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Current RNA vaccines against severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) are limited by instability
of both the RNA and the lipid nanoparticle delivery system,
requiring storage at �20�C or �70�C and compromising uni-
versally accessible vaccine distribution. This study demonstrates
the thermostability and adaptability of a nanostructured lipid
carrier (NLC) delivery system for RNA vaccines that has the
potential to address these concerns. Liquid NLC alone is stable
at refrigerated temperatures for R1 year, enabling stockpiling
and rapid deployment by point-of-care mixing with any vaccine
RNA. Alternatively, NLC complexed with RNA may be readily
lyophilized and stored at room temperature for R8 months or
refrigerated temperature for R21 months while still retaining
the ability to express protein in vivo. The thermostability of
this NLC/RNA vaccine delivery platform could significantly
improve distribution of current and future pandemic response
vaccines, particularly in low-resource settings.

INTRODUCTION
RNA-based vaccines show great promise to effectively address
existing and emerging infectious diseases,1–3 including the ongoing
pandemic caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). RNA vaccines can be rapidly adapted
to new targets and manufactured using sequence-independent oper-
ations, thus reducing the cost and time to develop new vaccines,
particularly in pandemic settings.4 The Emergency Use Authorization
granted to two safe and highly effective mRNA vaccines targeting
SARS-CoV-2, less than 1 year after sequencing the novel coronavirus,
highlights the power of this new technology.5,6 However, one of the
biggest challenges facing these extraordinary new vaccines is the abil-
ity to successfully distribute them widely in the face of a pandemic.
Cold chain storage is required for both authorized vaccines (�70�C
and �20�C for the SARS-CoV-2 RNA vaccines produced by Pfizer/
BioNTech and Moderna, respectively). Frozen shipping and storage
even at standard freezer conditions poses difficulties in settings
with well-established medical infrastructure, challenges greatly com-
pounded in areas with limited resources.7–9

Lack of stability in RNA vaccines is a critical issue, but the physico-
chemical reasons behind this are under-studied and poorly
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understood.9–11 However, several facts are clear. First, vaccine RNA
molecules are prone to cleavage by ubiquitous ribonucleases (i.e.,
RNases). Engineering of the RNA has previously been done in order
to stabilize it, as reviewed by Sahin and colleagues,12 but stability
problems remain. Second, due to its size, negative charge, and hydro-
philicity, RNA alone cannot easily cross a cell membrane to enter
target cells upon injection.13 Thus, RNA delivery formulations are
needed to stabilize and protect RNA molecules from degradation (re-
viewed by Kowalski et al.14 and Guan et al.15). The current system of
choice for delivering RNA vaccines, including all SARS-CoV-2 vac-
cines in clinical trials to date, is a lipid nanoparticle (LNP) delivery
system5,16–19 in which the negatively charged RNAmolecule is encap-
sulated within a multicomponent lipid system. This results in 70–
100 nm diameter RNA/LNP complexes that protect the RNA from
RNase degradation and allow successful endocytosis by the cell.18,20

However, stability of both the RNA and LNP remain an issue,9–11

with sensitivity to frozen temperatures resulting in detrimental im-
pacts to their colloidal stability after freeze/thaw.21,22 A number of
recent studies have reported on improvements to the long-term ther-
mostability of RNA vaccines at non-frozen temperatures;23–25 how-
ever, all currently authorized RNA vaccines available in the United
States still require frozen storage.26,27

A number of alternative lipid-based delivery systems have been pro-
posed and developed to deliver RNA vaccines.28–30 Here, we demon-
strate the ability of a lyophilizable, thermostable nanostructured lipid
carrier (NLC) system to effectively deliver replicating RNA-based
vaccines by intramuscular (i.m.) injection. This NLC delivery system
can also be complexed and lyophilized with mRNA. The liquid NLC
alone maintains stability for at least 1 year of storage at refrigerated
temperatures, while lyophilized NLC/RNA complexes have been
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Figure 1. Nanostructured lipid carrier formulation alone is stable as a liquid at 4�C, allowing stockpiling

(A) Schematic of RNA electrostatically binding to the outside of the NLC. (B) Particle size of NLC alone after storage at indicated temperatures. n = 3 replicate measurements.

(C) Concentration of NLC components after long-term 4�C storage. Concentration data after storage at 25�C and 40�C are in Figure S1. n = 3 replicate measurments. (D)

Ability of 4�C-stored NLC to complex with SEAP reporter saRNA and produce complexes of consistent particle size after the indicated storage time of the NLC. n = 3 replicate

measurements. Error bars represent the standard deviation. (E) Ability of long-term 4�C-stored NLC to protect complexed SEAP reporter saRNA from RNase degradation.

Time points represent the length of time that the liquid NLC was stored at 4�C prior to complexing with the SEAP reporter saRNA. Full RNA gel electrophoresis images are in

Figure S4.
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shown to retain their biophysical properties and ability to induce pro-
tein expression in vivo after at least 8 months of room temperature
storage and at least 21 months at refrigerated temperatures.

RESULTS
Refrigerated stability of NLC delivery system as a liquid

The NLC delivery system (described by Erasmus et al.29) consists of
an oil core composed of solid (trimyristin) and liquid (squalene)
lipids surrounded by surfactants (sorbitan monostearate and polysor-
206 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
bate 80) and a cationic lipid (1,2-dioleoyl-3-trimethylammonium-
propane [DOTAP]) (Figure 1A). This oil-in-water system is prepared
in the absence of RNA. The NLC system itself (i.e., in the absence of
RNA) displays long-term stability as a liquid at 4�C, maintaining its
particle size and component concentrations for at least 1 year
(Figures 1B, 1C, and S1). To prepare a vaccine, vaccine RNA is simply
mixed with the NLC, and the NLC/RNA complexes form spontane-
ously through electrostatic interactions between the negatively
charged phosphate groups in the RNA backbone and the positively
022



Fres
h Zika

Vac
cin

e

Lyo
philiz

ed
Zika

Vac
cin

e

Vec
tor Contro

l
2
4
8

16
32
64

128
256
512

1024

PR
NT

50
(re

ci
pr

oc
al

di
lu

tio
n)

p = 0.37

LOD

Fres
h

Lyo
philiz

ed
0

50

100

150

200

250

Hy
dr

od
yn

am
ic

Di
am

et
er

(n
m

)

A B C

Figure 2. Comparison of lyophilized Zika NLC/saRNA vaccine with freshly complexed vaccine

(A) Integrity of Zika saRNA under fresh or lyophilized/reconstituted conditions after it has been extracted from the NLC (RNase –) and protection of Zika saRNA from RNase

degradation after it has been treated with RNase and then extracted from the NLC (RNase +). The fresh and lyophilized/reconstituted vaccines were also evaluated for

retention of RNA integrity and NLC-mediated protection from RNases after 2 weeks of storage at 4�C. Densitometry analysis of the gel bands is in Figure S5A. (B) In vivo

immunogenicity equivalence of fresh and lyophilized/reconstituted Zika vaccine by PRNT at t0. SEAP NLC/saRNA was used as an in vivo negative vector control. n=10 mice

in all groups. (C) Hydrodynamic diameter of fresh and lyophilized/reconstituted vaccine by dynamic light scattering (DLS). n = 3 replicate measurements. Error bars represent

the standard deviation.
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charged amine group in the DOTAP component of the NLC (Fig-
ure 1A). With this complexing method, the RNA remains at the
oil-water interface of the NLC particle (Figure S2). Using a self-ampli-
fying RNA (saRNA) expressing the reporter protein secreted alkaline
phosphatase (SEAP), the NLC is shown to retain its ability to complex
with the RNA after storage of the liquid NLC component for at least
21 months at refrigerated temperatures (Figure 1D). The complexed
RNA is protected from degradation by RNases despite being outside
the NLC, whereas uncomplexed RNA is not (Figure 1E). This is
consistent with protection of RNA complexed on the outside of
LNPs as demonstrated by others.30 Also, this protection from RNase
degradation is maintained even after long-term storage (at least
21 months) of the NLC component as a liquid prior to complexing
(Figure 1E). Due to this long-term stability, NLC is suitable for stock-
piling for pandemic preparedness applications; RNA targeting a spe-
cific pathogen can be rapidly produced in response to a pandemic and
complexed with pre-manufactured and stockpiled NLC.

Lyophilization of Zika NLC/saRNA vaccine

Previously, we demonstrated the utility of an NLC/saRNA vaccine
against Zika virus (ZIKV) that induced high levels of neutralizing
antibodies and protected mice against viral challenge.29 Here, we
demonstrate that the next generation of this Zika NLC/saRNA
vaccine (Figure S3A) can be successfully lyophilized for potential
long-term storage (Figure 2) with the addition of 10% w/v sucrose
as a lyoprotectant. The presence of sucrose promotes the formation
of a dense, white, lyophilized cake and also serves to protect the
components of the system against the stresses encountered during
freezing, drying, and reconstitution.

RNA integrity and NLC-mediated protection from RNase degrada-
tion is maintained after lyophilization/reconstitution as shown by
Molecul
agarose gel electrophoresis of RNA extracted from NLC/RNA com-
plexes (Figures 2A and S5A). Furthermore, both the freshly com-
plexed liquid and the lyophilized/reconstituted vaccines are stable
for at least 2 weeks at refrigerated temperatures (Figures 2A and
S5A), retaining their ability to protect the RNA from RNase degrada-
tion compared with both freshly mixed and freshly reconstituted
lyophilized vaccine. Upon reconstitution and i.m. injection into
C57BL/6 mice, the lyophilized Zika saRNA vaccine is able to induce
neutralizing (Figure 2B) antibody titers identical to freshly com-
plexed, un-lyophilized vaccine at the same 1 mg dose, indicating
that the lyophilization and reconstitution processes do not affect
immunogenicity of this vaccine. The size of the complex does increase
post lyophilization and reconstitution (Figure 2C); however, this does
not appear to affect in vivo efficacy. Thus, beyond the utility of NLC
for stockpiling, NLC/RNA vaccines are readily lyophilizable, which
has the potential to significantly ease the challenges of distributing
RNA vaccines in both pandemic and non-pandemic situations.

Lyophilization of OVA NLC/mRNA model vaccine

As mRNA-based vaccines have been the frontrunners in coronavirus
disease 2019 (COVID-19) response, the ability of a thermostable de-
livery system to effectively deliver vaccine mRNA is a critical need
now and in the future. The flexibility and utility of this NLC-based
system is shown by complexing it with commercially available
mRNA encoding ovalbumin (OVA). Biophysical characterization of
the NLC/mRNA complexes shows protection of the mRNA against
degradation by RNase (Figures 3A and S5B) as with the Zika NLC/
saRNA complexes. Increasing the concentration of the lyoprotectant
to 20% w/v sucrose minimizes the lyophilization-induced increase in
particle size that was seen with the Zika NLC/saRNA vaccine contain-
ing only 10% w/v sucrose (compare Figures 3B with Figure 2C), re-
sulting in a particle size post lyophilization and reconstitution that
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 207

http://www.moleculartherapy.org


Fres
h

Lyo
philiz

ed

Froze
n

0

50

100

150

200

Hy
dr

od
yn

am
ic

Di
am

et
er

(n
m

)A B Figure 3. Comparison of lyophilized or frozen OVA

NLC/mRNA with freshly complexed material

(A) Integrity of OVAmRNA under fresh, frozen, or lyophilized

conditions after it has been extracted from theNLCcomplex

(RNase –) and protection of OVA mRNA integrity after it has

been treated with RNase and then extracted from the NLC

complex (RNase +). Densitometry analysis of the gel bands

is in Figure S5B. (B) Hydrodynamic diameter of fresh, frozen,

and lyophilized complexes by DLS. n = 3 replicate mea-

surements. Error bars represent the standard deviation.

Molecular Therapy: Methods & Clinical Development
is similar to that observed in complexes that are frozen and subse-
quently thawed. This demonstrates proof of concept for lyophiliza-
tion of NLC/mRNA complexes, resulting in similar biophysical char-
acteristics to those of frozen NLC/mRNA complexes.

Long-term stability of lyophilized SEAP NLC/saRNA complexes

Finally, we demonstrate the long-term thermostability of the NLC-
based RNA vaccine platform using a self-amplifying RNA antigen
expression reporter system expressing secreted alkaline phosphatase
(SEAP-saRNA) (Figure S3B), which allows sensitive mouse serum
detection of i.m.-injected saRNA. Lyophilized SEAP NLC/saRNA
complexes with 20% w/v sucrose as a lyoprotectant stored at 4�C,
25�C, and 40�C are compared with frozen complexes stored at
�80�C and �20�C, liquid complexes stored at 4�C and 25�C, and
freshly made complexes prepared each analysis day. All lyophilized
samples maintain an elegant, white cake throughout the study with
no discoloration or cracking and minimal cake shrinkage. All lyoph-
ilized samples readily reconstitute with nuclease-free water into the
milky white solution typically observed for the NLC/RNA complexes
(Figure 4A).

Initially, all NLC/saRNA complexes (Figure 4B) measure 125 ± 10 nm
in diameter, including liquid, frozen, and lyophilized versions.
Differences of less than 15% are observed between the initial and final
time points for all conditions except for frozen material stored at
�20�C. This demonstrates the excellent colloidal stability of NLC/
RNA complexes, allowing them to withstand the stresses of the lyoph-
ilization process and long-term storage, even at elevated temperatures
(40�C for lyophilized and 25�C for liquid storage). It is interesting to
note that, while size stability is not maintained for complexes stored at
�20�C, this did not affect the ability of the NLC/saRNA complex to
drive protein expression in vivo upon i.m. injection (Figures 4D
and 4E).

RNA integrity in the NLC/saRNA complexes is again retained after
lyophilization and after freeze/thaw as demonstrated by agarose gel
electrophoresis after extraction of the RNA from the stored NLC
complexes, and this integrity is maintained after long-term storage
208 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2022
(Figures 4C, S4, and S5C). Samples not treated
with RNase show band intensity comparable
with the freshly complexed sample for complexes
stored lyophilized at 25�C for 8 months, and for
complexes stored lyophilized at 4�C and frozen
at �80�C and �20�C out to 21 months (Figure S5C). Under these
same storage conditions after treatment with RNase, the main RNA
band is still present, although its intensity is diminished, whereas
no RNA band is present after RNase treatment for samples stored
lyophilized at 40�C or liquid at 4�C and 25�C after 8 months of stor-
age. Under accelerated conditions, loss of the main RNA band after
RNase treatment is first observed at 2 weeks for the liquid 25�C con-
dition, at 5 weeks for the liquid 4�C condition, and at 3months for the
lyophilized 40�C condition (Figures S4 and S5C).

The ability of stored NLC/saRNA to express protein in vivo is demon-
strated by injection of 100 ng of NLC/SEAP-saRNA complex i.m. into
C57BL/6 mice, followed by collection of mouse sera 5 days post injec-
tion and analysis of SEAP content by enzymatic assay (Figure 4D). At
each time point, a group receiving freshly prepared (i.e., not stored)
complex was included as a positive control, and a group that received
an injection of a 10% sucrose solution was a negative control. SEAP
expression at each time point was normalized to this negative control
in Figure 4D. Overall, saRNA-mediated protein expression in vivo
correlates well with the RNA integrity assessed by gel electrophoresis.
Comparable band intensity to the freshly complexed sample in the
absence of RNase treatment and presence of a main RNA band after
RNase treatment predict SEAP expression in vivo (Figures S4 and
S5C). Loss of SEAP expression under accelerated conditions is
observed at 2 weeks for the liquid 25�C condition, at 5 weeks for
the liquid 4�C condition, and at 3 months for the lyophilized 40�C
condition, consistent with the characterization by agarose gel. After
8 months of storage, complex stored lyophilized at 4�C and 25�C
and frozen at �80�C and �20�C demonstrated clear serum SEAP
expression in vivo (Figure 4D). At the 21-month time point, the
lyophilized 25�C-stored and frozen �20�C-stored complexes show
a decrease in SEAP expression relative to the freshly complexed ma-
terial; however, SEAP expression still remains significantly above
baseline levels for both conditions (Figure 4E). A key observation
is that, after 21 months of storage, no significant difference was
detected in the level of in vivo expressed SEAP for the lyophilized
4�C and frozen �80�C-stored complexes when compared with the
freshly complexed saRNA/NLC material (Figure 4E). Given the
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Figure 4. SEAP NLC/saRNA under lyophilized, frozen, or liquid storage conditions in comparison with freshly complexed material

(A) Vial images of freshly complexed, lyophilized, and reconstituted material at t0. (B) Hydrodynamic diameter of the complexes over time compared with a freshly

complexed control. n = 3 replicate measurements. Error bars represent the standard deviation. (C) RNA integrity of the stored samples by agarose gel electrophoresis at

t0, t8 months, and t21 months, and protection after treatment with RNase at each time point. Gel images at all time points have been shown in Figure S4, and

densitometry analysis is shown in Figure S5C. (D) Normalized in vivo SEAP expression for lyophilized, frozen, or liquid stored samples in comparison with freshly

complexed material after long-term storage. SEAP expression of each sample was normalized to the SEAP expression of the 10% sucrose solution negative control at

each time point. Error bars represent the standard deviation. (E) Comparable in vivo SEAP expression at 21 months for lyophilized vaccine stored at 4�C, frozen vaccine

stored at �80�C, and freshly prepared vaccine; the 10% sucrose solution group serves as a negative control and contains no SEAP NLC/saRNA. ns, non-significant

difference (p>0.05).
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comparability of these stored samples at 21 months with the freshly
complexed sample, the decrease in overall luminescence across all
samples at later time points seen in Figure 4D is attributed to a change
in luminometer instrumentation—with a substantially different pho-
tomultiplier detection system—rather than a reflection of the activity
of the stored samples. This is shown by the same decrease in lumines-
cence seen in the freshly complexed control sample, which was pre-
pared each analysis day, as with the stored samples. Therefore, the
ability of these NLC/saRNA complexes to drive in vivo SEAP expres-
Molecul
sion after storage demonstrates the potential for long-term thermo-
stability of this delivery system.

DISCUSSION
RNA vaccines are important tools to combat existing and emerging
infectious diseases, including SARS-CoV-2, due to their rapid adapt-
ability to new target pathogens.1–6 However, strict cold chain require-
ments for current RNA vaccine formulations greatly complicate
global distribution and increase cost, leading to calls for rapid
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 209
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advances in the stability of RNA vaccine formulations.9,10We demon-
strate that a safe and effective NLC-based RNA vaccine delivery sys-
tem29 has potential to enable greatly increased thermostability relative
to current LNP formulations. The liquid NLC alone is stable at refrig-
erated temperatures for greater than 1 year. NLC complexed with
mRNA or saRNA is able to be lyophilized with both lyophilized
and frozen forms of SEAPNLC/saRNA showing stability after storage
for extended periods of time. Moreover, upon reconstitution, NLC-
formulated RNA vaccine retains its integrity by agarose gel electro-
phoresis for at least 2 weeks of storage at refrigerated temperatures.
This NLC-based delivery technology may have significant applica-
tions for RNA vaccine manufacture, storage, distribution, and overall
cost due to its thermostable properties.

We hypothesize multiple mechanisms behind the improved thermo-
stability of NLC-based delivery formulations relative to LNP-based
formulations. First, the robust physical stability of the NLC allows
minimal growth in particle size, retention of constituent components,
andmaintenance of complexing compatibility for at least 1 year under
refrigerated storage. While refrigerated storage stability data for the
SARS-CoV-2 mRNA/LNP vaccines is limited in the literature,
Moderna recommends storage of unopened vials for up to 1 month
at 2-8�C,26 and Pfizer/BioNTech recommends up to 10 weeks of 2-
8�C storage.27 Other reports suggest that liquid LNP formulations
may be stable for multiple months at refrigerated temperatures with
non-mRNA-based systems.21,31 Thus, the limited stability of liquid
mRNA/LNP vaccines at refrigerated temperatures is more attribut-
able to limited mRNA stability, even with the RNA fully encapsulated
in the delivery vehicle, than instability of the delivery vehicle itself.10

Second, the NLC system provides excellent protection to RNA against
RNases. Currently authorized RNA vaccines encapsulate the RNA in
the core of the LNP. However, this encapsulation is not strictly neces-
sary to protect and deliver RNA to cells.30 With the NLC delivery sys-
tem, the electrostatic interaction between RNA’s negatively charged
phosphate backbone and the positively charged amine group of the
NLC’s DOTAP component drives NLC/RNA complex formation
and allows improved protection of the NLC-complexed RNA from
cleavage by RNases during long-term storage and after administra-
tion compared with uncomplexed RNA.

Third and most importantly, the physical characteristics of this NLC-
based RNA vaccine formulation allow lyophilization, a technique
commonly used to stabilize vaccines and biologics and eliminate a
cold chain requirement.7,8,32–35 In lyophilized drug products, non-
reducing sugars (such as sucrose) act as lyoprotectants through mul-
tiple proposed mechanisms, such as replacing water in hydrogen
bonding with the components of the system or enclosing the system
within the rigid sugar matrix of the dried state where enzymatic or
other degradation is limited.36 As noted above, mRNA stability ap-
pears to be the limiting factor in the shelf-life of current mRNA/
LNP vaccines. To address that concern, RNA molecules alone have
been shown to be amenable to lyophilization, with Jones et al.33 re-
porting that lyophilized RNA retained its ability to drive protein
210 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
expression after storage at %4�C for up to 10 months. However,
lyophilization of liposome-like formulations has been pursued for
decades (reviewed by Franze et al.36 and Wang et al.37) but can be
difficult due to the liposome’s physical structure (i.e., a lipid bilayer
surrounding a core aqueous phase). The freezing, drying, and recon-
stitution steps of lyophilization may result in bilayer rupture, drug
leakage, and/or colloidal instability.36,37 While the exact structure of
mRNA-loaded LNPs is still being investigated38–40 and may vary
based on composition and production process, their hypothesized
core-shell structure10 may still be susceptible to the same rupture,
leakage, and instability as liposomes. Recent published attempts at
RNA/LNP vaccine lyophilization have been semi-successful, but
either were not evaluated after long-term storage21 or showed signif-
icant loss of RNA activity after long-term storage even with the addi-
tion of lyoprotectants.22 While optimization of LNP lyophilization
may yet be attempted (reviewed by Chen and colleagues41), the tech-
nical challenge of redesigning and clinically testing lyophilizable lipo-
some-based RNA vaccine delivery formulations is significant and
without guaranteed success. In contrast, the structure of the NLC de-
livery system is more similar to an oil-in-water emulsion than to an
LNP. Bilayer rupture and/or drug leakage are not a concern with
this system because the RNA is complexed to the surface of the
NLC, and maintenance of RNA integrity and colloidal stability
have been demonstrated in our study. Furthermore, lyophilized vac-
cines containing squalene-based adjuvant systems have previously
demonstrated potential for long-term vaccine thermostability.42

Another potential advantage of the NLC delivery system for
pandemic response is its straightforward and scalable manufacturing
process. This employs processes and equipment similar to the oil-in-
water emulsion technology already used in licensed vaccines, key
manufacturing properties to support large-scale pandemic response.
The NLC system also does not require the use of specially designed,
proprietary ionizable lipids to generate an appropriate immune
response as is the case with LNP-based formulations.43 Rather, the
system relies on the presence of squalene—in combination with
innate immune-stimulating double-stranded RNA (dsRNA) interme-
diates produced by saRNAs—to stimulate robust immune responses.
Therefore, the NLC can use the commercially available cationic lipid
DOTAP as the source of positive charge. Furthermore, in contrast to
currently authorized RNA/LNP vaccines, the NLC delivery system is
manufactured separately from the RNA. For pandemic preparedness,
the long-term refrigerator-stable NLC alone could be stockpiled to
enable rapid response. Because it is manufactured separately, RNA
of different lengths or with multiple genetic variations may be rapidly
synthesized and complexed on the outside of the NLC, allowing rapid
vaccine adaptation to evolving viral variants or emerging pathogens.

We do note that the presented long-term stability data of the lyoph-
ilized NLC system is with RNA expressing a reporter protein (i.e.,
SEAP) rather than a vaccine antigen. While use of a reporter protein
is a common approach,21,30,44 a demonstration of long-term stability
with an actual vaccine construct, including maintenance of vaccine
immunogenicity, is a clear next step for development of this
022
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technology. However, it is likely that vaccine antigen expression
would be similar to that of the reporter protein expression demon-
strated here. Additionally, long-term stability of the NLC formulation
alone is relevant for application to any vaccine target. Finally, while
this specific NLC-based formulation has not yet been clinically tested,
safety concerns are low. Squalene, polysorbate 80, and sorbitan
monostearate are already in US Food and Drug Administration
(FDA)-licensed drug products. Trimyristin is commonly used in
the cosmetics industry and is closely related to tristearin, found in
licensed drug products, and the cationic lipid DOTAP has been suc-
cessfully evaluated in multiple clinical trials.

While the current study demonstrates the excellent thermostability of
an NLC/RNA complex, this was a proof-of-concept attempt for this
system and did not include optimization of the formulation matrix
(i.e., buffer, pH, or additional excipients) or lyophilization cycle.
Further work will be conducted to optimize this system to push the
limits of manufacturing, storage, and use conditions and then to
demonstrate its utility with an actual vaccine product. Future devel-
opment of a spray-dried RNA vaccine, for example, could potentially
harness the advantages of a dried system in terms of stability, as seen
in this study, while decreasing potential manufacturing bottlenecks
that lyophilization can pose. Additionally, further optimization of
the NLC/RNA drug product formulation may also allow greater
liquid stability, leading to significantly easier manufacturing, storage,
and distribution. Widespread vaccine administration in the face of a
pandemic remains challenging. With its flexibility and enhanced sta-
bility, the NLC delivery system provides an additional tool for RNA
vaccine delivery to improve global vaccine distribution both now
and in the future.

MATERIALS AND METHODS
saRNA DNA templates

DNA templates for saRNA encoding the Zika pre-membrane (prM)
and envelope (E) proteins were produced as previously described.29

Briefly, sequences for the ZIKV signal peptide at the N-terminal
end of the capsid protein through the prM and E genes were taken
from ZIKV strain H/PF/2013 (GenBank: KJ776791), codon opti-
mized for mammalian expression, and subcloned into a T7-TC83
plasmid. The resulting plasmid pT7-VEE-Zika-prME contains the
50 UTR, 30 UTR, and non-structural proteins derived from the atten-
uated TC-83 strain of Venezuelan equine encephalitis virus (VEEV),
with the aforementioned ZIKV genes replacing the VEEV structural
proteins downstream of a subgenomic promoter (Figure S3A).
Plasmid pT7-VEE-Zika-prME varies slightly from the previously
published Zika vaccine plasmid29 with a change of the antibiotic resis-
tance gene from ampicillin to kanamycin to allow manufacture ac-
cording to current Good Manufacturing Practices (cGMP) and an
optimization of the subgenomic promoter for antigen expression
enhancement.

Similarly, DNA templates for self-amplifying RNA encoding the
SEAP protein were constructed in two different versions
(Figures S3B and S3C). The first, pT7-VEEV-SEAP-V1, is identical
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to that published by Erasmus et al.29 and was used as the template
for all SEAP-saRNA used in the long-term stability studies shown
in Figure 4. An updated version (pT7-VEEV-SEAP-V2) reflects the
same antibiotic resistance gene and subgenomic promoter changes
described above to allow optimal comparison with pT7-VEE-Zika-
prME in the vaccine immunogenicity studies in Figure 2. All plasmid
sequences were confirmed using Sanger sequencing. DNA templates
were amplified in Escherichia coli and isolated using maxi or gigaprep
kits (Qiagen) and linearized by NotI restriction digest (New England
Biolabs). Linearized DNA was purified by phenol-chloroform
extraction.

RNA production and purification

Generation of saRNA stocks was achieved by T7 promoter-mediated
in vitro transcription using NotI-linearized DNA template. In vitro
transcription was performed using an in-house-optimized protocol
using T7 polymerase, RNase inhibitor, and pyrophosphatase
enzymes procured from Aldevron. DNA plasmid was digested
away (DNase I, Aldevron) and cap0 structures were added to the tran-
scripts by vaccinia capping enzyme, GTP, and S-adenosyl-methionine
(Aldevron). RNA was then purified from the transcription
and capping reaction components by chromatography using a
CaptoCore 700 resin (GE Healthcare) followed by diafiltration and
concentration using tangential flow filtration. The saRNA material
was terminally filtered with a 0.22 mm polyethersulfone filter
and stored at �80�C until use. All saRNA was characterized by
agarose gel electrophoresis and quantified both by UV absorbance
(NanoDrop 1000) and Ribogreen assay (Thermo Fisher). OVA-ex-
pressing mRNA was obtained from a commercial vendor (TriLink
CleanCap OVA mRNA, L-7610).

NLC formulation production

The NLC formulation was prepared as described previously.29 Briefly,
squalene (Sigma), sorbitan monostearate (Sigma), DOTAP (Corden),
and trimyristin (IOI Oleochemical) were mixed and heated at 70�C in
a bath sonicator. Separately, polysorbate 80 (Fisher Scientific) was
diluted in 10 mM sodium citrate trihydrate and also heated to 70�C
in a bath sonicator. After all components were dissolved, the oil
and aqueous phases were mixed at 7,000 rpm in a high-speed labora-
tory emulsifier (SilversonMachines). The mixture was then processed
by high-shear homogenization to further decrease particle size. Using
an M-110P microfluidizer (Microfluidics), the colloid mixture was
processed at 30,000 psi for 11 discrete microfluidization passes. The
NLC product was terminally filtered with a 0.22 mm polyethersulfone
filter and stored at 2–8�C until use.

NLC formulation component assay

The concentrations of DOTAP, squalene, and trimyristin in the NLC
were determined by high-performance liquid chromatography
(HPLC). Samples were prepared in triplicate, diluted 1:20 in HPLC
mobile phase B (50 mL of sample into 950 mL of mobile phase B), in-
jected at 10 mL injection volume, then analyzed using an Agilent 1100
quaternary pump HPLC system in combination with a Corona Veo
charged aerosol detector (CAD). The method utilized a Phenomenex
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Synergi Hydro RP C18 80 A column (4 mm 4.6 � 250 mm) with a
two-solvent system gradient consisting of a mixture of 75:15:10 meth-
anol:chloroform:water (mobile phase A) and a 1:1 mixture of metha-
nol:chloroform (mobile phase B), with bothmobile phases containing
20mM ammonium acetate and 1% acetic acid. The systemwas held at
35�C and run at a flow rate of 1 mL/min. DOTAP, trimyristin, and
squalene were dissolved in mobile phase B, and the injection volume
was varied to create a five-point standard curve.

NLC/RNA complexing

NLC/RNA complexes were prepared at a nitrogen:phosphate (N:P)
ratio of 15 for all cases. Fresh complexes were prepared by mixing
RNA 1:1 by volume with NLC prepared in a buffer containing
10 mM sodium citrate and 20% w/v sucrose (RNase-free) to achieve
a final complex containing 200 ng/mL RNA in an isotonic 5 mM
sodium citrate and 10% w/v sucrose aqueous buffer. Complexes for
lyophilization were prepared with 10% or 20% w/v sucrose as noted
in the text without additional sodium citrate. Complexes were incu-
bated on ice for 30 min after mixing to ensure complete complexing.

NLC/RNA complex lyophilization

Lyophilized complex was prepared using a VirTis AdVantage 2.0 EL-
85 bench-top freeze dryer controlled by the microprocessor-based
Wizard 2.0 software. The lyophilization cycle consisted of a freezing
step at �50�C, a primary drying step at �30�C and 50 mTorr, and
a secondary drying step at 25�C and 50 mTorr. At the completion
of the cycle, samples were brought to atmospheric pressure, blanketed
with high-purity nitrogen, and stoppered prior to being removed
from the freeze-dryer chamber. Lyophilized material was reconsti-
tuted using nuclease-free water and gently swirled. Reconstituted
material was diluted to 5 mM sodium citrate and 10% w/v sucrose
(for isotonicity) prior to any in vivo experiments.

Particle size characterization

Hydrodynamic diameter (particle size) of both the NLC formulation
alone and the NLC/RNA complex was determined using dynamic
light scattering (Zetasizer Nano ZS, Malvern Instruments). Samples
were diluted 1:100 in nuclease-free water in triplicate preparations
and measured in a disposable polystyrene cuvette with the following
parameters: material refractive index (RI) = 1.59, dispersant RI (wa-
ter) = 1.33, T = 25�C, viscosity (water) = 0.887 centipoise (cP), mea-
surement angle = 173� backscatter, measurement position = 4.65 mm,
automatic attenuation.

NLC/RNA complex RNase protection assay

Integrity of RNA after complexing and protection against degrada-
tion by RNase was evaluated by agarose gel electrophoresis. Fresh,
frozen/thawed, or lyophilized/reconstituted samples were diluted to
a final RNA concentration of 40 ng/mL in nuclease-free water. For
RNase-treated samples, the diluted RNA was incubated with RNase
A (Thermo Scientific) for 30 min at room temperature at amounts
sufficient to completely degrade uncomplexed RNA (ratios of 1:40
RNase:SEAP-RNA and 1:200 RNase:Zika-RNA). This was followed
by treatment with recombinant Proteinase K (Thermo Scientific) at
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a ratio of 1:100 RNase A:Proteinase K for 10 min at 55�C. For both
treated and un-treated samples, RNA was then extracted from
the complexes by adding 25:24:1 phenol:chloroform:isoamyl alcohol
(Invitrogen) to the complex 1:1 by volume, vortexing, and centri-
fuging at 17,000 � g for 15 min. The supernatant for each sample
was mixed 1:1 by volume with Glyoxal load dye (Invitrogen) and
incubated at 50�C for 20 min. For each complex, 200 ng of RNA
was loaded and run on a denatured 1% agarose gel at 120 V for
45 min in Northern Max Gly running buffer (Invitrogen). Uncom-
plexed RNA under RNase-treated and un-treated conditions was
included in each gel as a control. Millenium RNA marker (Thermo
Fisher) was included on each gel with markers at 0.5, 1, 1.5, 2, 2.5,
3, 4, 5, 6, and 9 kilobases. Gels were imaged using an ethidium bro-
mide protocol on a ChemiDoc MP imaging system (BioRad). Densi-
tometry analysis of the gel images was performed using Image Lab
software version 6.1.0 and comparing sample RNA band intensity
with the band intensity of an RNA loading control or a freshly com-
plexed (i.e., not stored) control as appropriate for each experiment.

Solubility of RNA in squalene

The solubility of RNA in squalene was evaluated in the presence and
absence of DOTAP. Zika saRNA was diluted in nuclease-free water to
a concentration of 200 ng/mL, and DOTAP was solubilized in squa-
lene to a concentration of 0.6% w/v. The saRNA solution was added
1:1 by volume to tubes containing either squalene alone or DOTAP in
squalene, then vortexed for 5 s to mix. Controls containing saRNA
only and squalene only were used undiluted. All samples and controls
were centrifuged at 17,000 � g for 15 min to separate the oil and
aqueous layers. After separation, samples were taken from the oil
layer, the aqueous layer, and the aqueous layer plus the interface
for both the RNA + squalene sample and the RNA + DOTAP + squa-
lene sample. Samples taken from the oil layer were mixed 1:1 by vol-
ume with water in preparation for extraction. All other samples were
diluted to 40 ng/mL RNA, based on a theoretical concentration of
200 ng/mL. Phenol-chloroform extraction, as described above, was
performed for all samples and controls in order to remove the squa-
lene and DOTAP prior to agarose gel electrophoresis conducted using
the same method and parameters already described.

Mouse studies

C57BL/6J mice between 4 and 8 weeks of age at study onset obtained
from The Jackson Laboratory were used for all animal studies in this
work. All animal work was done under the oversight of the Infectious
Disease Research Institute (IDRI) Institutional Animal Care and Use
Committee and/or the Bloodworks Northwest Research Institute’s
Institutional Animal Care and Use Committee. All animal work
was in compliance with all applicable sections of the Final Rules of
the Animal Welfare Act regulations (9 CFR parts 1, 2, and 3) and
the NIH Guide for the Care and Use of Laboratory Animals: Eighth
Edition.

Zika NLC/saRNA in vivo immunogenicity

To compare immunogenicity of lyophilized/reconstituted versus
freshly complexed Zika NLC/saRNA vaccines, mice (n = 10/group)
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were immunized with 1 mg of freshly complexed Zika NLC/saRNA
vaccine, 1 mg of lyophilized/reconstituted Zika NLC/saRNA vaccine,
or 10 mg of SEAPNLC/saRNA complex as a negative control. Vaccine
was injected i.m. in 50 mL volumes in both rear quadriceps muscles of
each mouse for a total of 100 mL of vaccine per mouse. Injections sites
were monitored for signs of reactogenicity for the 3 days post injec-
tion, with no such signs noted. Blood samples were taken from all
immunized mice 14 days post immunization by the retro-orbital
route for serum antibody assays by PRNT.
ZIKV PRNT

Plaque reduction neutralization test (PRNT) assays were performed
on mouse serum samples to quantify neutralizing antibody titers.
Briefly, Vero (ATCC CCL-81) cells were cultured at standard condi-
tions (37�C, 5% CO2) in antibiotic-free high-glucose DMEM supple-
mented with GlutaMax (Gibco) and 10% v/v heat-inactivated FBS
(HyClone). Cells were plated at a density of 5 � 105 cells/well in
six-well plates (Corning) and incubated overnight to form 90%
confluent monolayers. Mouse serum samples were serially diluted
1:2 in DMEM containing 1% heat-inactivated FBS. All serum dilu-
tions were then diluted 1:2 with 100 PFU of ZIKV strain FSS13025
and incubated at 37�C for 1 h. Cell supernates were removed and re-
placed with 200 mL of the virus/serum dilutions and allowed to incu-
bate at culture conditions for 1 h with gentle rocking every 20 min.
Two milliliters of overlay medium composed of DMEM containing
1% agarose (SeaKem), GlutaMax, and 1% v/v FBS was added to
each well, allowed to solidify, and plates were incubated for 3 days
at standard culture conditions. Cells were then fixed in 10% formalin
(Fisher Scientific) for 20 min and stained with crystal violet for plaque
visualization and counting.
In vivo functionality of stored SEAP NLC/saRNA

To verify the in vivo functionality of long-term stored SEAP NLC/
saRNA complexes, mice (n = 5 for t0 to t8 months and n = 10 for
t21 months) received a total dose of 100 ng of RNA in a single 50
mL i.m. injection in one hind leg. A control group of mice received
a 50 mL i.m. injection of 10% sucrose solution in a hind leg. Blood
samples were taken from all immunized mice on days 3, 5, and 7
post injection by the retro-orbital route. Serum samples were assayed
for SEAP expression using the NovaBright Phospha-Light EXP Assay
Kit for SEAP (Thermo Fisher) according to the manufacturer’s direc-
tions. Relative luminescence was measured using a Biotek Synergy2
plate reader. At each time point, SEAP expression for the sample at
each storage condition was normalized to the SEAP expression of
the 10% sucrose solution control.
Statistical analyses

Comparability of PRNT titers between lyophilized and freshly com-
plexed vaccine presentations for the saRNA Zika vaccine (Figure 2B)
were conducted by a two-tailed homoscedastic t test on natural log-
transformed PRNT titers. Log-transformed data were visually
assessed for normality prior to analysis. Comparability of SEAP
expression levels at t21 months for each stored sample with a freshly
Molecul
complexed control (Figure 4E) was conducted using Dunnett’s
multiple comparisons test on the data prior to normalization.
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