Introduction

Nucleic acid therapeutics represent a promising new para-
digm of treatment, which can prevent or treat the root causes
of human disease by harnessing the potential of the genetic
code.! Indeed, there are near infinite therapeutic applications
for nucleic acid drugs due to the diversity of protein targets.
For example, short interfering RNAs (siRNAs) and antisense
oligonucleotides (ASOs) can be tailored to knockdown (i.e.,
decrease) levels of a harmful mutant protein in cancers con-
sidered undruggable by small molecules. Rare genetic diseases
can be treated with the replacement of mutated genes using
delivered DNA or messenger RNA (mRNA). As evidenced
by the efforts to overcome the global COVID-19 pandemic,
mRNA can be implemented to produce therapeutic proteins
or train the immune system as novel vaccines.” Until recently,
however, several challenges, including the inefficient delivery
of naked nucleic acids prevented the widespread development
and clinical approval of nucleic acid-based drugs.® In this way,
the development of safe and effective carrier systems, includ-
ing nonviral nanoparticles, has become paramount to the trans-
lational success of nucleic acid drugs, including innovative
COVID-19 mRNA vaccines.*

In this article, we will provide an overview of the fun-
damental background research that has helped to guide the
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Nucleic acid therapeutics offer a new paradigm to rapidly respond to global health problems.
The versatility of nucleic acids, especially in RNA therapies, provides the ability to tune levels of
specific protein expression, achieving downregulation through short interfering RNA (siRNA) or
upregulation by messenger RNA (mMRNA) administration. Recent advances in the development
of delivery vehicles, including nonviral nanoparticles are crucial to overcome the innate barriers
to nucleic acid delivery. Toward this end, current clinical approaches have utilized mRNA
and lipid nanoparticles (LNPs) to address the COVID-19 pandemic through novel vaccine
strategies, producing efficacious vaccines within one year of sequencing the SARS-CoV-2
genome. Here, we review fundamental concepts required to achieve successful nucleic acid
delivery, including the design of LNP systems optimized for mRNA vaccine applications.

current development of nonviral lipid nanoparticles (LNPs) for
use as mRNA vaccines. Specifically, we will outline the gener-
alizable therapeutic paradigms that may be accessed through
RNA-based drugs, including downregulation and induced pro-
tein expression. We will further focus on the key biological
barriers that prevent the successful delivery of naked nucleic
acids, including serum instability, immunogenicity, and poor
cellular uptake. Finally, we will explore the design, synthe-
sis, and evaluation of nonviral nanocarriers such as LNPs,
which have been clinically deployed to hundreds of millions
of patients in current COVID-19 mRNA vaccines. This arti-
cle will provide fundamental insights into the development
of nucleic acid drugs as well as more broadly delineate the
state of the art in the implementation of nonviral nanoparticle
delivery vehicles for translational applications.

Therapeutic nucleic acids

Countless diseases are caused by aberrations in protein expres-
sion. In some instances, a mutation results in translation of a
toxic or harmful protein that must be knocked down. Alterna-
tively, some null mutations prevent or reduce the expression of
a vital protein, necessitating the upregulation or replacement of
this gene. In all cases, the underlying cellular dysfunction can be
addressed using various forms of therapeutic nucleic acids.> Of
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particular therapeutic interest is RNA, the crucial intermediate
between genome and protein. Unlike DNA, which must reach
the nucleus to be transcribed, RNA need only enter the cytosol
to be translated to protein.® RNA is typically composed of the
canonical Watson—Crick nucleotide bases: adenine (A), cytosine
(C), guanine (G), and uracil (U). Thus, unlike proteins or small
molecules that can exhibit extreme variety in their surface prop-
erties and structure, the shared code of nucleic acid bases pro-
vides overarching similarities in their physical properties. RNA
is transiently expressed due to the presence of the 2'-hydroxyl
group of the ribose sugar which facilitates hydrolysis and enzy-
matic degradation, providing temporal control of RNA therapeu-
tics. Currently, the most clinically advanced therapies using non-
viral delivery vectors encapsulate therapeutic sSiRNA or mRNA.

The discovery of siRNA in 1998 in Caenorhabditis elegans
identified a new molecular tool capable of specific protein
knockdown.” Exogenous therapeutic siRNA is typically admin-
istered as a double-stranded, 21-24 nucleotide (nt) construct,
with overhangs formed through cleavage by an enzyme called
Dicer.® The antisense strand of the siRNA is loaded into the
RNA-induced silencing complex (RISC) with recruited Argo-
naute proteins (Ago), which enables specific targeting of the
sense sequence in an mRNA transcript.” The RISC subsequently
cleaves and degrades the target mRNA through the RNase activ-
ity of Ago, thereby preventing protein translation.

Alternatively, mRNA can be used to induce expression of a
therapeutic protein as first demonstrated in vivo by Wolff et al.
through intramuscular (IM) injections of mRNA in mice.'°
mRNA is a single-stranded construct, often thousands of
nt in length encoding for a protein of interest. Eukaryotic
mRNA also contains several natural modifications to promote
ribosomal recognition and translation. After spliceosomal
processing and removal of noncoding introns, the remaining
exons which encode for a given gene are left along with a 5’
and 3’ untranslated region (UTR) on either side of this coding
sequence.!! These UTR help to regulate the overall level of
translation as well as the stability of the transcript. Native mRNA
transcribed within cells exhibits a 7-methylguanosine (m’G) cap
comprised of the modified nucleotide which is enzymatically
joined in a 5'-5' bond and aids in ribosomal binding. Finally,
the mRNA transcript is appended with a poly-adenylate (polyA)
tail, which reduces exonuclease degradation and recruits polyA-
binding proteins (PABP) in translation. A desired mRNA tran-
script can be synthesized using commercially available enzymes
to include not only the open reading frame (orf) of a gene of
interest, but also to include these crucial modifications.'? This
process of in vitro transcription (IVT) is also readily scalable to
increase the output of the desired mRNA.

Delivery barriers and nucleic acid modifications
Although the therapeutic applications of nucleic acids have
long been recognized, several delivery barriers must be over-
come to achieve this potential. At the cellular level, naked
RNA is vulnerable to degradation as the innate immune system

is sensitive to foreign RNA presented by viral and bacterial
pathogens. These barriers include pattern-recognition recep-
tors (PRR) activated by naked RNA as a pathogen-associated
molecular pattern (PAMP).!? Single-stranded RNA (ssRNA)
and double-stranded RNA (dsRNA) both activate Toll-like
Receptors (TLR) as part of the innate immune system lead-
ing to inflammation and heightened immunogenicity.'*!> To
evade these responses, researchers often incorporate non-
canonical, chemically modified nucleoside bases outside of
the Watson—Crick bases (A, G, C, U) (Figure 1a). Kariko et al.
reported that the replacement of uracil with pseudouridine (V)
in an mRNA sequence resulted in reduced immune activation
while also improving translation of the desired protein.'® Addi-
tional research evaluating further modifications, including
1-methylpseudouridine (1m¥) and 5-methoxyuridine (5moU)
indicated cell-type differences in protein expression but also
found improved sequence translation and overall stability."”
Removal of dsRNA impurities can be achieved either through
IVT process optimization or through high performance liquid
chromatography (HPLC).'®!” These purifications can reduce
undesired immune activation and improve overall delivery
efficacy, although the reactogenicity caused by nucleic acids
can be beneficial in activating the immune response for certain
vaccine technologies.

Beyond the cellular immune response, the presence of
RNases and endonucleases within the serum can degrade
RNA when delivered systemically or intravenously (IV).2 To
avoid nuclease degradation, sequences incorporating alter-
native linker chemistries or changes to the 2'-position of the
furanose sugar have been developed (Figure 1b—c).?! These
modifications are more common in siRNA but are rarely found
in mRNA sequences, as the backbone modifications often ster-
ically interfere with effective translation. IV injections of RNA
or nanoparticle delivery vehicles must also bypass the reticu-
loendothelial system (RES) and fenestrae within the liver,
which selectively uptakes particles in the 80-200-nm size
range.?? Nucleic acids are large molecules and are strongly
negatively charged due to the sugar-phosphate backbone. As
a result of their size and charge, naked RNA cannot freely
cross the cellular membrane, compelling the need for delivery
vehicles, which not only protect RNA from degradation, but
also facilitate intracellular uptake.?’

Nonviral delivery vectors and lipid
nanoparticles

Recent efforts have expanded the use of nonviral nanoparti-
cle vectors to protect RNA cargo and deliver to specific cell
populations. Although viruses act as potent vectors for cel-
lular transfection, their use has been reviewed extensively
elsewhere.?* Early nanoparticle strategies utilized polymers
and lipids with cationic quaternary amines (such as polyeth-
yleneimine (PEI) or dioleoyl trimethylammonium propane
(DOTAP)) to electrostatically complex the anionic nucleic
acid backbone into polyplexes or lipoplexes.> However, the
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Figure 1. Common modifications to nucleic acids. (a) Uracil is often modified to pseudouridine (y), 1-methylpseudouridine (1mwy), or
5-methoxyuridine (5moU) to evade immune activation and improve translation in mMRNA sequences. (b) Alternative linkages are used to
improve stability of the sugar-phosphate backbone, including phopshorothioate (PS), peptide (PNA), or phosphoramidate linkages (NP). (c)
The 2'-hydroxyl position native to the ribose sugar is often modified to reduce the incidence rate of hydrolysis and promote sequence stability.
Common modifications include 2'-O-methyl (2'-OMe) and 2'-Fluoro (2'-F) in addition to naturally occurring 2'-deoxyribose sugars (DNA).

resulting particles often exhibit a strong surface charge, which
can lead to unwanted toxicity and reduced efficacy in vivo. To
avoid these properties, researchers have shifted their focus
to multicomponent LNP utilizing synthetic ionizable lipids
with tertiary amine groups to maintain a more neutral charge.
Several nanoparticle formulation methods have been devel-
oped including lipid film hydration and bulk mixing. However,
microfluidic mixing is most commonly used as good manu-
facturing practice (GMP) as both a scalable and replicable
method to produce consistent laboratory- or industrial-scale
batches of LNP.2

LNP are typically formulated through a combination of
four chemical components: phospholipid, cholesterol, lipid-
anchored polymers, and an ionizable lipid (Figure 2).278
Phospholipids [e.g., distearoyl phosphocholine (DSPC)]
and cholesterol help to form and stabilize a lipid bilayer
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encapsulating the nucleic acid cargo. Lipid-anchored poly-
mers typically contain hydrocarbon lipid tails and long
poly(ethylene glycol) (PEG) polymeric chains that prevent
the nonspecific uptake of nanoparticles to increase circula-
tion time. The ionizable lipid component is considered essen-
tial, not only for complexation and encapsulation of the RNA
cargo, but also for aiding in endosomal escape and intracel-
lular delivery. LNP can be characterized using dynamic light
scattering (DLS) or cryo-TEM to determine particle size and
overall surface charge. Using fluorescently tagged-RNA or
mRNA encoding for fluorescent (such as GFP) or biolumines-
cent proteins (such as firefly luciferase), the biodistribution of
LNP delivery and the expression kinetics in various organs
can be assessed (Figure 2).2%%° In 2018, Alnylam Pharma-
ceuticals received the first FDA approval for an siRNA LNP
drug for Onpattro, which uses an ionizable lipid component
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Figure 2. Components used in lipid nanoparticle (LNP) formulation. Cholesterol, phospholipids, PEG-lipid, and ionizable lipid are combined
in ethanol or organic solvent while RNA is dissolved in an aqueous buffer. Microfluidic mixing methods can yield LNP encapsulating thera-
peutic RNA cargo. LNP can be characterized by cryo-transmission electron microscopy (cryo-TEM), showing a spherical morphology. In vivo
protein expression after IV administration of LNP encapsulating mRNA encoding for firefly luciferase (a light-emitting protein) is predominantly
observed in the liver.2° DSPC, distearoyl phosphocholine; DMG, dimyristoyl glycerols; PEG, poly(ethylene glycol).

(DLin-MC3-DMA or MC3) to encapsulate siRNA encoding
against transthyretin (TTR) protein to treat TTR-mediated
amyloidosis in the liver.*!

While IV administration typically results in delivery to the
liver, we have previously identified novel ionizable lipids,
which when incorporated in LNP, result in delivery to other
organs of interest such as the spleen.’? LNP formulations with
certain ionizable lipids have been engineered to achieve pref-
erential delivery to B lymphocytes in the spleen or ex vivo
T-cells.**** Synergistic co-formulations of ionizable lipids and
specific helper lipids can also be tailored to achieve delivery in
the liver, spleen, or lungs.***® Similarly, Oberli et al. screened
several iterative libraries of LNP formulations to identify an
optimized formulation for cancer immunotherapy, with the
lead formulation capable of transfecting dendritic cells (DCs)
in the inguinal lymph nodes to activate the immune system.*’
Hassett et al. also screened a library of ionizable lipids to

identify a lead candidate for IM administration to transfect
cells within the lymph nodes as potential mRNA vaccines.
Their selected lipid, SM-102 (Figure 2, discussed next), pro-
duced immune titers comparable to clinically approved MC3
and considerably improved biodegradability and tolerability,
providing a platform for repeated LNP dosing.*®

Although the underlying mechanisms of intracellular deliv-
ery remain unresolved, several theories have been suggested
and explored in the literature. LNP are typically brought into
the cell through endocytosis, often through receptor-mediated
interactions from the protein corona.*® Within the endosome,
fusogenic lipids, including the phospholipid dioleoyl phos-
phoethanolamine (DOPE) and certain ionizable lipids, are
hypothesized to form an inverted hexagonal bilayer structure
(Hyp), which disrupts the endosomal membrane to release
the internal RNA cargo.*® Current research suggests that
endosomal escape remains the rate-limiting step for RNA
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Figure 3. Proposed immune activation pathways for mRNA vaccines. Lipid nanoparti-

cles with mRNA encoding an antigen protein are injected intramuscularly and uptaken by
dendritic cells. mMRNA cargo undergoes endosomal escape to be translated into the full or
partial antigen protein by ribosomes. The antigen protein may be expressed on the surface
of antigen-presenting cells (APCs), may be degraded into peptide subunits major histocom-
pability complex ((MHC] class | pathway), or may be secreted and may subsequently enter
other APCs (MHC Class Il pathway). When presented by MHC class |, the peptide complex
will activate CD8+Cytotoxic T-cells against the antigen with subsequent cytokine release and
cellular-induced immunity. When presented by MHC class Il, the antigen peptide will activate
CD4+ or Helper T-cells, leading to humoral immunity and neutralizing antibody production

mice against influenza.** Rather than
traditional vaccines that include a
specific protein component of a
virus, or even an attenuated version
of the virus itself, nucleic acid vac-
cines instead deliver the genetic code
to express a viral protein or antigen.
The full scope of the immunological
response in vaccination to infectious
diseases is beyond the scope of this
review and has been reviewed else-
where.*** Current hypotheses hold
that delivery of mRNA cargo encod-
ing for an antigen protein to DCs
can spur the maturation into antigen-
presenting cells (APCs) to train the
immune system to produce antibod-
ies (Abs) recognizing this antigen
target (Figure 3).**® Uptake and
expression of the antigen-encoding
mRNA results in endogenous pro-
duction of the “foreign” antigen
within DCs. DCs may then mature
into APCs with the antigen protein
present on the cellular surface to
activate the cellular and humoral
immune system against the patho-
gen. Alternatively, proteasomal deg-

toward the antigen.*®

radation of the antigen protein can

delivery, as only ~2-10% of LNP release their cargo to the
cytosol.*! Despite the relatively low success of RNA cargo in
reaching the ultimate intracellular goal, RNA therapies act in
a catalytic fashion, such that one copy of siRNA or mRNA can
be repeatedly used in the inhibition or initiation of translation,
respectively. Therefore, delivery of few therapeutic RNA can
have a substantial impact on the protein levels within the cell
or tissue. Importantly, delivery vehicles such as LNP are gen-
eralizable and can be applied to RNA for various therapeutic
applications. While formulation optimization may be neces-
sary when comparing siRNA or mRNA, or when targeting
specific organs as mentioned above, the similarities in physi-
cal properties of nucleic acids allow for efficacious delivery
regardless of the specific sequence to be encapsulated.** Thus,
LNP can be considered platform technologies, aiding develop-
ment and deployment to treat a myriad of disorders, including
the use of nucleic acids as potential vaccines against infectious
disease or cancers.

Design of mRNA vaccines to combat COVID-19

Emerging research interest has focused on the use of mRNA to
inoculate patients against infectious diseases, first evaluated by
Martinon et al. in 1993 using loaded liposomes to immunize
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result in certain motifs or subunits
entering the major histocompatibility
complex (MHC) class I pathway, whereby the antigen becomes
present to CD8+T-cells.* These cytotoxic T-cells are activated
by the MHC class I receptor and co-immunostimulatory ligands.
Mature CD8+T-cells can then secrete immune-activating
cytokines and may also induce apoptosis in infected or mutated
cells presenting the detected antigen. Humoral immunity can
be developed through a similar process with endocytosis of
secreted or intact antigen proteins. These proteins are degraded
and processed through the MHC class II pathway, where antigen
molecules are presented to CD4+T-cells.”” These helper T-cells
become activated and subsequently train B-cells which can pro-
duce large quantities of antibodies against the antigen with the
potential to establish long-term memory in B-cells as well.>!
This strategy of mRNA vaccination and immune activation has
been applied in research investigating not only infectious dis-
eases, but also developing cancer immunotherapies. Prior to
2020, despite promising preclinical results no mRNA vaccine
candidate had successfully advanced through clinical trials.
As the COVID-19 pandemic caused by the SARS-CoV-2
virus spread globally, mRNA vaccines emerged as the tech-
nology which could most rapidly respond to the unmet need
to immunize the world population. The RNA genome of this
coronavirus was synthesized in early 2020 with researchers
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identifying the viral spike protein as crucial to cellular entry
through interactions with the ACE2 receptor of the host cells.>
With knowledge of the viral genome and utilizing an LNP
delivery strategy, industrial groups, including Moderna Ther-
apeutics (Cambridge, MA, USA) and BioNTech (partnered
with Pfizer for global production and distribution; Mainz,
Germany) have developed vaccine platforms that produce
Abs against a perfusion stabilized form of the spike protein
on the SARS-CoV-2 viral surface. These vaccines received
Emergency Use Authorization from the FDA in 2020 and are
currently the only mRNA therapeutics in use in patients. In
August 2021, the Pfizer/BioNTech COVID-19 vaccine (under
the brand name Comirnaty) received full FDA approval.>

Moderna, in partnership with the National Institute of
Allergy and Infectious Diseases (NIAID), was able to rapidly
develop their vaccine candidate, mRNA-1273, with modified
mRNA encapsulated in LNP formulated with SM-102, cho-
lesterol, DSPC, and DMG-PEG2000 (PEG-lipid) (Figure 2).
Preclinical studies showed strong levels of Ab production and
protective immunity in non-human primates (NHP) with high
levels of CD4+T-cell activation, although with low observed
CD8+T-cell activation.** After passing phase I/ safety tri-
als, the vaccine was swiftly brought to large-scale phase III
clinical trials to evaluate overall efficacy, with patients receiv-
ing a 100-pg dose of mMRNA-1273 administered twice over
28 days.>® Across nearly 30,000 total participants matched 1:1
with placebo doses (n=14,134 treatment versus n=14,073
placebo), the vaccine regimen showed a 94.1% efficacy
(CI189.3-98.6%). Further patient analysis found that levels
of CD4+and CD8+T-cell immunity replicated preclinical
observations. In trial groups, there were 11 identified cases in
patients receiving the vaccine and 185 cases in those receiving
placebo vaccines. Promisingly, a small cohort of vaccinated
patients retain neutralizing levels of Ab production at least
six months post-vaccination (although as of the time of this
writing, longer timepoints have not yet been reached).>® Ini-
tial research indicates a decrease in efficacy against certain
viral mutations; however, the overall neutralizing effect of Abs
remains above the desired threshold.”’

BioNTech developed their vaccine candidate BNT162b2
as a modified mRNA encapsulated within an LNP composed
of the ionizable lipid ALC-0315, cholesterol, DSPC, and
PEG-lipid ALC-0159 (Figure 2). Early clinical trials showed
that the induced Ab production reached levels greater than
that observed in convalescent plasma of COVID-19 patients
upon a 30-pg dose delivered twice over 21 days.’® In smaller
observation cohorts, the majority of patients showed an
orders of magnitude level of increase in the presence of active
CD4+and CD8+T-cells after the second-dose boost in both the
BNT162b2 and a similar vaccine BNT162b1 which encodes
for a secreted version of the spike protein.’% Across a larger
phase III study of more than 40,000 patients matched 1:1 with
placebo controls (n=18,198 treatment versus n=18,325 pla-
cebo), the BNT162b2 vaccine was shown to be 95% effective
(C190.0-97.9%) in preventing COVID-19 infection.®! There

were eight observed cases in vaccinated patients compared to
162 cases in the placebo groups. Interim analyses also indicate
that neutralizing Abs are effective against several circulating
variants of SARS-CoV-2, although patients will continue to
be monitored long term.®* Booster shots of mRNA vaccines
are being investigated and recommended for certain patients
including the elderly and immuno compromised. Recent anal-
yses have detected a decrease in antibody titers over time,
however, the vaccines remain strongly efficacious in protect-
ing against severe disease outcomes (97% or higher reduction
in hospitalizations and deaths).%> %3

Outlook and future potential

The COVID-19 pandemic may ultimately serve as the catalyst
to usher in a new wave of nucleic acid therapeutics. The rapid
deployment of mRNA vaccines was made possible by decades
of prior research focused on the development of LNP as a
delivery vehicle for therapeutic RNA. Now, with hundreds of
millions of patients receiving these treatments, mRNA vac-
cines are proving real-world efficacy in preventing hospitali-
zation and death from serious infectious disease. Crucially,
the LNP platform can be adapted to provide booster doses or
adaptive vaccines in the face of viral mutations which may
escape existing immunity. Novel mRNA transcripts can be
generated to respond to the evolution of the SARS-CoV-2
virus or the emergence of future pathogens. By utilizing the
same LNP technology, full-scale clinical trials may not be
necessary or can be rapidly expedited to combat variants
as they arise. With these promising results, researchers can
further expand the uses of LNP to address other threats to
global health, including cancer through vaccine-mediated
immunotherapy. With potent LNP delivery vectors in hand,
novel RNA sequences can be used to induce or knockdown
protein expression within a variety of target cell populations.
Additional improvements in ionizable lipid design, RNA
technology (such as self-amplifying mRNA which requires
less material), and industrial manufacturing may soon lead
to widespread benefits of RNA delivery.
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