medicine, systemic administration via intravenous injection
typically results in predominant accumulation in liver and
spleen.'® Strategies to target other organs have been developed
and remain an important area or research. For example, large
screenings of ionizable lipids have been performed, as discussed
in Section 2, to identify those that skew nanoparticle biodistribu-
tion to certain tissues and organs.***>'3° A different approach,
Selective ORgan Targeting (SORT), has shown excellent capabili-
ties to shift biodistribution from liver to spleen and lung.'*°
SORT consists in the addition of a fifth component - typically a
permanently cationic or anionic lipid - to the lipid nanoparticle
formulation. By changing the internal charge of the formulation,
changes in biodistribution and organ targeting are achieved.
Active targeting of lipid nanoparticles by including cell-specific
ligands has also been explored. For example, CD4" T cells in the
spleen have been successfully targeted by conjugating a CD4 anti-
body on the lipid nanoparticle surface.'*! However, it is to be
mentioned that this strategy has not yet contributed any FDA
approved formulations, even in the case of more established
nanoparticles.'® A detailed review of current targeting techno-
logies for lipid nanoparticles has been recently published by
Dilliard and Siegwart.'*?

Biocompatibility and safety

Lipid nanoparticles have demonstrated an overall favorable
safety profile, thanks to the absence of positive charges at
neutral pH and the biodegradability of most if not all of their
components. However, some concerns that warrant further
research are related to the use of PEG. Anti-PEG antibodies —
that may be pre-existing or newly formed - have been detected
is some patients administered with PEG-containing lipid nano-
particle mRNA vaccines. These antibodies can induce hyper-
sensitivity reactions and rapid blood -clearance of the
nanoparticles,"**'** which is not only a health risk but could
also decrease the therapeutic efficacy of the treatment. As for
the lipidic components, the current trend aims to move
towards the use of biodegradable lipids. Advances in lipid syn-
thesis are also enabling the development of ever-increasing
ionizable lipid libraries. The safety profile of every newly syn-
thesized lipid should be thoroughly investigated. Lastly, as
new formulations enable targeting of tissues other than com-
monly targeted liver, spleen and muscle, their biocompatibility
in such organs must be also investigated.

The main known safety risk related to synthetic mRNA is its
immunogenicity, which could in turn cause endothelial
damage, edema, hypercoagulation, and thromboembolic
events among other problems.'*> To abate the immunogenicity
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of mRNA, two approaches are commonly used. First, substi-
tution of uridine with pseudouridine (y) or N1-methyl-
pseudouridine (m1y), among other non-immunogenic modi-
fied nucleosides, in the mRNA sequence, prevents innate
immune activation.>'*® Second, chromatographic purification
can reduce immune reactions triggered by double-stranded
RNAs and other IVT byproducts.'*” Nevertheless, considering
the relatively novelty of the use of synthetic mRNA therapeuti-
cally, longer-term studies will still likely add useful infor-
mation regarding its safety profile.

Storage and stability

Despite advances in IVT technology that have enhanced mRNA
stability, the overall stability of lipid nanoparticle mRNA for-
mulations remains suboptimal and requires cold storage con-
ditions that may not be available in every healthcare setup.
Currently, Pfizer/BioNTech BNT162b2 requires ultra-cold
storage (—60 °C to —80 °C) while Moderna mRNA-1273
requires less stringent conditions (—15 °C to —25 °C), and both
of them require sucrose as cryoprotectant.'® Significant efforts
are being made at finding a lyophilized formulation that could
be stored at room temperature or under 4 °C refrigeration.
However, this will likely impact nanoparticle size and could
affect mRNA expression and thus must be thoroughly tested.
For example, Muramatsu et al. developed a lyophilization pro-
cedure that ensures that physiochemical properties and bioac-
tivity of lyophilized lipid nanoparticle-mRNA vaccines remain
stable for 12 and 24 weeks after storage at room temperature
and 4 °C, respectively. This was achieved by freezing samples
at —45 °C for 3 hours, followed by an 84-hour primary dry cycle
at 25 °C per 20 mTorr and a 5-hour secondary dry cycle at
25 °C per 20 mTorr. Finally, nitrogen was added to the vials
for storage."”® In addition, Meulewaeter et al. investigated a
continuous freeze-drying technique based on spin-freezing to
enable storage of lipid nanoparticle-mRNA formulations at
room- and even higher temperatures. They confirmed that lyo-
philized lipid nanoparticle-mRNA formulations preserved their
functionality when stored at 4 °C, 22 °C and even at 37 °C for a
period of 12 weeks.'*® Advances on these technologies are
expected to facilitate the deployment of lipid nanoparticle
mRNA therapeutics, including in areas where cold storage is
not readily available.

8. Conclusions

Fast development and extraordinary success of lipid nano-
particle mRNA COVID-19 vaccines has shown great promise in
the combination of this delivery system and new class of thera-
peutics. Fuelled by this encouragement, and standing on
decades of extensive research in both mRNA and lipid-based
nanoparticles synthesis, a growing number of lipid nano-
particle mRNA-based therapies are expected to populate the
clinical space in the near future. Although challenges still
revolve around targeting capabilities, long-term safety profiles
and storage and deployment logistics, this technology is

This journal is © The Royal Society of Chemistry 2024
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expected to make significant impact in areas as diverse as
infectious diseases, cancer immunotherapy, protein replace-
ment, regenerative medicine, and gene-editing.
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