w0 2021/194672 A1 |0 00000 KA A O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 0 0 O OO O A0

International Bureau % (10) International Publication Number

WO 2021/194672 A1l

(43) International Publication Date
30 September 2021 (30.09.2021) WIPOIPCT

(51) International Patent Classification: HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
AGIK 39/12 (2006.01) CO7K 16/10 (2006.01) KP,KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD,
AG1P 31/14 (2006.01) ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,

NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(21) International Application Number:
PCT/US2021/019103

(22) International Filing Date: (84) Designated States (unless otherwise indicated, for every

22 February 2021 (22.02.2021) kind of regional protection available): ARIPO (BW, GH,
(25) Filing Language: English GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(26) Publication Language: English TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(30) Priority Data: EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
62/993,307 23 March 2020 (23.03.2020) US MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
63/054,754 21 July 2020 (21.07.2020) US TR), OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,

. KM, ML, MR, NE, SN, TD, TG).
(71) Applicant: HDT BIO CORP. [US/US]; 1616 Eastlake

Avenus E, #280, Seattle, Washington 98102 (US). Published:

(72) Inventors: KHANDHAR, Amit; 1616 Eastlake Avenus —  with international search report (Art. 21(3))
E, #280, Seattle, Washington 98102 (US). REED, Steven,
1616 Eastlake Avenus E, #280, Seattle, Washington 98102
(US). DUTHIE, Malcolm; 1616 Eastlake Avenus E, #280,
Seattle, Washington 98102 (US). ERASMUS, Jesse; 1616
Eastlake Avenus E, #280, Seattle, Washington 98102 (US).
CARTER, Darrick; 1616 Eastlake Avenus E, #280, Secat-
tle, Washington 98102 (US). BERUBE, Bryan J.; 1616
Eastlake Avenus E, #280, Seattle, Washington 98102 (US).

(74) Agent: TOWNES, Jeffrey, Cozen O'Connor, 1200 19th
Street NW, Washington, District of Columbia 20036 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

(54) Title: COMPOSITIONS AND METHODS FOR DELIVERY OF RNA

79-004
200
-o— 4C
'E‘ 150 -=- 25C
= ~a— 42C
s 100
Wé;:,__"”:
c ¥ ) T 1 1
[ 1 2 3 4 [
Weeks
Figure 1A

(57) Abstract: The disclosure provides nanoemulsion compositions and methods of making and using thereof to deliver a bioactive
agent such as a nucleic acid to a subject. The nanoemulsion composition comprises a hydrophobic core based on inorganic nanoparticles
in a lipid nanoparticle that allows imaging as well as delivering nucleic acids. Methods of using these particles for treatment and
vaccination are also provided.



WO 2021/194672 PCT/US2021/019103

COMPOSITIONS AND METHODS FOR DELIVERY OF RNA

[0001] This application claims priority to U.S. Provisional Application No.
62/993,307, filed on March 23, 2020, and U.S. Provisional Application No. 63/054,754, filed

on July 21, 2020, both of which are herein incorporated by reference in their entirety.

FIELD OF THE INVENTION
[0002] The present invention relates generally to RNA delivery. More specifically,
this invention relates to nanoparticle-mediated delivery of RNA with a pharmaceutically
acceptable nanoparticle that also has the ability to be imaged by use of an inorganic reporter

inside the particle.

BACKGROUND
[0003] RNA vaccines and therapeutics are a growing area of interest in vaccinology
and gene therapy. The use of nucleic acid-encoded antigens as the basis for a vaccine
platform has numerous advantages: Purification is relatively streamlined and RNA constructs
can be built in days using DNA synthesis technologies followed by RNA transcription and
capping. This allows for rapid responses to emerging pathogen threats, pivoting changes in
manufacturing to adapt to new circulating strains, or for personalizing therapeutic
interventions for a variety of diseases. While these vaccines and therapies show great
promise, in some cases they lack full efficacy in human trials and - like protein vaccines -
may require a method for enhancing their ability to induce adaptive immune responses.
[0004] Several approaches have been tested and are in development, but there

remains a need for further and improved nucleic acid vaccines and therapeutics.

SUMMARY
[0005] In brief, the present disclosure provides an inorganic compound-based
nanoparticle that binds and delivers RNA to a subject in need of treatment. This system has
numerous advantages: 1) the RNA is delivered much more efficiently than when the RNA is
given on its own or when using other carrier technologies such as nanostructure lipid carrier;
2) the nanoparticles contain a cationic lipid that stabilizes the RNA and protects it from
degradation; and 3) the nanoparticles have a reporter element allowing for imaging and

tracking the particles in the body.
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[0006] One aspect of the invention relates to a nanoemulsion composition comprising
a plurality of nanoemulsion particles. Each nanoemulsion particle comprises

a hydrophobic core comprising a mixture of a liquid oil and one or more inorganic
nanoparticles;

one or more lipids (such as a cationic lipid); and

optionally one or more surfactants.
[0007] One aspect of the invention relates to a nanoemulsion composition
comprising: (i) a plurality of nanoemulsion particles, and (ii) a bioactive agent complexed
with the nanoemulsion particles. Each nanoemulsion particle comprises:

a hydrophobic core comprising a mixture of a liquid oil and one or more inorganic

nanoparticles;

one or more lipids (such as a cationic lipid); and

optionally one or more surfactants.
[0008] Another aspect of the invention relates to a pharmaceutical composition,
comprising the nanoemulsion composition comprising the nanoemulsion particles and the
bioactive agent, as described herein, and optionally, a pharmaceutically acceptable carrier or
excipient.
[0009] Another aspect of the invention relates to a vaccine delivery system
comprising the nanoemulsion composition comprising the nanoemulsion particles and the
bioactive agent, as described herein, and optionally one or more vaccine adjuvants, wherein
the bioactive agent is an antigen or a nucleic acid molecule encoding an antigen.
[0010] Another aspect of the invention relates to a method of delivering a bioactive
agent to a subject, comprising: administering to the subject the nanoemulsion composition
comprising the nanoemulsion particles and the bioactive agent, as described herein.
[0011] Another aspect of the invention relates to a method for generating an immune
response in a subject, comprising: administering to a subject the nanoemulsion composition
comprising the nanoemulsion particles and the bioactive agent, as described herein, and
optionally an adjuvant, wherein the bioactive agent is an antigen or a nucleic acid molecule
encoding an antigen.
[0012] Another aspect of the invention relates to a method of treating or preventing
an infection or disease in a subject, comprising: administering to the subject a therapeutically
effective amount of the nanoemulsion composition comprising the nanoemulsion particles

and the bioactive agent, as described herein, and optionally a pharmaceutically acceptable
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carrier.
[0013] Another aspect of the invention relates to a method of imaging and/or tracking
a bioactive agent delivery in a subject, comprising:

administering to the subject the nanoemulsion composition comprising the
nanoemulsion particles and the bioactive agent, as described herein, wherein the inorganic
nanoparticles contain materials detectable via magnetic resonance imaging, and

detecting the nanoemulsion composition with magnetic resonance imaging.

[0014] Another aspect of the invention relates to a method of making a nanoemulsion
composition, comprising:

(a) mixing one or more inorganic nanoparticles, a liquid oil, one or more lipids (such
as a cationic lipid), and optionally, a hydrophobic surfactant, thereby forming an oil-phase
mixture;

(b) mixing the oil-phase mixture with an aqueous solution, optionally containing a
hydrophilic surfactant, to form nanoemulsion particles; and

(¢) optionally, mixing the nanoemulsion particles with an aqueous solution containing

a bioactive agent, thereby complexing the bioactive agent with the nanoemulsion particles.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] Figures 1A-1C show the particle size and stability of three exemplary lipid
inorganic nanoparticles (LION) formulations at various temperatures as a function time.
Figure 1A shows LIONSs labeled as 79-004 produced in Example 1. Figure 1B shows LIONs
labeled as 79-006-A produced in Example 1. Figure 1C shows LIONs labeled as 79-006-B
produced in Example 1.
[0016] Figure 2 shows the gel electrophoresis of exemplary LION formulations
(LIONs labeled as 79-004, 79-006-A, 79-006-B, and 79-011, respectively, as prepared in
Example 1) complexed with RNA molecules at nitrogen:phosphate (N:P) ratio of 15, as
compared to the naked (unformulated) RNA, demonstrating the ability of the LION
formulations to protect RNA from the action of RNases.
[0017] Figure 1A shows the protein expression in C57BL/6 mice injected
intramuscularly with repRNA-encoding SEAP formulated with an LION formulation (LION
labeled as 79-004, as prepared in Example 1) over a prolonged period of time. Figure 2B
shows the protein expression in C57BL/6 mice injected intramuscularly with repRNA-

encoding SEAP formulated with various LION formulations varying SPIO sizes (LIONs
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labeled as 79-004, 79-006-A, and 79-006-B, respectively, as prepared in Example 1) over
days post injection. Figure 3C shows the protein expression in C57BL/6 mice injected
intramuscularly with repRNA-encoding SEAP formulated with an LION formulation, or with
a nanostructured lipid carrier (NLC) as control, over days post injection. Figure 4D shows
the protein expression in C57BL/6 mice injected intramuscularly with repRNA-encoding
SEAP formulated with an LION formulation at a RNA complex concentration of 400 ng/pl
and 40 ng/pl, respectively, over days post injection. Figure 5E shows the protein expression
in C57BL/6 mice injected intramuscularly with repRNA-encoding SEAP (at 0.5 pg, 2.5 pg,
and 12.5 ug, respectively) formulated with an LION formulation as a function of the N:P
ratio. Data are displayed as mean and SE.

[0018] Figure 4A shows that the antigens expressed from the LION/repRNA complex
(at the dosage levels of 10, 1, and 0.1 pg of srRNA) induced immune response to the
receptor-binding domain of SARS-CoV-2 in C57BL/6 mice. Figure 4B shows the results of
anti-S IgG concentrations in the serum of the C57BL/6 mice injected intramuscularly with
repSARS-CoV2S formulated with various LION formulations varying SPIO size (LION-10,
LION-15, LION-25, LION-5 respectively), determined by anti-Spike enzyme linked
immunosorbent assay (ELISA). Data are displayed as mean and SE; n =5 per group. Figure
4C shows the results of anti-S IgG concentrations in the serum of the C57BL/6 mice injected
intramuscularly with repSARS-CoV2S formulated with various LION formulations by
varying the mixing direction (mixing LION to RNA vs. mixing RNA to LION) and diluent
(1:200 dilution using sucrose (Suc) vs. using dextrose (Dex)), at Day 14 (first bar for each
group) or Day 21 (second bar for each group) after intramuscular injection, determined by
anti-Spike ELISA. Data are displayed as mean and SE; n = 5 per group.

[0019] Figures 6A-5B show the enhancement in T1 (Figure 5A) and T2 (Figure 5B)
relaxation times as a function of iron concentration in LION formulations.

[0020] Figure 6A shows the LION-antibody sequence RNA complex induced ZIKV-
117 antibodies in animals. Animals were bled 7 days after immunization. Figures 6B and 6C
show the magnitude and kinetics of anti-BG505 SOSIP.664 1gG antibodies in adult female
pregnant rabbits immunized by intramuscular route with saline (Figure 6B) or repRNA
encoding BG505 SOSIP.664 trimer formulated with LION (Figure 6C). Figures 6D and 6E
show the magnitude and kinetics of anti-ZIKV E IgG antibodies in adult female pregnant
rabbits immunized by intramuscular route with saline (Figure 6D) or repRNA encoding

ZIKV prM-E antigens formulated with LION (Figure 6E). The shaded region around week 1
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marks the period when rabbits were bred. The shaded region between weeks 6 and 7 marks
the period when kits were delivered. Arrows mark immunization time points (weeks 0, 4 and
11). Figure 6F and 6G show the results for the evaluation of in utero transfer of anti-SOSIP
IgG from rabbit does to rabbit kits. Figure 6F shows anti-SOSIP IgG responses in rabbit kits
at time of delivery. A minimum of two rabbit kits from each litter per treatment group were
euthanized to evaluate in utero antibody transfer. Figure 6G shows the XY plot
demonstrating a positive correlation (Pearson r = 0.94) between antibody levels in rabbit does
and corresponding rabbit kits. Figure 6H and 61 show the vaccine-induced responses in the
context of pre-existing maternal antibodies. Serum anti-SOSIP IgG levels were collected in
rabbit kits 4 weeks post-boost (3 weeks after kits were weaned). The rabbit kits from rabbit
does receiving saline or from rabbit does receiving LION+RNA-prM/E are grouped as
negative (—) for pre-existing maternal antibodies against BG505 SOSIP.664. The rabbit kits
from rabbit does receiving LION+RNA-SOSIP or AddaVax adjuvanted recombinant BG505
SOSIP.664 are grouped as positive (+) for pre-existing maternal antibodies against BG505
SOSIP.664. Ordinary one-way ANOVA and Tukey’s multiple comparisons test was
performed on log10 transformed data. (ns = non significant).

[0021] Figure 7 shows the repRNA-CoV2S characterization in vifro. Figure 7A
shows that codon-optimized full length spike (S) open reading frame, including the S1-, S2-,
transmembrane- (TM), and cytoplasmic- (CD) domains, corresponding to positions 21,536 to
25,384 in SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank: MN908947 3), fused to a c-terminal
v5 epitope tag, was cloned into an alphavirus replicon encoding the 4 nonstructural protein
(nsP1-4) genes of Venezuelan equine encephalitis virus, strain TC-83. Figures 7B and 7C
show the analysis results of cells, 24 hours later following the transfection of repRNA-
COV2S into BHK cells, by anti-vS immunofluorescence (Figure 7B) and western blot
(Figure 7C), using either convalescent human serum or anti-v5 for immunodetection.
Recombinant SARS-CoV2 spike protein (rCoV2-Spike) and repRNA-GFP were used as
positive and negative controls, respectively. Data in Figures 7B and 7C are representative of
two independent experiments.

[0022] Figures 8A-8E show the exemplary Lipid InOrganic Nanoparticle (LION)
formulation of repRNA. Figure 8A is a graphical representation of an exemplary LION and
its formation of vaccine complex after mixing with repRNA. Figure 8B is a graph showing
the time evolution of LION particle size, measured by dynamic light scattering (DLS), after
storage at 4°C, 25°C and 42°C. Figure 8C is a graph showing the confirmation of a complex
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formation by a shift in size distribution, after mixing LION and repRNA. Figure 8D shows
the gel electrophoresis analysis of triplicate preparations of repRNA extracted from LION,
following a concentrated RNase challenge, illustrating substantial protection relative to a
triplicate preparation of a dose-matched naked RNA, following a RNAse challenge. Figure
8E shows the gel electrophoresis of repRNA extracted by phenol-chloroform treatment.
Figure 8F shows the particle size of the complex. Data in Figure 8B, Figure 8E, and Figure
8F are from a single experiment, while data in Figure 8C and Figure 8D are representative of
three independent experiments. Data in Figure 8B, Figure 8D, and Figure 8F are shown as
mean * s.d. of 3 technical replicates.

[0023] Figures 9A-9F show that the LION/repRNA-CoV2S complex induced Th1-
biased and neutralizing antibodies in C57BL/6 mice. Six to eight-week old C57BL/6 mice
(n=5/group) received 10, 1, or 0.1 ug LION/repRNA-CoV2S via the intramuscular route.
Fourteen days after prime immunization, serum was harvested. Figure 9A shows the results
of anti-S IgG concentrations in the serum of the C57BL/6 mice, determined by enzyme
linked immunosorbent assay (ELISA). Figure 9B shows the 50% inhibitory concentrations
(IC50) in the serum of the C57BL/6 mice, determined by pseudovirus (SARS-CoV-2 Wuhan-
Hu-1 pseudotype) neutralization assays. Figure 9C and Figure 9D show the anti-S IgG1 and
IgG2c concentrations (Figure 9C) and the IgG2c:I1gG1 concentration ratio (Figure 9D) in the
serum of the CS7BL/6 mice, determined by ELISA. On day 28, mice received a booster
immunization, and 12 days later, the spleens and lungs were harvested. Figures 9E and 9F
show the results of the IFN-y responses in spleen cells (Figure 9E) and in lung cells (Figure
9F), measured by enzyme-linked immune absorbent spot (ELISpot), following 18-hour
stimulation with 10 peptide pools encompassing the S protein and consisting of 15-mers
overlapping by 11 amino acids. Data in Figure 9A, Figure 9C, and Figure 9D are
representative of three independent experiments, while data in Figure 9B, Figure 9E, and
Figure OF were from a single experiment. All data are represented as individual values as
well as mean + s.d. *p<0.05, as determined by one-way ANOVA with Tukey’s multiple
comparison test.

[0024] Figure 10 shows that the LION/repRNA-CoV2S complex induced Th1-biased
antibodies in aged BALB/C mice. Two-, eight-, or seventeen-month old BALB/C mice (n-
S/group) received 10 or 1 ug LION/repRNA-CoV2S via the intramuscular route. Fourteen
days after prime immunization, serum was harvested. Figures 10A, 10B, and 10C show the

results of the anti-S IgG concentration (Figure 10A), IgG1 concentration and IgG2a
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concentrations (Figure 10B), and the IgG2a:IgG1 concentration ratios (Figure 10C) in the
serum of the aged BALB/C mice, determined by ELISA. Data in 17-, 8-, and 2-month old
BALB/Cs were from a single experiment, and data for the 2-month old BALB/Cs were
replicated in a second experiment. All data are represented as individual values as well as
mean £ s.d. *p<0.05, as determined by one-way ANOVA with Tukey’s multiple comparison
test between the 17-month old animals and either the 8- or 2-month old animals.

[0025] Figures 11A-11D show that a single dose of the LION/repRNA-CoV2S
complex induced neutralizing antibody responses in pigtailed macaques. Figure 11A shows
the dosage regime, in which pigtail macaques were vaccinated with 250 pg (n=3) or with 50
ug (n=2) repRNA-CoV2-S complex via the intramuscular route, with the blood being
collected on days 10, 14, 28, and 42; the 50 ug group received a boost vaccination on day 28,
with the blood being collected 14 days later. Figure 11B shows the results of the serum anti-
S IgG ELISAs performed on the post-immunization samples, against the baseline established
by the pre-immunization blood draws. Figure 11C shows the results of the mean 50%
inhibitory concentrations (IC50) of each sample, determined by the pseudovirus (SARS-
CoV-2 Wuhan-Hu-1 pseudotype) neutralization assays, against the baseline established by
the pre-immunization blood draws. Figure 11D shows that 80% plaque-reduction
neutralizing antibody titers (PRNTsgo) against SARS-CoV2/WA/2020 isolate were measured
at days 28 and 42 alongside sera from 7 convalescent human samples collected from
confirmed COVID-19 patients. The experiment was performed once. Each line in Figure
11B and Figure 11C are representative of each individual animal. Data in Figure 11D are
reported as individual values as well as mean * s.d. *p<0.05, as determined by students t-test
comparing 250 ug groups at days 14 and 28. There was no significant difference (ns)
between mean PRNTg titers in all 5 animals at day 42 and titers in sera from 7 convalescent
humans, as measured by Mann-Whitney U test.

[0026] Figure 12 shows the anti-spike IgG levels in the rabbits injected
intramuscularly with repRNA-SARS-CoV2S (at 250 pg and 10 pg dose level, respectively)
formulated with LION formulation. Rabbits were bled at regular intervals after intramuscular
injection, and protein expression was determined by assaying IgG concentrations by anti-
Spike ELISA. Each point represents data from an individual animal. Data are displayed as
mean and SEM, n = 4 per group.

[0027] Figure 13 A shows the anti-F IgG levels in C57B1/6 and BALB/c mice injected
intramuscularly with 2.5 pg repRNA-RSV complexed with a LION formulation. Figure 13B
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shows the anti-G (A2) IgG levels in C57B1/6 and BALB/c mice injected intramuscularly with
2.5 ng repRNA-RSV complexed with a LION formulation. Blood was collected 28 days
after intramuscular injection, and the serum was prepared and assessed by ELISA. Replicon
number (645 or 646) is indicated in the parentheses. Each point represents data from an
individual animal, with the whiskers representing minimum to maximum, the box
representing the interquartile range and the horizontal bar depicting the median.

[0028] Figure 14A-14B show the binding of PAMP to the LION formulation that
provided protection from RNase challenge. Figure 14A shows the gel electrophoresis
analysis of PAMP-LION complexes at various N:P complexing ratio (0.04, 0.2, 1, 5, and 25,
respectively) run on an RNA gel and was assessed for free RNA. Figure 14B shows the gel
electrophoresis analysis of PAMP-LION complexes, following a challenge with RNase A, as
compared to naked PAMP (unformulated PAMP). RNA was extracted from LION and run
on an agarose gel to assess RNA degradation.

[0029] Figure 15 shows the activation of the IFN-B promoter and IFIT2 measured by
SEAP activity and luciferase activity in the supernatant, respectively, by the PAMP-LION
complex as a function of N:P ratio. Dashed lines represent activation levels of PAMP alone.
[0030] Figures 16A and 16B show the activation of the IFN-B promoter (Figure 16A)
and IFIT2 (Figure 16B) measured by SEAP activity and luciferase activity in the supernatant,
respectively, by the PAMP-LION formulation or Riboxxim-LION formulation, as compared
to unformulated RNA. The dashed lines represent ODs3s readings of media control wells.
Figure 16C shows the activation of the IFIT2 by the Riboxxim-LION formulation, as
compared to unformulated Riboxxim, as a function of the Riboxxim dose level. Figure 16D
shows the dose-dependent induction of innate immune genes in the nasal cavity of treated
mice compared to naive controls. Figure 16E shows the activation of innate immune genes in
the lungs of treated mice. Figure 16F shows that the mice maintained body weight when
being administered the PAMP:LION formulation intranasally for 3 consecutive days.

[0031] Figure 17 shows in vitro protein expression from exemplary RNA:LION
complexes with replicon RNA encoding nLuc, using SPIO (Fe-LION) or TOPO-coated
aluminum oxyhydroxide nanoparticles (Al-LION) as the core of the LION formulation.

DETAILED DESCRIPTION OF THE INVENTION
[0032] This disclosure provides for use of Lipid InOrganic Nanoparticles (LIONs) as

carriers of RNA. In particular, a solid inorganic core in a lipid matrix with a charged coating
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in a buffer is disclosed. The use of these nanoparticles has numerous advantages: RNA can be
complexed independent of the particles, and the particle can be designed to have magnetic
signals, such as useable for MRI or other imaging techniques. RNA is protected by the
particles and they drive expression of numerous types of protein including antigens off of the
protected RNA when given to cells or a living being.
[0033] One aspect of the invention relates to a nanoemulsion composition comprising
a plurality of nanoemulsion particles. Each nanoemulsion particle comprises

a hydrophobic core comprising a mixture of a liquid oil and one or more inorganic
nanoparticles;

one or more lipids (e.g., a cationic lipid); and

optionally one or more surfactants.
[0034] Another aspect of the invention relates to a nanoemulsion composition
comprising: (i) a plurality of nanoemulsion particles, and (ii) a bioactive agent complexed
with the nanoemulsion particles. Each nanoemulsion particle comprises:

a hydrophobic core comprising a mixture of a liquid oil and one or more inorganic

nanoparticles;

one or more lipids (e.g., a cationic lipid); and

optionally one or more surfactants.

The nanoemulsion particles

[0035] The nanoemulsion particle has a hydrophobic core comprising a mixture of a
liquid oil and one or more inorganic solid nanoparticles. The nanoemulsion particle can also
be referred to herein as Lipid InOrganic Nanoparticles (LIONs).

[0036] The liquid oil is mixed with the one or more inorganic nanoparticles to form a
hydrophobic core. The liquid oil is typically metabolizable. Suitable liquid oil can be

a vegetable oil, animal oil, or synthetically prepared oil.

[0037] In some embodiments, the liquid oil is a fish oil. In some embodiments, the
liquid oil is a naturally occurring or synthetic terpenoid.

[0038] In some embodiments, the liquid oil is squalene, triglyceride (such as
capric/caprylic triglyceride or myristic acid triglyceride), vitamin E, lauroyl
polyoxylglyceride, monoacylglycerol, soy lecithin, sunflower oil, soybean oil, olive oil,
grapeseed oil, or a combination thereof. In one embodiment, the liquid oil is squalene,

triglyceride (such as capric/caprylic triglyceride or myristic acid triglyceride), vitamin E,
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lauroyl polyoxylglyceride, monoacylglycerol, soy lecithin, or a combination thereof. In one
embodiment, the liquid oil is squalene, triglyceride (such as capric/caprylic triglyceride or
myristic acid triglyceride), sunflower oil, soybean oil, olive oil, grapeseed oil, or a
combination thereof.

[0039] In some embodiments, the liquid oil is squalene (either naturally occurring or
synthetic, optionally in combination with any of the above listed liquid oils.

[0040] The inorganic nanoparticles may be formed from one or more same or
different metals (any metals including transition metal), such as from metal salts, metal
oxides, metal hydroxides, and metal phosphates. Examples include silicon dioxide (Si102),
iron oxides (Fe304, Fey03, FeO, or combinations thereof), aluminum oxide (Al,03),
aluminum oxyhydroxide (AlIO(OH)), aluminum hydroxyphosphate (Al(OH)x(PO4)y), calcium
phosphate (Ca3(PQ4)2), calcium hydroxyapatite (Cai0(PO4)s(OH),), iron gluconate, or iron
sulfate.

[0041] In some embodiments, the inorganic solid nanoparticle is a metal oxide, such
as a transition metal oxide. In one embodiment, the inorganic solid nanoparticle is an iron
oxide, for instance, magnetite (Fe3O4), maghemite (y-Fe;0s), wiistite (FeO), hematite (a-
Fe203), or combinations thereof.

[0042] In some embodiments, the inorganic solid nanoparticle is a metal hydroxide,
such as an aluminum hydroxide or aluminum oxyhydroxide.

[0043] The inorganic solid nanoparticle may contain a reporter element detectable via
imaging methods to allow for imaging and tracking the resulting nanoemulsion particles in
the body. For instance, the inorganic solid nanoparticle may contain a reporter element
detectable via magnetic resonance imaging (MRI), such as a paramagnetic,
superparamagnetic, ferrimagnetic or ferromagnetic compound. Exemplary inorganic solid
nanoparticle materials that are MRI-detectable are iron oxides, iron gluconates, and iron
sulfates.

[0044] The inorganic solid nanoparticle typically has an average diameter (number
weighted average diameter) ranging from about 3 nm to about 50 nm. For instance, the
inorganic solid nanoparticle can have an average diameter of about 5 nm, about 10 nm, about
15 nm, about 20 nm, about 25 nm, about 30 nm, about 35 nm, about 40 nm, about 45 nm, or
about 50 nm.

[0045] The inorganic solid nanoparticle may be surface modified before mixing with

the liquid oil. For instance, if the surface of the inorganic solid nanoparticle is hydrophilic,
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the inorganic solid nanoparticle may be coated with hydrophobic molecules (or surfactants)
to facilitate the miscibility of the inorganic solid nanoparticle with the liquid oil in the “oil”
phase of the nanoemulsion particle. Phosphate-terminated lipids (such as phosphatidylated
lipids), phosphorous-terminated surfactants, carboxylate-terminated surfactants, sulfate-
terminated surfactants, or amine-terminated surfactants can be used for surface modification
of the inorganic solid nanoparticle. Typical phosphate-terminated lipids or phosphorous-
terminated surfactants are trioctylphosphine oxide (TOPO) or distearyl phosphatidic acid
(DSPA). Typical sulfate-terminated surfactants include but not limited to sodium dodecyl
sulfate (SDS). Typical carboxylate-terminated surfactants include oleic acid. Typical amine
terminated surfactants include oleylamine.

[0046] In one embodiment, the inorganic solid nanoparticle is a metal oxide such as
an iron oxide, and a surfactant, such as oleic acid, oleylamine, SDS, DSPA, or TOPO, is used
to coat the inorganic solid nanoparticle, before it is mixed with the liquid oil to form the
hydrophobic core.

[0047] In one embodiment, the inorganic solid nanoparticle is a metal hydroxide,
such as an aluminum hydroxide or aluminum oxyhydroxide, and a phosphate-terminated lipid
or a surfactant, such as oleic acid, oleylamine, SDS, TOPO or DSPA is used to coat the
inorganic solid nanoparticle, before it is mixed with the liquid oil to form the hydrophobic
core.

[0048] The lipids used to form nanoemulsion particles can be cationic lipids, anionic
lipids, neutral lipids, or mixtures thereof.

[0049] In some embodiments, the lipids used are cationic lipids. For example,
positively charged lipids that can have favorable interactions with negatively charged
bioactive agent (such as DNAs or RNAs) may be used in the nanoemulsion composition.
Suitable cationic lipids include 1,2-dioleoyloxy-3-(trimethylammonium)propane (DOTAP);
3B-[N— (N',N'-dimethylaminoethane)-carbamoylcholesterol (DC Cholesterol);
dimethyldioctadecylammonium (DDA); 1,2-dimyristoyl-3-trimethylammoniumpropane
(DMTAP), dipalmitoyl(C16:0)trimethyl ammonium propane (DPTAP);
distearoyltrimethylammonium propane (DSTAP); N-[1-(2,3- dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA); N,N-dioleoyl-N,N- dimethylammonium chloride
(DODAC); 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (DOEPC); 1,2-dioleoyl-3-
dimethylammonium-propane (DODAP); and 1,2- dilinoleyloxy-3-dimethylaminopropane
(DLinDMA); 1,1°-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl) (2-
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hydroxydodecyl)amino)ethyl)piperazin-1-yl)ethyl)azanediyl)bis(dodecan-2-ol) (C12-200);
and combinations thereof. A typical cationic lipid is DOTAP.

[0050] Other examples for suitable lipids include, but are not limited to, the
phosphatidylcholines (PCs), such as distearoylphosphatidylcholine (DSPC), dioleoyl
phosphatidylcholine (DOPC), 1-palmitoyl-2-oleoylphosphatidylcholine (POPC),
dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylcholine (DMPC), etc,;
phosphatidylethanolamines (PEs), such as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE), dioleoylphosphatidylethanolamine (DOPE), etc.; phosphatidylglycerol (PGs); and
PEGylated lipids including PEGylated version of any of the above lipids (e.g., DSPE-PEGs).
[0051] The nanoemulsion particle can further contain one or more surfactants, which
can be a hydrophobic surfactant or a hydrophilic surfactant. In some embodiments, the
nanoemulsion particle further comprises a hydrophobic surfactant. In some embodiments,
the nanoemulsion particle further comprises a hydrophilic surfactant. In one embodiment, the
nanoemulsion particle further comprises a hydrophobic surfactant and a hydrophilic
surfactant.

[0052] Suitable hydrophobic surfactants include those having a hydrophilic-lipophilic
balance (HLB) value of 10 or less, for instance, 5 or less, from 1 to 5, or from 4 to 5. An
exemplary hydrophobic surfactant is a sorbitan ester (such as sorbitan monoester or sorbitan
trimester). For instance, the hydrophobic surfactant can be a sorbitan ester having a HL.B
value from 1 to 5, or from 4 to 5.

[0053] In some embodiments, the hydrophobic surfactant is a sorbitan monoester or a
sorbitan triester. Exemplary sorbitan monoesters include sorbitan monostearate and sorbitan
monooleate. Exemplary sorbitan triesters include sorbitan tristearate and sorbitan trioleate.
[0054] Suitable hydrophilic surfactants include those polyethylene oxide-based
surfactants, for instance, a polyoxyethylene sorbitan ester (polysorbate). In some
embodiments, the hydrophilic surfactant is a polysorbate. Exemplary polysorbates are
polysorbate 80 (polyoxyethylene sorbitan monooleate, or Tween 80), polysorbate 60
(polyoxyethylene sorbitan monostearate, or Tween 60), polysorbate 40 (polyoxyethylene
sorbitan monopalmitate, or Tween 40), and polysorbate 20 (polyoxyethylene sorbitan
monolaurate, or Tween 20). In one embodiment, the hydrophilic surfactant is polysorbate
80.

[0055] The nanoemulsion particle can have an oil-to-surfactant molar ratio ranging

from about 0.1:1 to about 20:1, from about 0.5:1 to about 12:1, from about 0.5:1 to about 9:1,
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from about 0.5:1 to about 5:1, from about 0.5:1 to about 3:1, or from about 0.5:1 to about
1:1.
[0056] The nanoemulsion particle can have a hydrophilic surfactant-to-lipid (e.g.,
cationic lipid) ratio ranging from about 0.1:1 to about 2:1, from about 0.2:1 to about 1.5:1,
from about 0.3:1 to about 1:1, from about 0.5:1 to about 1:1, or from about 0.6:1 to about
1:1.
[0057] The nanoemulsion particle can have a hydrophobic surfactant-to-lipid (e.g.,
cationic lipid) ratio ranging from about 0.1:1 to about 5:1, from about 0.2:1 to about 3:1, from
about 0.3:1 to about 2:1, from about 0.5:1 to about 2:1, or from about 1:1 to about 2:1.
[0058] The nanoemulsion particle can comprise from about 0.2% to about 40% w/v
liquid oil, from about 0.001% to about 10% w/v inorganic solid nanoparticle, from about
0.2% to about 10% w/v lipid (e.g., cationic lipid), from about 0.25% to about 5% w/v
hydrophobic surfactant (e.g., sorbitan ester), and from about 0.5% to about 10% w/v
hydrophilic surfactant.
[0059] In certain embodiments, the nanoemulsion particle comprises:
a hydrophobic core comprising a mixture of’
one or more inorganic nanoparticles containing at least one metal oxide
nanoparticle optionally coated with a phosphate-terminated lipid, a
phosphorous-terminated surfactant, a carboxylate-terminated surfactant, a
sulfate-terminated surfactant, or an amine-terminated surfactant, and
a liquid oil containing naturally occurring or synthetic squalene;
a cationic lipid comprising DOTAP;
a hydrophobic surfactant comprising a sorbitan ester selected from the group
consisting of sorbitan monostearate, sorbitan monooleate, and sorbitan trioleate; and
a hydrophilic surfactant comprising a polysorbate.
[0060] In one embodiment, the nanoemulsion particle comprises:
a hydrophobic core comprising a mixture of:
one or more inorganic nanoparticles containing iron oxide
nanoparticles, and
a liquid oil containing naturally occurring or synthetic squalene;
the cationic lipid DOTAP;
a hydrophobic surfactant comprising sorbitan monostearate; and

a hydrophilic surfactant comprising polysorbate 80.
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[0061] In this LION composition, the LION particle can comprise from about 0.2% to
about 40% w/v squalene, from about 0.001% to about 10% w/v iron oxide nanoparticles,
from about 0.2% to about 10 % w/v DOTAP, from about 0.25% to about 5% w/v sorbitan
monostearate, and from about 0.5% to about 10% w/v polysorbate 80.
[0062] In one embodiment, the LION particle comprises from about 2% to about 6%
w/v squalene, from about 0.01% to about 1% w/v iron oxide nanoparticles, from about 0.2%
to about 1 % w/v DOTAP, from about 0.25% to about 1% w/v sorbitan monostearate, and
from about 0.5%) to about 5% w/v polysorbate 80.
[0063] In certain embodiments, the nanoemulsion particle comprises:
a hydrophobic core comprising a mixture of:
one or more inorganic nanoparticles containing at least one metal
hydroxide or oxyhydroxide nanoparticle optionally coated with a phosphate-
terminated lipid, a phosphorous-terminated surfactant, a carboxylate-
terminated surfactant, a sulfate-terminated surfactant, or an amine-terminated
surfactant, and
a liquid oil containing naturally occurring or synthetic squalene;
a cationic lipid comprising DOTAP;
a hydrophobic surfactant comprising a sorbitan ester selected from the group
consisting of sorbitan monostearate, sorbitan monooleate, and sorbitan trioleate; and
a hydrophilic surfactant comprising a polysorbate.
[0064] In one embodiment, the nanoemulsion particle comprises:
a hydrophobic core comprising a mixture of’
one or more inorganic nanoparticles containing aluminum hydroxide or
aluminum oxyhydroxide nanoparticles optionally coated with TOPQO, and
a liquid oil containing naturally occurring or synthetic squalene;
the cationic lipid DOTAP;
a hydrophobic surfactant comprising sorbitan monostearate; and
a hydrophilic surfactant comprising polysorbate 80.
[0065] In this LION composition, the LION particle can comprise from about 0.2% to
about 40% w/v squalene, from about 0.001% to about 10% w/v aluminum hydroxide or
aluminum oxyhydroxide nanoparticles, from about 0.2% to about 10 % w/v DOTAP, from
about 0.25% to about 5% w/v sorbitan monostearate, and from about 0.5% to about 10% w/v

polysorbate 80.
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[0066] In one embodiment, the LION particle comprises from about 2% to about 6%
w/v squalene, from about 0.01% to about 1% w/v aluminum hydroxide or aluminum
oxyhydroxide nanoparticles, from about 0.2% to about 1 % w/v DOTAP, from about 0.25%
to about 1% w/v sorbitan monostearate, and from about 0.5%) to about 5% w/v polysorbate
80.

[0067] Nanoparticles and nanoemulsions have been described in the literature and the
terms are used herein to refer to those particles having a size less than 1000 nanometers.
[0068] The nanoemulsion particle (LION) typically has an average diameter (z-
average hydrodynamic diameter, measured by dynamic light scattering) ranging from about
20 nm to about 200 nm. In some embodiments, the z-average diameter of the LION particle
ranges from about 20 nm to about 150 nm, from about 20 nm to about 100 nm, from about 20
nm to about 80 nm, from about 20 nm to about 60 nm. In some embodiments, the z-average
diameter of the LION particle ranges from about 40 nm to about 200 nm, from about 40 nm
to about 150 nm, from about 40 nm to about 100 nm, from about 40 nm to about 90 nm, from
about 40 nm to about 80 nm, or from about 40 nm to about 60 nm. In one embodiment, the z-
average diameter of the LION particle is from about 40 nm to about 80 nm. In one
embodiment, the z-average diameter of the LION particle is from about 40 nm to about 60
nm.

[0069] The average polydispersity index (PDI) of the nanoemulsion particles (LIONs)
can range from about 0.1 to about 0.5. For instance, the average PDI of the LION particles
can range from about 0.2 to about 0.5, from about 0.1 to about 0.4, from about 0.2 to about

0.4, from about 0.2 to about 0.3, or from about 0.1 to about 0.3.

The LION-bioactive agent complex.

[0070] The nanoemulsion composition can further contain a bioactive agent that is
associated/complexed with the nanoemulsion particles (LIONs). The bioactive agent may be
associated/complexed with the nanoemulsion particles via non-covalent interactions or via
reversible covalent interactions.

[0071] The bioactive agent can be a protein or a bioactive agent encoding a

protein. For instance, the bioactive agent can be a protein antigen or a bioactive agent
encoding a protein antigen. The antigen can be derived from, or immunologically cross-
reactive with, an infectious pathogen and/or an epitope, biomolecule, cell or tissue that is

associated with infection, cancer, or autoimmune disease.
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[0072] In some embodiments, the bioactive agent is a nucleic acid, such as a RNA or
DNA. A variety of RNAs can be associated with the LION particles for delivery, including
RNAs that modulate innate immune responses, RNAs that encode proteins or antigens,
silencing RNAs, microRNAs, tRNAs, self-replicating RNAs, etc.

[0073] In one embodiment, the bioactive agent is mRNA. In one embodiment, the
bioactive agent is oncolytic viral RNA. In one embodiment, the bioactive agent is a replicon
RNA.

[0100] In certain embodiments, the bioactive agent is an RNA encoding an antigen or
an antibody. The antigen may be derived from a bacterial disease, a viral disease, a
protozoan disease, a non-communicable disease, cancer, or an autoimmune disease. In
certain embodiments, the antigen is derived from a RNA virus, such as a hepatitis virus, a
corona virus, a mosquito-borne virus (e.g., Venezuelan equine encephalitis (VEE) virus, or
flavivirus such as ZIKV virus), or a HIV virus. In certain embodiments, the antigen is
derived from a corona virus selected from the group consisting a MERS virus and a SARS
virus (such as SARS-CoV-2).

[0074] In certain embodiments, the bioactive agent is a non-coding RNA.

[0075] The bioactive agent can also be an adjuvant. Suitable adjuvants include a
TLR agonist, a RIG-I agonist, a saponin, a peptide, a protein, a carbohydrate, a carbohydrate
polymer, a conjugated carbohydrate, a whole viral particle, a virus-like particle, viral
fragments, cellular fragments, and combinations thereof.

[0076] In certain embodiments, the adjuvant is a TLR agonist or a RIG-I

agonist. Exemplary TLR agonists include a TLR2, TLR3, TLR4, TLR7, TLR8, or TLR9
agonist. A typical TLR agonist is a TLR3 agonist, such as RIBOXXOL, poly(LC), or
Hiltonol®.

[0077] In certain embodiments, the bioactive agent is a double-stranded RNA.

[0078] In certain embodiments, the bioactive agent is an RNA that is an immune
stimulator. The immune stimulators can be a TLR3 agonist (e.g., a TLR2, TLR3, TLR4,
TLR7, TLRS, or TLRY agonist) or a RIG-I agonist (e.g., a PAMP). A typical TLR agonist is
a TLR3 agonist, such as RIBOXXOL, poly(LC), or Hiltonol®.

[0079] As an alternative to, or in addition to the delivery of RNAs as antigens,
combinations can be used, e.g., RNA antigens combined with RNAs that stimulate innate
immune responses, or RNAs that launch oncolytic viruses, or live-attenuated viruses.

[0080] In certain embodiments, the bioactive agent in the nanoemulsion composition
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can comprise a combination of RNA-encoded antigens with another RNA that can stimulate
innate immune responses or can launch oncolytic viruses or live-attenuated viruses.
Alternatively, the nanoemulsion composition containing RNA-encoded antigens can be
combined with a formulation that contains another RNA that can stimulate innate immune
responses or can launch oncolytic viruses or live-attenuated viruses.

[0081] In the nanoemulsion composition, the molar ratio of (i) the nanoemulsion
particles (LIONSs) to (ii) the bioactive agent can be characterized by the nitrogen-to-phosphate
molar ratio, which can range from about 0.01:1 to about 1000:1, for instance, from about
0.2:1 to about 500:1, from about 0.5:1 to about 150:1, from about 1:1 to about 150:1, from
about 1:1 to about 125:1, from about 1:1 to about 100:1, from about 1:1 to about 50:1, from
about 1:1 to about 50:1, from about 5:1 to about 50:1, from about 5:1 to about 25:1, or from
about 10:1 to about 20:1. A molar ratio of the nanoemulsion particles (LIONS) to the
bioactive agent can be chosen to increase the delivery efficiency of the bioactive agent,
increase the ability of the bioactive agent-carrying nanoemulsion composition to elicit an
immune response to the antigen, increase the ability of the bioactive agent-carrying
nanoemulsion composition to elicit the production of antibody titers to the antigen in a
subject. In certain embodiments, the molar ratio of the nanoemulsion particles (LIONs) to
the bioactive agent, characterized by the nitrogen-to-phosphate (N:P) molar ratio, ranges
from about 1:1 to about 150:1, from about 5:1 to about 25:1, or from about 10:1 to about
20:1. In one embodiment, the N:P molar ratio of the nanoemulsion composition is about
15:1.

[0082] By complexing with the bioactive agent, the nanoemulsion composition can
deliver the bioactive agent to a cell. The cell can be in a subject in need. For instance, when
the bioactive agent is a protein antigen or encodes a protein antigen, the nanoemulsion
composition carrying the bioactive agent can elicit an immune response in the subject against
the antigen. The nanoemulsion composition may do so by eliciting antibody titers to the
antigen in the subject, for instance, by inducing neutralizing antibody titers in the subject.
[0083] In one embodiment, the nanoemulsion composition containing the LIONS,
when administered in an effective amount to the subject, can elicit an immune response to the
antigen equal to or greater than the immune response elicited when the bioactive agent is
administered to the subject without the LIONS.

[0084] Without being bound by theory, the hydrophobic surfactants in the

nanoemulsion composition may contribute to increase the ability of the nanoemulsion
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composition to deliver a bioactive agent to the cell or to increase the ability of the
nanoemulsion composition carrying a bioactive agent to elicit an immune response in the
subject against the antigen (when the bioactive agent is a protein antigen or encodes a protein
antigen). For instance, the hydrophobic surfactants in the nanoemulsion composition may
contribute to increase the ability of the nanoemulsion composition carrying a bioactive agent
[0085] In one embodiment, the hydrophobic surfactant is a sorbitan ester and is
present in an amount sufficient to increase the ability of the nanoemulsion composition to
deliver a bioactive agent to the cell (or to the subject), as compared to a same nanoemulsion
composition, but without the sorbitan ester hydrophobic surfactant.

[0086] In one embodiment, the hydrophobic surfactant is a sorbitan ester and is
present in an amount sufficient to increase the ability of the bioactive agent-carrying
nanoemulsion composition to elicit an immune response to the antigen, as compared to a
same nanoemulsion composition, but without the sorbitan ester hydrophobic surfactant.
[0087] In one embodiment, the hydrophobic surfactant is a sorbitan ester and, when
administered in an effective amount to the subject, the nanoemulsion composition elicits
antibody titers to the antigen at a higher level than the antibody titers elicited when a same
nanoemulsion composition (but without the sorbitan ester hydrophobic surfactant) is
administered to the subject.

[0088] In one embodiment, the hydrophobic surfactant is a sorbitan ester and, when
administered in an effective amount to the subject, the nanoemulsion composition induces
neutralizing antibody titers in the subject at a higher level than the neutralizing antibody titers
induced when a same nanoemulsion composition (but without the sorbitan ester hydrophobic

surfactant) is administered to the subject.

Preparing the nanoemulsion composition
[0089] Another aspect of the invention relates to a method of making a nanoemulsion
composition, comprising;

(a) mixing one or more inorganic nanoparticles, a liquid oil, one or more lipids (e.g., a
cationic lipid), and optionally, a hydrophobic surfactant, thereby forming an oil phase
mixture; and

(b) mixing the oil-phase mixture with an aqueous solution, optionally containing a
hydrophilic surfactant, to form nanoemulsion particles.

[0090] The method can further comprise step (¢) mixing the nanoemulsion particles
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with an aqueous solution containing a bioactive agent, thereby complexing the bioactive
agent with the nanoemulsion particles.

[0091] The bioactive agent may be associated/complexed with the nanoemulsion
particles via non-covalent interactions or via reversible covalent interactions.

[0092] All above descriptions and all embodiments regarding the nanoemulsion
composition, nanoemulsion particles (including liquid oil, inorganic nanoparticles, lipid such
as cationic lipid, hydrophobic surfactant, and hydrophilic surfactant), and bioactive agents
discussed above in the aspect of the invention relating to the nanoemulsion composition
comprising the nanoemulsion particles and in the aspect of the invention relating to the
nanoemulsion composition comprising the nanoemulsion particles and a bioactive agent are
applicable to this aspect of the invention.

[0093] The resulting nanoemulsion composition can be prepared in a diluted or
concentrated form.

[0094] In certain embodiments, the nanoemulsion composition may be diluted (by
any suitable buffer solutions) to about 1 to about 200 fold, for instance, about 1 to about 100
fold, about 2 to about 50 fold, about 2 to about 30 fold, about 2 to about 20 fold, about 2 to
about 10 fold, about 2 to about 5 fold. In one embodiments, the nanoemulsion composition is
diluted in 2 fold.

[0095] In certain embodiments, the nanoemulsion composition may be concentrated
about 1 to about 100 fold, for instance, about 2 to about 50 fold, about 2 to about 30 fold,
about 2 to about 20 fold, about 2 to about 10 fold, about 2 to about 5 fold.

[0096] The nanoemulsion composition can have a loading capacity for the bioactive
agent (e.g., a nucleic acid such as RNA or DNA) of at least about 100 ug/ml.

[0097] The dosage level of the bioactive agent (e.g., a nucleic acid such as RNA or
DNA) in the nanoemulsion composition can range from about 0.001 pg/ml to about 1000
ug/ml, for instance, from about 0.002 pug/ml to about 500 png/ml, from about 1 pg/ml to about
500 ug /ml, from about 2 pg/ml to about 400 ug/ml, from about 40 pug/ml to about 400
pg/ml, or from about 10 pg/ml to about 250 pg/ml.

Use of the nanoemulsion composition
[0098] Various aspects the invention also relate to the use of the nanoemulsion
composition comprising the nanoemulsion particles and the bioactive agent, including, for

instance, in a pharmaceutical composition, as a vaccine delivery system, in delivering a
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bioactive agent to a cell or a subject, generating an immune response in a subject, and treating
a subject in need.

[0099] In one aspect, the invention provides a pharmaceutical composition
comprising the nanoemulsion composition comprising the nanoemulsion particles and the
bioactive agent, as described herein. Optionally, the pharmaceutical composition can
comprise a pharmaceutically acceptable carrier or excipient. As used herein the term
“pharmaceutically acceptable carrier or excipient” includes solvents, dispersion media,
coatings, antibacterial and antifungal agents, isotonic and absorption delaying agents, etc.,
compatible with pharmaceutical administration.

[0100] In another aspect, the invention provides a vaccine delivery system comprising
the nanoemulsion composition comprising the nanoemulsion particles and the bioactive
agent, as described herein, and optionally one or more vaccine adjuvant, wherein the
bioactive agent is an antigen or a nucleic acid molecule encoding an antigen.

[0101] All above descriptions and all embodiments regarding the nanoemulsion
composition, nanoemulsion particles (including liquid oil, inorganic nanoparticles, lipid such
as cationic lipid, hydrophobic surfactant, and hydrophilic surfactant), bioactive agents, and
preparation of the nanoemulsion composition discussed above in the aspect of the invention
relating to the nanoemulsion composition comprising the nanoemulsion particles, in the
aspect of the invention relating to the nanoemulsion composition comprising the
nanoemulsion particles and a bioactive agent, and in the aspect of the invention relating to the
method of making a nanoemulsion composition are applicable to these two aspects of the
invention relating to the pharmaceutical composition and the vaccine delivery system.

[0102] The pharmaceutical composition and the vaccine delivery system can be
formulated for various administrative routes, including oral administration, or parenteral
administration, such as intravenous, intramuscular, intradermal, subcutaneous, intraocular,
intranasal, pulmonary (e.g., by inhalation) intraperitoneal, or intrarectal administration.
[0103] In one embodiment, the delivery route is pulmonary delivery (e.g., to lung),
which can be achieved by different approaches, including the use of nebulized, aerosolized,
micellular, or dry powder-based formulations. In one embodiment, the pharmaceutical
composition or the vaccine delivery system are formulated to be administrated in liquid
nebulizers, aerosol-based inhalers, and/or dry powder dispersion devices.

[0104] One aspect of the invention relates to a method of delivering a bioactive agent

to a cell, comprising: contacting the cell with the nanoemulsion composition comprising the
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nanoemulsion particles and the bioactive agent, as described herein.

[0105] One aspect of the invention relates to a method of delivering a bioactive agent
to a subject, comprising: administering to the subject the nanoemulsion composition
comprising the nanoemulsion particles and the bioactive agent, as described herein.

[0106] All above descriptions and all embodiments regarding the nanoemulsion
composition, nanoemulsion particles (including liquid oil, inorganic nanoparticles, lipid such
as cationic lipid, hydrophobic surfactant, and hydrophilic surfactant), bioactive agents, and
preparation of the nanoemulsion composition discussed above in the aspect of the invention
relating to the nanoemulsion composition comprising the nanoemulsion particles, in the
aspect of the invention relating to the nanoemulsion composition comprising the
nanoemulsion particles and a bioactive agent, and in the aspect of the invention relating to the
method of making a nanoemulsion composition are applicable to these two aspects of the
invention relating to the method of delivering a bioactive agent.

[0107] The ability and efficiency of the delivery of the bioactive agent by the
nanoemulsion particles to a cell or a subject can be controlled by adjusting the components of
the nanoemulsion particles, selecting the molar ratio of the nanoemulsion particles (LIONs)
to the bioactive agent, and/or selecting the dosage of the bioactive agent, as described herein.
[0108] One aspect of the invention relates to a method for generating an immune
response in a subject, comprising: administering to a subject the nanoemulsion composition
comprising the nanoemulsion particles and the bioactive agent, as described herein, and
optionally an adjuvant, wherein the bioactive agent is an antigen or a nucleic acid molecule
encoding an antigen.

[0109] One aspect of the invention relates to a method of generating an immune
response in a subject, comprising:

(a) administering to the subject a therapeutically effective amount of an oncolytic
virus encoding a protein antigen, and,;

(b) administering to the subject a therapeutically effective amount of the
nanoemulsion composition comprising the nanoemulsion particles and the bioactive agent, as
described herein, and optionally an adjuvant, wherein the bioactive agent is the protein
antigen or a nucleic acid molecule encoding the protein antigen.

[0110] All above descriptions and all embodiments regarding the nanoemulsion
composition, nanoemulsion particles (including liquid oil, inorganic nanoparticles, lipid such

as cationic lipid, hydrophobic surfactant, and hydrophilic surfactant), bioactive agents,
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preparation of the nanoemulsion composition, pharmaceutical composition, and vaccine
delivery system discussed above in the aspects of the invention relating to the nanoemulsion
composition comprising the nanoemulsion particles, relating to the nanoemulsion
composition comprising the nanoemulsion particles and a bioactive agent, relating to the
method of making a nanoemulsion composition, relating to the pharmaceutical composition,
and relating to the vaccine delivery system are applicable to these two aspects of the
invention relating to the method of generating an immune response.

[0111] The administrative routes in these methods are the same as those described
above for administrating the pharmaceutical composition and the vaccine delivery system.
[0112] The administration of (a) step and the administration of (b) step can occur
simultaneously. Alternatively, the administration of (a) step and the administration of (b)
step can occur at least 1 week, at least 2 weeks, at least 3 weeks, at least 1 month, at least 6
weeks, at least two months, at least three months, at least 6 months, or at least 1 year apart.
[0113] One aspect of the invention also relates to a method of treating or preventing
an infection or disease in a subject, comprising: administering to the subject a therapeutically
effective amount of the nanoemulsion composition comprising the nanoemulsion particles
and the bioactive agent, as described herein, and optionally a pharmaceutically acceptable
carrier.

[0114] All above descriptions and all embodiments regarding the nanoemulsion
composition, nanoemulsion particles (including liquid oil, inorganic nanoparticles, lipid such
as cationic lipid, hydrophobic surfactant, and hydrophilic surfactant), bioactive agents,
preparation of the nanoemulsion composition, pharmaceutical composition, and vaccine
delivery system discussed above in the aspects of the invention relating to the nanoemulsion
composition comprising the nanoemulsion particles, relating to the nanoemulsion
composition comprising the nanoemulsion particles and a bioactive agent, relating to the
method of making a nanoemulsion composition, relating to the pharmaceutical composition,
and relating to the vaccine delivery system are applicable to this aspect of the invention
relating to the method of treating or preventing an infection or disease.

[0115] The administrative routes in these methods are the same as those described
above for administrating the pharmaceutical composition and the vaccine delivery system.
[0116] The infection or disease to be treated may be a bacterial infection/disease, a
viral infection/disease, a protozoan disease, a non-communicable disease, cancer, or an

autoimmune disease. In some embodiments, the infection/disease is a viral infection/disease
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caused by an RNA virus. The RNA virus can be a hepatitis virus, a corona virus, a mosquito-
borne virus (e.g., Venezuelan equine encephalitis (VEE) virus, or flavivirus such as ZIKV
virus), or HIV. To prevent or treat these diseases, the bioactive agent in the nanoemulsion
composition can be an antigen or a nucleic acid molecule encoding an antigen derived from a
corona virus genome.
[0117] In certain embodiments, the RNA virus is a corona virus selected from the
group consisting a MERS virus and a SARS virus. In one embodiment, the SARS virus is
SARS-CoV-2.
[0118] In some embodiments, the method relates to treating or preventing a corona
virus (such as SARS-CoV-2, “COVID-19”) in a subject, and the method comprises:

administering to the subject a therapeutically effective amount of the nanoemulsion
composition comprising the nanoemulsion particles and the bioactive agent, and optionally an
adjuvant, wherein the bioactive agent is: an RNA that is an innate agonist, or an antigen or a
nucleic acid molecule encoding an antigen derived from a corona virus genome (e.g., the
SARS-CoV-2 genome).
[0119] In certain embodiments, the bioactive agent is an RNA that is an innate
agonist. In one embodiment, the RNA is a RIG-I agonist, such as a PAMP. In one
embodiment, the RNA is a TLR3 agonist, such as RIBOXXOL, poly(LC), or Hiltonol®.
[0120] In certain embodiments, the bioactive agent is an RNA encoding an antigen
derived from the corona virus genome (e.g., the SARS-CoV-2 genome). In one embodiment,
the RNA is self-replicating. In one embodiment, the RNA encodes all or a portion of the
spike “S” protein.
[0121] As discussed above, the inorganic solid nanoparticles, when containing a
reporter element detectable via imaging methods, the resulting nanoemulsion particles can be
imaged and tracked after the nanoemulsion particles are administered in the body. For
instance, the inorganic solid nanoparticle may contain a reporter element detectable via
magnetic resonance imaging (MRI), such as a paramagnetic, superparamagnetic,
ferrimagnetic or ferromagnetic compound.
[0122] Accordingly, one aspect of the invention also relates to a method of imaging
and/or tracking a bioactive agent delivery in a subject, comprising:

administering to the subject the nanoemulsion composition comprising the
nanoemulsion particles and the bioactive agent, as described herein, wherein the inorganic

nanoparticles contain materials detectable via magnetic resonance imaging, and
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detecting the nanoemulsion composition with magnetic resonance imaging.
[0123] In one embodiment, the inorganic solid nanoparticle materials that are MRI-
detectable are iron oxides, iron gluconates, and iron sulfates.
[0124] All above descriptions and all embodiments regarding the nanoemulsion
composition, nanoemulsion particles (including liquid oil, inorganic nanoparticles, lipid such
as cationic lipid, hydrophobic surfactant, and hydrophilic surfactant), bioactive agents,
preparation of the nanoemulsion composition, pharmaceutical composition, and vaccine
delivery system discussed above in the aspects of the invention relating to the nanoemulsion
composition comprising the nanoemulsion particles, relating to the nanoemulsion
composition comprising the nanoemulsion particles and a bioactive agent, relating to the
method of making a nanoemulsion composition, relating to the pharmaceutical composition,
and relating to the vaccine delivery system are applicable to this aspect of the invention
relating to the method of imaging and/or tracking a bioactive agent delivery.
[0125] The imaging applications of the nanoemulsion compositions are very useful as
they allow for real-time tracking the delivery of the bioactive agent by the nanoemulsion
compositions (LION particles) in the subject. LIONs therefore not only can deliver the
therapy, but also can self-report/tracking the disease and treatment through imaging.
[0126] The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form
part of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein. In case of conflict, the present
specification, including explanations of terms, will control. In addition, all the materials,

methods, and examples are illustrative and not intended to be limiting.

EXAMPLES
[0127] The following examples are for illustrative purposes only and are not intended

to limit, in any way, the scope of the present invention.

Example 1. General Production Techniques and Materials Employed in the Examples
Materials.
[0128] The following materials were used in the manufacturing of lipid-inorganic

nanoparticles (LIONs). Iron oxide nanoparticles at 25 mgFe/ml in chloroform and of various
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average diameters (5, 10, 15, 20, 25 and 30 nm) were purchased from Ocean Nanotech (San
Diego, CA). Squalene and Span® 60 (sorbitan monostearate) were purchased from Millipore
Sigma. Tween® 80 (polyethylene glycol sorbitan monooleate) and sodium citrate dihydrate
were purchased from Fisher Chemical. The chloride salt of the cationic lipid 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP chloride) was purchased from Corden Pharma.
Ultrapure water (18.2 MOhm-cm resistivity) was obtained from a Milli-Q water purification

system (Millipore Sigma).

Production of lipid inorganic nanoparticles (LIONs) labeled as 79-004.

[0129] These LIONs comprise 37.5 mg/ml squalene, 37 mg/ml Span® 60, 37 mg/ml
Tween® 80, 30 mg/ml DOTAP chloride, 0.1 mg/ml 10 nm iron oxide nanoparticles and 10
mM sodium citrate dihydrate. The LIONs were manufactured using the following
procedures.

[0130] In a 200 ml beaker, 0.4 ml of iron oxide nanoparticles at 25 mgFe/ml in
chloroform, with a number-weighted average diameter of 10 nm, were added. Chloroform
was allowed to evaporate in a fume hood leaving behind a dry coating of iron oxide
nanoparticles. To the iron oxide nanoparticles, 3.7 grams of Span® 60, 3.75 grams of
squalene, and 3 grams of DOTAP chloride were added to prepare the “oil” phase. The oil
phase was sonicated 30 minutes in a water bath pre-heated to 60° C. Separately, in a 1 liter
glass bottle, the “aqueous” phase was prepared by adding 39 grams of Tween® 80 to 1,000
ml 10 mM sodium citrate dihydrate solution prepared with Milli-Q water. The aqueous phase
was stirred for 30 minutes to allow complete dissolution of Tween® 80. After complete
dissolution of Tween® 80, 96 ml of the aqueous phase was transferred to a 200 ml beaker
and incubated in a water bath pre-heated to 60° C. To the heated oil phase, 96 ml of the pre-
heated aqueous phase was added. The mixture was immediately emulsified using a VWR®
200 homogenizer (VWR International) until a homogenous colloid with a milk-like
appearance was produced. The colloid was subsequently processed by passaging the fluid
through a Y-type interaction chamber of a LM 10 microfluidizer at 20,000 psi. The fluid was
passaged until the z-average hydrodynamic diameter, measured by dynamic light scattering
(Malvern Zetasizer Nano S), was 54 nm with a 0.2 polydispersity index. The microfluidized
LION sample was terminally filtered with a 200 nm pore-size polyethersulfone (PES) syringe
filter.
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Production of lipid inorganic nanoparticles (LIONs) labeled as 79-006-A.

[0131] These LIONs comprise 37.5 mg/ml squalene, 37 mg/ml Span® 60, 37 mg/ml
Tween® 80, 30 mg/ml DOTAP chloride, 0.2 mg/ml 15 nm iron oxide nanoparticles, and 10
mM sodium citrate dihydrate. The LIONs were manufactured using the following
procedures.

[0132] In a 200 ml beaker, 0.8 ml of iron oxide nanoparticles at 25 mgFe/ml in
chloroform, with a number-weighted average diameter of 15 nm, was added. Chloroform
was allowed to evaporate in a fume hood leaving behind a dry coating of iron oxide
nanoparticles. To the iron oxide nanoparticles, 3.7 grams of Span® 60, 3.75 grams of
squalene, and 3 grams of DOTAP chloride were added to prepare the “oil” phase. The oil
phase was sonicated 30 minutes in a water bath pre-heated to 60° C. Separately, in a 1 liter
glass bottle, the “aqueous” phase was prepared by adding 39 grams of Tween® 80 to 1,000
ml of 10 mM sodium citrate dihydrate solution prepared with Milli-Q water. The aqueous
phase was stirred for 30 minutes to allow complete dissolution of Tween® 80. After
complete dissolution of Tween® 80, 96 ml of the aqueous phase was transferred to a 200 ml
beaker and incubated in a water bath pre-heated to 60° C. To the heated oil phase, 96 ml of
the pre-heated aqueous phase was added. The mixture was immediately emulsified using a
VWR® 200 homogenizer (VWR International) until a homogenous colloid with a milk-like
appearance was produced. The colloid was subsequently processed by passaging the fluid
through a Y-type interaction chamber of a LM 10 microfluidizer at 20,000 psi. The fluid was
passaged until the z-average hydrodynamic diameter, measured by dynamic light scattering
(Malvern Zetasizer Nano S), was 52 nm with a 0.2 polydispersity index. The microfluidized
LION sample was terminally filtered with a 200 nm pore-size polyethersulfone (PES) syringe
filter.

Production of lipid inorganic nanoparticles (LIONs) labeled as 79-006-B.

[0133] These LIONs comprise 37.5 mg/ml squalene, 37 mg/ml Span® 60, 37 mg/ml
Tween® 80, 30 mg/ml DOTAP chloride, 0.2 mg/ml 5 nm iron oxide nanoparticles, and 10
mM sodium citrate dihydrate. The LIONs were manufactured using the following procedures.
[0134] In a 200 ml beaker, 0.8 ml of iron oxide nanoparticles at 25 mgFe/ml in
chloroform, with a number-weighted average diameter of 5 nm, was added. Chloroform was
allowed to evaporate in a fume hood leaving behind a dry coating of iron oxide nanoparticles.

To the iron oxide nanoparticles, 3.7 grams of Span® 60, 3.75 grams of squalene, and 3 grams
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of DOTAP chloride were added to prepare the “oil” phase. The oil phase was sonicated 30
minutes in a water bath pre-heated to 60° C. Separately, in a 1 liter glass bottle, the
“aqueous” phase was prepared by adding 39 grams of Tween® 80 to 1,000 ml of 10 mM
sodium citrate dihydrate solution prepared with Milli-Q water. The aqueous phase was
stirred for 30 minutes to allow complete dissolution of Tween® 80. After complete
dissolution of Tween® 80, 96 ml of the aqueous phase was transferred to a 200 ml beaker
and incubated in a water bath pre-heated to 60° C. To the heated oil phase, 96 ml of the pre-
heated aqueous phase was added. The mixture was immediately emulsified using a VWR®
200 homogenizer (VWR International) until a homogenous colloid with a milk-like
appearance was produced. The colloid was subsequently processed by passaging the fluid
through a Y-type interaction chamber of a LM 10 microfluidizer at 20,000 psi. The fluid was
passaged until the z-average hydrodynamic diameter, measured by dynamic light scattering
(Malvern Zetasizer Nano S), was 59 nm with a 0.2 polydispersity index. The microfluidized
LION sample was terminally filtered with a 200 nm pore-size polyethersulfone (PES) syringe
filter.

Production of lipid inorganic nanoparticles (LIONs) labeled as 79-011.

[0135] These LIONs comprise 9.4 mg/ml squalene, 9.3 mg/ml Span® 60, 9.3 mg/ml
Tween® 80, 7.5 mg/ml DOTAP chloride, 0.05 mg/ml 25 nm iron oxide nanoparticles, and 10
mM sodium citrate dihydrate. The LIONs were manufactured using the following
procedures.

[0136] In a 200 ml beaker, 0.2 ml of iron oxide nanoparticles at 25 mgFe/ml in
chloroform, with a number-weighted average diameter of 25 nm, was added. Chloroform
was allowed to evaporate in a fume hood leaving behind a dry coating of iron oxide
nanoparticles. To the iron oxide nanoparticles, 0.93 grams of Span® 60, 0.94 grams of
squalene, and 0.75 grams of DOTAP chloride were added to prepare the “oil” phase. The oil
phase was sonicated 30 minutes in a water bath pre-heated to 60° C. Separately, in a 1 liter
glass bottle, the “aqueous” phase was prepared by adding 10 grams of Tween® 80 to 1,000
ml of 10 mM sodium citrate dihydrate solution prepared with Milli-Q water. The aqueous
phase was stirred for 30 minutes to allow complete dissolution of Tween® 80. After
complete dissolution of Tween® 80, 99 ml of the aqueous phase was transferred to a 200 ml
beaker and incubated in a water bath pre-heated to 60° C. To the heated oil phase, 96 ml of

the pre-heated aqueous phase was added. The mixture was immediately emulsified using a
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VWR® 200 homogenizer (VWR International) until a homogenous colloid with a milk-like
appearance was produced. The colloid was subsequently processed by passaging the fluid
through a Y-type interaction chamber of a LM 10 microfluidizer at 20,000 psi. The fluid was
passaged until the z-average hydrodynamic diameter, measured by dynamic light scattering
(Malvern Zetasizer Nano S), was 60 nm with a 0.2 polydispersity index. The microfluidized
LION sample was terminally filtered with a 200 nm pore-size polyethersulfone (PES) syringe
filter.

Production of lipid inorganic nanoparticles (LIONs) labeled as 79-014-A.

[0137] These LIONs comprise 9.4 mg/ml squalene, 0.63 mg/ml Dynasan® 114
(trimyristin), 9.3 mg/ml Span® 60, 9.3 mg/ml Tween® 80, 7.5 mg/ml DOTAP chloride, 0.05
mg/ml 15 nm iron oxide nanoparticles, and 10 mM sodium citrate dihydrate. The LIONs
were manufactured using the following procedures.

[0138] In a 200 ml beaker, 0.2 ml of iron oxide nanoparticles at 25 mgFe/ml in
chloroform, with a number-weighted average diameter of 15 nm, was added. Chloroform
was allowed to evaporate in a fume hood leaving behind a dry coating of iron oxide
nanoparticles. To the iron oxide nanoparticles, 0.93 grams of Span® 60, 0.94 grams of
squalene, 0.063 grams Dynasan® 114, and 0.75 grams of DOTAP chloride were added to
prepare the “oil” phase. The oil phase was sonicated 30 minutes in a water bath pre-heated to
60° C. Separately, in a 1 liter glass bottle, the “aqueous” phase was prepared by adding 10
grams of Tween® 80 to 1,000 ml of 10 mM sodium citrate dihydrate solution prepared with
Milli-Q water. The aqueous phase was stirred for 30 minutes to allow complete dissolution
of Tween® 80. After complete dissolution of Tween® 80, 99 ml of the aqueous phase was
transferred to a 200 ml beaker and incubated in a water bath pre-heated to 60° C. To the
heated oil phase, 96 ml of the pre-heated aqueous phase was added. The mixture was
immediately emulsified using a VWR® 200 homogenizer (VWR International) until a
homogenous colloid with a milk-like appearance was produced. The colloid was
subsequently processed by passaging the fluid through a Y-type interaction chamber of a
LM10 microfluidizer at 20,000 psi. The fluid was passaged until the z-average
hydrodynamic diameter, measured by dynamic light scattering (Malvern Zetasizer Nano S),
was 60 nm with a 0.2 polydispersity index. The microfluidized LION sample was terminally
filtered with a 200 nm pore-size polyethersulfone (PES) syringe filter.
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Example 2. Stability of the LION formulations

LION formulations are thermostable.

[0139] Various formulations (LIONs labeled as 79-004, 79-006-A, and 79-006-B,
respectively, as prepared in Example 1) were placed into a stability chamber at the indicated
temperatures. The stability was determined by particle size measurement using dynamic light
scattering. The results show that the LION formulation formed a stable colloid when stored
at4, 25 and 42° C. As demonstrated in Figures 1A-1C, the particles in the LION

formulations show exceptional stability over a range of temperature and over time.

LION formulations protect RNA from RNases.

[0140] This example shows that LION formulations protect RNAs from ribonuclease
(RNase)-catalyzed degradation. The protection from RNase challenge was characterized by
gel electrophoresis. RNA molecules were complexed with the LION formulations by mixing
at a predetermined nitrogen:phosphate (N:P) ratio. Various LION formulations were bound
to RNA and the complexes were exposed to RNase.

[0141] One hundred pl of naked (unformulated) RNA or RNA complexed with LION
formulations (LIONs labeled as 79-004, 79-006-A, 79-006-B, and 79-011, respectively, as
prepared in Example 1) at N:P of 15 was incubated at room temperature for 30 minutes with
RNase A solution (Thermo Scientific, ENO53L) diluted to 10 mg/L.. After 30 minutes,
proteinase K solution (Thermo Scientific, EO0491) diluted to 1 mg/ml was added and all
samples were heated to 55° C for 10 minutes. To extract RNA, 0.12 ml phenol:chloroform
solution (Invitrogen, 15593-031) was added to all samples; samples were vortexed for 15
seconds and centrifuged at 13,300 rpm for 15 minutes. 20 pl of supernatant was extracted
and transferred to a PCR tube, and 20 ul of glyoxal load dye (Invitrogen, AM8551) was
added to each tube. All samples were heated at 50° C for 20 minutes. Samples containing
250 ng of RNA were loaded in the wells of a 1% agarose gel immersed in a Northern Max
Gly Gel Prep running buffer (Ambion, AM8678) in a gel electrophoresis box. Gel was run at
120 V for 45 minutes and imaged in a gel documentation system. The results are shown in
Figure 2.

[0142] Figure 2 shows the gel electrophoresis of exemplary LION formulations
(LIONs labeled as 79-004, 79-006-A, 79-006-B, and 79-011, respectively, as prepared in
Example 1) complexed with RNA molecules at nitrogen:phosphate (N:P) ratio of 15, as
compared to the naked (unformulated) RNA. Figure 2 demonstrates the stability of RNA
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protected by the LION formulation to the action of RNase. As shown in Figure 2, the naked
RNA (without complexing with a LION formulation) treated with RNase was completely
destroyed, while all the LION formulations protected the RNA being complexed with.

Example 3. Using LION formulations for protein expression— Secreted Embryonic
Alkaline Phosphatase “SEAP” expression

[0143] This example demonstrates that the LION formulations drive high levels of
Secreted Embryonic Alkaline Phosphatase (SEAP) expression. Messenger RNA molecules
encoding a protein of interest were complexed with a LION formulation, which was delivered
in the cytoplasm of cells of an organism. The messenger RNA underwent intracellular
translation and produced the protein of interest. The subgenome of the attenuated replicating
alphavirus Venezuelan equine encephalitis (VEE) virus, TC-83, was modified by substituting
secreted embryonic alkaline phosphatase (SEAP) for VEE structural proteins.

[0144] One ug of the modified replicon RNA encoding SEAP (RNA-SEAP) was
complexed with LION formulation labeled as 79-004 (10 nm, Example 1) at N:P of 15 and
administered intramuscularly (50 pl) in C57BL/6 mice (n = 3). Mice were bled at regular
intervals, and protein expression was determined by assaying mouse sera for SEAP on days -
1 (pre-injection), 3, 5, 7,9, 11, 13, 15 and 20. The results of SEAP expression in mouse over
days post injection are shown in Figure 3A.

[0145] Figure 3A shows that LION formulations complexed with messenger RNAs
can express robust levels of secreted protein over a prolonged stretch of time (20 days after

injection).

Impact of the size of the core inorganic particles

[0146] RepRNA encoding-SEAP (1 pg) was complexed with LION formulation
labeled as 79-004, 79-006-A, or 79-006-B (with varying SPIO sizes, see Example 1) at a N:P
ratio of 15 and administered intramuscularly (50 pl) in CS7BL/6 mice (n = 3/formulation).
Mice were bled at regular intervals, and protein expression was determined by assaying
mouse sera for SEAP on days 4, 6, 8, 11, 13, 15 and 20. The results of SEAP expression in
mouse over days post injection are shown in Figure 3B. Log-transformed data was analyzed
by two-way ANOVA and Tukey’s multiple comparisons test.

[0147] Figure 3B shows that LION formulations with the core inorganic SPIO

nanoparticles having varying average diameters all worked to induce similar robust levels of

-30 -



WO 2021/194672 PCT/US2021/019103

protein expression in vivo over a prolonged time period, with no statistically significant
difference in SEAP expression between there formulations. Thus, the diameter of SPIO
particles did not appear to impact the ability of the LION formulation to deliver repRNA

molecules and the level of protein expression from the repRNA molecules.

LION delivery vs. NLC delivery

[0148] The modified repRNA-encoding SEAP (RNA-SEAP) (1 pg) was complexed
with LION formulation labeled as 79-004 (10 nm, Example 1) at N:P of 15, or with a
nanostructured lipid carrier (NLC) as control. The resulting RNA-LION formulation was
administered intramuscularly (50 pl) in C57BL/6 mice (n = 3). Mice were bled at regular
intervals, and protein expression was determined by assaying mouse sera for SEAP. The
results of SEAP expression in mouse over days post injection are shown in Figure 3C.

[0149] The control is nanostructured lipid carrier (NLC) which is a blend of solid
lipid (glyceryl trimyristate-dynasan) and liquid oil (squalene) that forms a semi-crystalline
core upon emulsification. See more detailed description about the NLC in Erasmus et al., “A
Nanostructured Lipid Carrier for Delivery of a Replicating Viral RNA Provides Single, Low-
Dose Protection against Zika,” Mol. Ther. 26(10):2507-22 (2018), which is incorporated
herein by reference in its entirety.

[0150] As shown in Figure 3C, the repRNA-encoding SEAP complexed with LION
formulations resulted in higher overall levels of SEAP expression at each time point, as
compared to the repRNA-encoding SEAP complexed with NLC. This indicates that
compared to NLC, LION formulation served as a better delivery vehicle for repRNA
molecules. Also, as shown in Figure 3C, SEAP expression peaked around day 8, and by day

21, it returned to baseline for the control NLC group and to 0.5 log of baseline for the LION
group.

Impact of the RNA complexing concentrations

[0151] RepRNA encoding-SEAP was complexed with LION formulation (15 nm,
similar to 79-006A in Example 1) at a N:P ratio of 15, with varying the complexing
concentration. The resulting RNA-LION formulations were administered intramuscularly in
C57BL/6 mice (n = 5/formulation). Mice were bled at regular intervals after intramuscular
injection, and protein expression was determined by assaying mouse sera. The results of

SEAP expression in mouse over days post injection are shown in Figure 3D.
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[0152] The RNA complexing concentration affected the size of the LION/repRNA
complex. The LION/repRNA complex having a 10-fold higher repRNA concentration (400
ng/ul vs. 40 ng/ul) resulted in about 41% larger LION/repRNA-SEAP complex and 24%
wider size distribution.

[0153] As shown in Figure 3D, there was no significant difference in the mean SEAP
concentration at each time point (using Mann-Whitney test) for the LION/repRNA
complexes having concentrations of 400 ng/ul vs. 40 ng/ul, suggesting that the complexing
concentration did not have a substantial effect on the repRNA delivery and protein
expression. For either repRNA concentration (400 ng/ul vs. 40 ng/ul), the SEAP expression
concentration in the serum of mice immunized with the LION/repRNA-SEAP formulation

peaked on Day 7 post intramuscular injection, and returned to background levels by Day 21.

Impact of the N:P and RNA dose

[0154] RepRNA encoding-SEAP (at 0.5 ug, 2.5 ug, and 12.5 pg, respectively) was
complexed with LION formulation (15 nm, similar to 79-006A in Example 1) with varying
the N:P ratio. The resulting RNA-LION formulations were administered intramuscularly in
C57BL/6 mice (n = 4/formulation). Mice were bled 7 days after intramuscular injection, and
protein expression was determined by assaying mouse sera. The results of SEAP expression
in mouse as a function of NP ratio are shown in Figure 3E.

[0155] Figure 3E shows the impact of N:P ratio and RNA dose on the bioactivity of
LION formulated repRNA.

Example 4. Using LION formulations for vaccine delivery

[0156] This example shows that antigens expressed off of LION-complexed RNA are
highly immunogenic and induce antibodies. RNA molecules encoding a vaccine antigen
were complexed with a LION formulation, which were delivered in the cytoplasm of cells of
an organism. The RNA underwent intracellular translation and produced the vaccine antigen.
The organism mounted an immune response by producing antibodies against the antigen.
[0157] A self-replicating “sr” RNA preparation, encoding a form of the spike “S”
protein full-length, was mixed and formulated with LIONs. Mice were immunized once
intramuscularly, with the formulated test articles at the dosage levels of 10, 1, and 0.1 pg of
sTRNA. At 14 days post-immunization, animals were bled, sera prepared and stored in

aliquots at -20°C until use. Antigen-specific IgG concentration using a polyclonal IgG
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standard were determined against a truncated receptor-binding domain (RBD) protein
fragment. The results are shown in Figure 4A. As seen in Figure 4A, the antigens expressed
off of the LION/repRNA formulations at various doses of RNA (10, 1, and 0.1 pg,
respectively) all induced strong and robust immune responses to the receptor binding domain

of SARS-CoV-2. Robust titers were seen even at very low concentrations of RNA (0.1 pg).

Impact of the size of the core inorganic particles; LION delivery vs. NLC delivery

[0158] RepSARS-CoV2S RNAs complexed with various LION formulations varying
SPIO size (LION-10, LION-15, LION-25, LION-5 respectively), or with a nanostructured
lipid carrier (NLC) as control, were administered intramuscularly in C57BL/6 mice. The
formulations labeled as LION-10, LION-15, LION-25, and LION-5 correspond to the LION
compositions labeled as 79-004, 79-006-A, 79-006-B, 79-011, 79-014-A, respectively (see
Table 1 below; see also Example 1). Mice were bled at regular intervals after intramuscular
injection, and protein expression was determined by assaying IgG concentrations by anti-
Spike (anti-S) enzyme linked immunosorbent assay (ELISA). The results of anti-S IgG
concentrations in the serum of the C57BL/6 mice over weeks post injection are shown in
Figure 4B.

[0159] Figure 4B shows that LION formulations with the core inorganic SPIO
nanoparticles having varying average diameters all worked to retain the biological activity of
antigens and induced robust levels of immune response in vivo over a prolonged time period.
Moreover, all RepSARS-CoV2S RNAs that were complexed with the LION formulations

generated responses greater than those complexed with the control NLC.

Impact of mixing direction and dilution

[0160] RepSARS-CoV2S RNAs complexed with various LION formulations,
prepared by varying the mixing direction (mixing LION to RNA vs. mixing RNA to LION)
and diluent (1:200 dilution using sucrose (Suc) vs. using dextrose (Dex)), were administered
intramuscularly in C57BL/6 mice. Mice were bled at Day 14 (first bar for each group) or
Day 21 (second bar for each group) after intramuscular injection, and protein expression was
determined by assaying IgG concentrations by anti-Spike ELISA. The results are shown in
Figure 4C.

[0161] As shown in Figure 4C, the direction of mixing (whether mixing LION to
RNA or mixing RNA to LION) did not impact the biological activity of antigens and the
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ability of the LION formulations to deliver the RNAs. Moreover, varying diluents (dextrose

or sucrose) of the LION-RNA formulations did not impact the biological activity of antigens.

Example 5.
[0162]

Imaging LION formulations

This example shows that LION formulations can emit signals for an MRI
imaging. LION formulations complexed to RNA molecules or conjugated with molecules to
the nanoparticle surface or with molecules encapsulated in the lipid core were administered to
an organism. The organism was subsequently placed in an imaging instrument and exposed
to electromagnetic waves, and the LION nanoparticles served to enhance the contrast. The
results are shown in Figures SA-5B.

[0163] Figures 7A-5B show the enhancement in T1 (Figure SA) and T2 (Figure 5B)
relaxation times as a function of iron concentration in LION formulations. The compositions
of the LION formulations identified in Figures SA-5B correspond to each of the LION
compositions labeled as 79-004, 79-006-A, 79-006-B, 79-011, 79-014-A, respectively (see
Table 1 below), according to Example 1, except that the concentrations of iron oxides in the
LION composition were varies based on the X axis in the figures.

[0164]
magnetic resonance imaging (MRI) using LION particles 79-004, 79-006-A, 79-006-B, 79-

Figure 5 summarizes the ability to enhance both T1 and T2 contrast in

011 and 79-014-A. The rl, 12 relaxivities and r2/r1 ratios are summarized in Table 1.

Table 1. MR relaxivity (r1 and r2) and r2/r1 ratios of LION formulations containing iron

oxides core with various core diameters.

Formulation | 79-004 | 79-006-A | 79-006-B [ 79-011 79-014-A
Alt. name LION-10 | LION-15 | LION-5 [ LION-25 | LION/NLC-15
ri [mM-1s-1] 0.66 0.91 0.74 0.63 0.76
r2 [mM-1s-1] 1.12 1.59 0.46 247 1.60
r2/rl 1.70 1.75 0.63 394 2.10
Example 6. Using LION formulations for antibody expression

[0165]

This example shows that antibodies can be launched off of LION-complex

RNA. RNA molecules encoding an antibody was complexed with a LION formulation and

delivered in the cytoplasm of cells of an organism. The messenger RNA underwent
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intracellular translation and produced the antibody.

LION formulation with a replicon RNA encoding a monoclonal antibody targeting Zika
virus

[0166] Figure 6A shows robust levels of a human monoclonal antibody (ZIKV-117)
that recognizes the Zika virus being produced after immunization of animals with the
LION/antibody sequence RNA (at 40 pg RNA) formulation, varying SP1O size of the LION
formulation (LION-10, LION-15, LION-25, LION-S respectively). Animals were bled 7
days after immunization. The results indicate that LION formulations can be used to produce
antibodies in a living organism. A nanostructured lipid carrier (NLC) formulated with the
antibody sequence RNA was used as control. As shown in Figure 6A, the antibody
sequence RNA complexed with LION formulations resulted in higher overall levels of
ZIKV-117 expression with each SIPO size, as compared to the antibody sequence RNA
complexed with NLC. This indicates that compared to NLC, LION formulation served as a
better delivery vehicle for antibody sequence RNAs.

LION formulation with HIV and ZIKV vaccine candidates for maternal immunization in a
rabbit model

[0167] Figures 6B and 6C show the magnitude and kinetics of anti-BG505
SOSIP.664 IgG antibodies in adult female pregnant rabbits immunized by intramuscular
route with saline (Figure 6B) or repRNA encoding BGS05 SOSIP.664 trimer formulated with
LION (Figure 6C). Figures 6D and 6E show the magnitude and kinetics of anti-ZIKV E IgG
antibodies in adult female pregnant rabbits immunized by intramuscular route with saline
(Figure 6D) or repRNA encoding ZIKV prM-E antigens formulated with LION (Figure 6E).
The shaded region around week 1 marks the period when rabbits were bred. The shaded
region between weeks 6 and 7 marks the period when kits were delivered. Arrows mark
immunization time points (weeks 0, 4 and 11). The results show that the antigens expressed
off of the LION/repRNA formulations induced strong and robust immune responses and
produced strong levels of antibodies for both LION/repRNA formulations.

[0168] Figure 6F and 6G show the results for the evaluation of in utero transfer of
anti-SOSIP IgG from rabbit does (female rabbits) to rabbit kits (rabbit babies). Figure 6F
shows anti-SOSIP IgG responses in rabbit kits at time of delivery. A minimum of two rabbit

kits from each litter per treatment group were euthanized to evaluate in utero antibody
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transfer. Figure 6G shows the XY plot demonstrating a positive correlation (Pearson r =
0.94) between antibody levels in rabbit does and corresponding rabbit kits. These figures
demonstrated the material transfer of antibody from the breeding rabbit does to rabbit kits.
[0169] Figure 6H and 61 show the vaccine-induced responses in the context of pre-
existing maternal antibodies. Serum anti-SOSIP IgG levels were collected in rabbit kits 4
weeks post-boost (3 weeks after kits were weaned). The rabbit kits from rabbit does
receiving saline or from rabbit does receiving LION+RNA-prM/E are grouped as negative (-)
for pre-existing maternal antibodies against BG505 SOSIP.664. The rabbit kits from rabbit
does receiving LION+RNA-SOSIP or AddaVax adjuvanted recombinant BG505 SOSIP.664
are grouped as positive (+) for pre-existing maternal antibodies against BG505 SOSIP.664.
Data show that pre-existing antibodies did not have a significant impact on vaccine-mediated
induction of antibodies, and that passively transferred antibodies in rabbit kits did not

negatively impact on vaccine-mediated induction of antibodies in rabbit kits.

Example 7. Using LION formulations for vaccine delivery in nonhuman primates—
single-dose replicating RNA vaccine induces neutralizing antibodies against SARS-CoV-
2 in nonhuman primates

[0170] This example discusses the development of repRNA-CoV2S, a stable and
highly immunogenic vaccine candidate comprising an RNA replicon formulated with a novel
Lipid InOrganic Nanoparticle (LION) designed to enhance vaccine stability, delivery and

immunogenicity.

Vaccine design, preparation, and characterization

[0171] Coronavirus Disease 2019 (COVID-19), caused by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infection, has been declared a worldwide pandemic.
Coronaviruses are enveloped, single-strand positive-sense RNA viruses with a large genome
and open reading frames for four major structural proteins: Spike (S), envelope, membrane,
and nucleocapsid. The S protein mediates binding of coronaviruses to angiotensin converting
enzyme 2 (ACE2) on the surface of various cell types including epithelial cells of the
pulmonary alveolus. Protection may be mediated by neutralizing antibodies against the S
protein, as most of the experimental vaccines developed against the related SARS-CoV
incorporated the S protein, or its receptor binding domain (RBD), with the goal of inducing

robust, neutralizing responses. Previous reports have shown that human-neutralizing
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antibodies protected mice, challenged with SARS-CoV and Middle East respiratory
syndrome (MERS)-CoV, suggesting that protection against SARS-CoV-2 may be mediated
through anti-S antibodies. Additionally, SARS vaccines that drive Type 2 T helper (Th2)
responses have been associated with enhanced lung immunopathology following challenge
with SARS-CoV, while those with a Type 1 T helper (Th1)-biased immune response have
been associated with enhanced protection in the absence of immunopathology. An effective
COVID-19 vaccine, therefore, may need to induce Th1-biased immune responses comprising
SARS-CoV-2-specific neutralizing antibodies.

[0172] Nucleic acid vaccines have emerged as ideal modalities for rapid vaccine
design, requiring only the target antigen’s gene sequence and removing dependence on
pathogen culture (inactivated or live attenuated vaccines) or scaled recombinant protein
production. In addition, nucleic acid vaccines can avoid pre-existing immunity that can
dampen immunogenicity of viral vectored vaccines. Clinical trials have been initiated with
messenger RNA (mRNA) vaccines formulated with lipid nanoparticles (LNPs) and a DNA
vaccine delivered by electroporation. However, mRNA and DNA vaccines may not be able
to induce protective efficacy in humans after a single immunization, because, similar to
inactivated and recombinant subunit protein vaccines, they typically require multiple
administrations over an extended period of time to become effective.

[0173] Virus-derived replicon RNA (repRNA) vaccines were first described in 1989
and have been delivered in the forms of virus-like RNA particles (VRP), in-vitro transcribed
(IVT) RNA, and plasmid DNA. In repRNA, the open reading frame encoding the viral RNA
polymerase complex (most commonly from the Alphavirus genus) is intact but the structural
protein genes are replaced with an antigen-encoding gene. While conventional mRNA
vaccines are translated directly from the incoming RNA molecules, introduction of repRNA
into cells initiates ongoing biosynthesis of antigen-encoding RNA that results in dramatically
increased expression and duration that significantly enhances humoral and cellular immune
responses. In addition, repRNA vaccines mimic an alphavirus infection in that viral-sensing
stress factors are triggered and innate pathways are activated through Toll-like receptors and
retinoic acid inducible gene (RIG)-I to produce interferons, pro-inflammatory factors and
chemotaxis of antigen-presenting cells, as well as promoting antigen cross-priming. As a
result, repRNA acts as its own adjuvant, eliciting more robust immune responses after a
single dose, relative to conventional mRNA which typically requires multiple and 1,000-fold

higher doses.
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[0174] Accordingly, repRNA vaccines were chosen as the vaccine candidates to stop
a pandemic outbreak like COVID-19, as they have been studied with some experiences, often
require only a single administration to be effective, and may have the potential of inducing
protective levels of immunity rapidly with fewer and lower doses, while simultaneously
reducing the load on manufacturing at scale.

[0175] As shown in Figure 7A, repRNAs incorporating sequences from the SARS-
CoV-2 Spike (S) protein, including full length S (repRNA-CoV2S), were generated. Codon-
optimized full length spike (S) open reading frame, including the S1-, S2-, transmembrane-
(TM), and cytoplasmic- (CD) domains, corresponding to positions 21,536 to 25,384 in
SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank: MN908947.3), fused to a c-terminal v5
epitope tag, was cloned into an alphavirus replicon encoding the 4 nonstructural protein
(nsP1-4) genes of Venezuelan equine encephalitis virus, strain TC-83. Following RNA
transcription and capping, repRNA-COV2S, was transfected into BHK cells. Twenty four
hours later, cells were analyzed by anti-vS immunofluorescence and western blot using either
convalescent human serum or anti-v5 for immunodetection, using recombinant SARS-CoV2
spike protein (rCoV2-Spike) and repRNA-GFP as positive and negative controls,
respectively. The results in Figures 7B and 7C show the efficient expression of the v5-tagged
S protein in BHK cells. Figure 7C also demonstrates the endogenous expression of an S
protein in BHK cells, reactive with natural SARS-CoV-2 immune sera, utilizing convalescent

serum collected 29 days after onset of COVID-19 as an immunodetection reagent.

Formulation of repRNA-CoV2S with LION

[0176] Next, repRNA-CoV2S was formulated with an exemplary Lipid InOrganic
Nanoparticle (LION), designed to enhance vaccine stability and intracellular delivery of the
vaccine. The ability of LION/repRNA-CoV2S formulation to rapidly generate antibody and
T cell responses was evaluated in mice.

[0177] The general production techniques and materials for preparation of a LION
composition followed those disclosed in Example 1. The exemplary LION is a highly stable
cationic squalene emulsion with 15 nm superparamagnetic iron oxide (Fe3O4) nanoparticles
(SPIO), embedded in the hydrophobic oil phase. Figure 8A is a brief graphical representation
of an exemplary LION and the formation of a vaccine complex after mixing LION with
repRNA. Squalene is a vaccine adjuvant. SPIO nanoparticles have clinical usage in MRI

contrast and intravenous iron replacement therapy; the unique nonlinear magnetic properties
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of SPIOs have also enabled their novel usages in a range of imaging, targeting and therapy
applications. The LION also contained the cationic lipid 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP), which enabled electrostatic association with RNA molecules when
combined by a 1:1 (v/v) mixing step. As disclosed in Example 1, this exemplary LION had
an intensity-weighted average diameter of 52 nm (PDI = 0.2), measured by dynamic light
scattering (DLS). As shown in Figure 8B, the LION formulation was colloidally stable for at
least 3 months when stored at 4 and 25 °C.

[0178] When mixing LION with repRNA, electrostatic association between anionic
repRNA and cationic DOTAP molecules on the surface of LION promotes immediate
complex formation. The formation of LION-repRNA complex was confirmed by the
increase in particle size to an intensity-weighted average diameter of 90 nm, detected by DLS
(see Figure 8C). As shown in Figure 8D, the gel electrophoresis analysis of LION-
formulated repRNA molecules extracted by phenol-chloroform treatment after a concentrated
RNase challenge showed substantial protection from RNase-catalyzed degradation, as
compared to the unformulated repRNA (Naked). To evaluate the short-term stability of the
formulated vaccine, the repRNA integrity and complex stability were evaluated on 1, 4 and 7
days after mixing and storage at 4°C and 25°C, as determined by gel electrophoresis of
repRNA extracted by phenol-chloroform treatment and particle size of the complex. As
shown in Figures 8E and 8F, LION maintained full integrity of the repRNA molecules
(Figure 8E) and the complex maintained its size (Figure 8F) at all time points, indicating that

the formulated vaccine complex was stable for at least a week after mixing.

LION/repRNA-CoV'2S delivery in mice

[0179] The LION/repRNA-CoV2S complex was administered to mice. Six to eight-
week old C57BL/6 mice (n=5/group) received 10, 1, or 0.1 ug LION/repRNA-CoV2S via the
intramuscular route. Fourteen days after prime immunization, serum was harvested. As
shown in Figure 9A, a single intramuscular immunization of C57BL/6 mice with 10 or 1 ug
of LION/repRNA-CoV2S induced 100% seroconversion by 14 days post-immunization and
robust anti-S IgG levels with mean binding titers of 200 and 109 pg/ml, respectively, and
partial seroconversion (2 out of 5) ata 0.1 pg dose. As shown in Figure 9B, both the 10 and
1 pg prime-only doses induced neutralizing antibodies with mean 50% inhibitory
concentrations (IC50) of 1:643 and 1:226, respectively, as measured by pseudovirus

neutralization assay (SARS-CoV-2 Wuhan-Hu-1 pseudotype). While all doses induced Th1-
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biased immune responses, as indicated by significantly higher IgG2c responses when
compared to IgG1 (see Figure 9C), there was a trend toward higher doses inducing even more
Thl-biased responses, as indicated by higher IgG2c:IgG1 ratios (see Figure 9D).

[0180] Given the potential role for T cells to contribute to protection, as seen with
SARS and MERS, especially in the presence of waning antibody and memory B cell
responses, T cell responses to LION/repRNA-CoV2S were also evaluated in mice. On day
28, this same cohort of mice received a second immunization. Twelve days later, spleens and
lungs were harvested and stimulated with an overlapping 15-mer peptide library of the S
protein, and the IFN-y responses were measured by enzyme-linked immune absorbent spot
(ELISpot) assay. As shown in Figure 9E, the mice receiving a 10, 1, and 0.1 pg prime/boost
exhibited robust splenic T cell responses with mean IFN-y spots/106 cells of 1698, 650, and
801, respectively. Robust T cell responses were also detected in the lung and were similar
between groups with mean IFN-y spots/106 cells of 756, 784, and 777, respectively (see
Figure 9F).

[0181] The elderly are among the most vulnerable to COVID-19, but the immune
senescence in this population poses a barrier to an effective vaccination. To evaluate the
effect of immune senescence on immunogenicity, 2-, 8-, or 17-month old BALB/C mice (n-
S5/group) received 10 or 1 ug LION/repRNA-CoV2S via the intramuscular route. Fourteen
days after the prime immunization, serum was harvested, and the anti-S IgG concentrations
were measured. As shown in Figure 10A, significantly lower antibody titers were observed
in the 17-month old mice at both doses, when compared to the 2- and 8-month old mice,
suggesting that higher doses and/or additional booster doses may be needed in the most
immune-senescent populations to induce sufticient immunity. No differences were observed
between the 2- and 8-month old mice. Although BALB/C mice tend to develop a more Th2
immune-biased response following vaccination, LION/repRNA-CoV2S induced the ratios of
IgG2a:1gG1 of greater than 1 (see Figures 10B and 10C) in all age groups of the BALB/C
mice, indicating a Th1-biased immune response. Given that severe, life-threatening COVID-
19 appears to be more common among the elderly individuals, irrespective of type of T
helper response, and that severe SARS is associated with skewing toward Th2 antibody
profiles with an inadequate Th1 response, the ability of LION/repRNA-CoV2S to induce
strong and Th1-biased responses in 8- and 2-month old mice, even in the Th2-biased BALB/c
strain, provided positive signs regarding the safety and immunogenicity of this vaccine

complex.
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LION/repRNA-CoV2S delivery in nonhuman primates

[0182] Having achieved a robust immunogenicity with the LION/repRNA-CoV2S
complex in mice, immunization of pigtail macaques (Macaca nemestrina) was then carried
out to determine if the vaccine complex was capable of inducing strong immune responses in
a nonhuman primate model that more closely resembles humans in the immune response to
vaccination.

[0183] In the dosage regime shown in Figure 11A, three macaques received the
LION/repRNA-CoV2S complex at a single 250 ug dose at week 0 via the intramuscular
route, and two macaques received a 50 pg prime dose at week 0 and a boost dose at week 4
via the intramuscular route. Blood was collected 10, 14, 28, and 42 days post vaccination to
monitor vaccine safety and immunogenicity. The 50 ug group received a boost vaccination
on day 28, with the blood being collected 14 days later. There were no observed reactions at
the vaccine injection site nor adverse reactions in the animals up to 42 days post-prime
vaccination.

[0184] As shown in Figure 11B, the ELISA analyses of sera collected 10, 14, 28, and
42 days after prime immunization, against the baseline established by the pre-immunization
blood draws, showed that all three macaques immunized with the single 250 pg dose
seroconverted as early as day 10, with anti-S IgG concentrations continuing to increase in
these three animals to 48, 51, and 61 pg/ml by day 42. Both macaques receiving 50 ug
repRNA-CoV2S seroconverted after a single dose, but developed significantly lower
antibody responses with anti-S IgG concentrations of 1 and 0.5 pg/ml by day 28, as compared
to 7, 20, and 45 ug/ml in the 250 pg group at this same time point (see Figure 11B).
However, 14 days after a booster immunization, the 50 pg group developed similar levels of
anti-S IgG concentrations (18 and 37 pg/ml) as the 250 pg prime-only group at this time
point (48, 51, and 61 pg/ml) (see Figure 11B). Additionally, as shown in Figure 11C, sera
from the three macaques immunized with just the single 250 pug dose neutralized pseudovirus
(SARS-CoV-2 Wuhan-Hu-1 pseudotype) transduction of cells in vitro with reciprocal 1C50
titers of 1:38, 1:20 and 1:47 by day 28 with levels increasing to 1:472, 1:108, and 1:149 by
day 42, whereas the 50 ug group achieved similar robust IC50 titers only after the booster
immunization reaching pseudovirus IC50 titers of 1:218 and 1:358 by day 42.

[0185] Sera collected 28- and 42-days post vaccination were further analyzed for

neutralization of wild type SARS-CoV-2/WA/2020 by 80% plaque reduction neutralization
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test (PRNT80) and compared to neutralizing titers in sera from convalescent humans
collected 15-64 days following natural infection. As shown in Figure 11D, a single
immunization with 50 and 250 ug of LION/repRNA-CoV2S induced mean PRNTSO0 titers of
1:32 and 1:66 by day 28, respectively. By Day 42, mean PRNTSO titers significantly
increased to 1:176 after a booster immunization in the 50 pg group and to 1:211 in the prime-
only 250 pg group. All 5 macaques developed PRNTSO titers within the same range as titers
measured in the seven convalescent humans (<1:20 to 1:1280, collected 15 to 64 days post
onset) and there was no significant difference in mean neutralizing titers between all 5
vaccinated macaques (1:197) and convalescent humans (1:518) (P=0.27, Figure 11D).
Recently, serum-neutralizing titers, measured as the IC50 titer that neutralized SARS-CoV-2
by 50% tissue culture infectious dose (TCID50), were reported in rhesus macaques that were
either re-infected or challenged after vaccination with an inactivated SARS-CoV-2 vaccine.
In the former report, IC50 titers as low as 1:8 were associated with protection from re-
infection, while in the latter, IC50 titers as low as 1:50 were associated with reduced viral
load and protection from lung pathology. These data suggest that a 250 ug prime-only or a
50 pg prime/boost immunization with the LION/repRNA-CoV2 vaccine would be able to
induce levels of neutralizing antibodies sufficient to protect nonhuman primates from
infection and disease.

[0186] RepRNA vaccines against a variety of infectious diseases and cancers have
been shown to be safe and potent in clinical trials, and the cell-free and potentially highly
scalable manufacturing process of repRNA, when used with effective synthetic formulations,
such as LION, presented further benefits over mRNA. The two-vial approach would provide
a significant manufacturing and distribution advantage over LNP formulations that
encapsulate RNA, as the vaccine can be stockpiled and combined onsite as needed.
Additionally, the LION/repRNA-CoV-2 complex induced robust S-specific T cell responses
in mice. Following natural infection of humans with the related SARS-CoV, neutralizing
antibody and memory B cell responses in some individuals are reported to be short lived (~ 3
years) while memory T cells persist at least 6 years (53), suggesting a potential role for T
cells in long term responses especially in those who lack robust memory B cell responses.
Additionally, anti-S T-cell responses to the related SARS- and MERS-CoVs contribute
towards viral clearance in normal as well as aged mice infected with SARS- or MERS-CoV,
respectively.

[0187] In sum, these results demonstrate a great potential for the LION/repRNA-
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CoV2S, complex to induce a rapid immune protection from SARS-CoV-2 infection. A
scalable and widely distributed vaccine capable of inducing robust immunity in both young
and aged populations against SARS-CoV-2 infection in a single shot would provide
immediate and effective containment of the pandemic. Critically, the vaccine induced Th1-
biased antibody and T cell responses in both young and aged mice, an attribute that has been
associated with improved recovery and milder disease outcomes in SARS-CoV-infected
patients. A single-dose administration in nonhuman primates elicited antibody responses that
potently neutralized SARS-CoV-2. These data support the potential of the LION/repRNA-

CoV2S complex as a vaccine for protection from SARS-CoV-2 infection.

Example 8. Using LION formulations for vaccine delivery in rabbits

[0188] Animals: 8 New Zealand White rabbits (Oryctolagus cuniculus), 4 males and 4
females, were separated into two groups, of each 2 males and females. Group 1 was injected
with high dose LION-RNA formulation (250 ug repRNA with LION formulation) and Group
2 was injected low dose LION-RNA formulation (10 ug repRNA with LION formulation).
[0189] Vaccine Preparation: LION carrier and repRNA-CoV2S were complexed at a
nitrogen-to-phosphate molar ratio of 15 in 10 mM sodium citrate and 20% sucrose buffer and
were delivered to the study animals in three 0.5 mL intramuscular dosages, two weeks apart.
[0190] ELISA: Antigen-specific IgG responses were detected by ELISA using
recombinant SARS-CoV-2S as the capture antigen. ELISA plates (Nunc, Rochester, NY)
were coated with 1 pg/mL antigen or with serial dilutions of purified polyclonal IgG to
generate a standard curve in 0.1 M PBS buffer and blocked with 0.2% BSA-PBS. Then, in
consecutive order, following washes in PBS/Tween, serially diluted serum samples, anti-
rabbit IgG-HRP (Southern Biotech, Birmingham, AL), and TMB peroxidase substrate were
added to the plates, followed by quenching with HCI. Plates were analyzed at 405 nm
(ELX808, Bio-Tek Instruments Inc, Winooski, VT). Absorbance values from each serum
dilution point were used to calculate titers.

[0191] Figure 12 shows the anti-spike IgG levels in the rabbits injected
intramuscularly with repRNA-SARS-CoV2S (at 250 pg and 10 pg dose level, respectively)
formulated with LION formulation. As shown in the example, animals rapidly mounted an
immune response to the injected vaccine. At week 4 in both dose levels, antibody titers

nearly plateaued and did not increase significantly in weeks 6 or 8.
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Example 9. Using LION formulations for vaccine delivery — RSV vaccine

[0192] RSV repRNA (2.5 pg) complexed with a LION formulation was administered
intramuscularly in C57B1/6 and BALB/c mice. Mice blood was collected 28 days after
intramuscular injection, and protein expression was determined by assaying Anti-F IgG
concentrations by ELISA. The results of anti-F IgG levels in the serum of the C57B1/6 and
BALB/c mice are shown in Figure 13A. As shown in Figure 13A, RVS G protein-specific
responses were induced by replicon 646 in both C57BL/6 and BALB/c mice.

[0193] RSV repRNA (2.5 ng) complexed with a LION formulation was administered
intramuscularly in C57B1/6 and BALB/c mice. Mice blood was collected 28 days after
intramuscular injection, and protein expression was determined by assaying Anti-G (A2) IgG
concentrations by ELISA. The results of anti-G (A2) IgG levels in the serum of the C57Bl/6
and BALB/c mice are shown in Figure 13B. As shown in Figure 13B, RVS G A2 strain

protein-specific responses were induced by replicon 645 in only BALB/c mice.

Example 10. Using LION formulations for delivery of immunomodulating RNA

LION formulations protect immunomodulating RNA PAMP from RNases

[0194] An RIG-I agonist, PAMP, was formulated with an exemplary LION
formulation (15 nm, similar to 79-006A in Example 1). The general production techniques
and materials for preparation of a LION composition followed those disclosed in Example 1.
[0195] Figure 14A-14B show the binding of PAMP to the LION formulation that
provided protection from RNase challenge. Figure 14A shows the gel electrophoresis
analysis of PAMP-LION complexes at various N:P complexing ratios (0.04, 0.2, 1, 5, and 25,
respectively) run on an RNA gel and was assessed for free RNA. As shown in Figure 14A,
free RNA was not present for PAMP-LION formulations at N:P ratio of 1, 5 and 25. Figure
14B shows the gel electrophoresis analysis of PAMP-LION complexes, following a challenge
with RNase A, as compared to naked PAMP (unformulated PAMP). RNA was extracted
from LION and run on an agarose gel to assess RNA degradation. The results show
complexing of PAMP to LION protected the RNA from RNase-catalyzed degradation, as
compared to the unformulated RNA (Naked).

Immune stimulation of a RIG-I agonist, PAMP, delivered by LION
[0196] This example illustrates the immune stimulation of the RIG-I agonist, PAMP,
delivered by the LION formulation, when the PAMP-LION complex was added to A549-

-44 -



WO 2021/194672 PCT/US2021/019103

Dual cells. A549-Dual cells contain two reporter constructs: the IFN- promoter that drives
the expression of SEAP, and the IFIT2 promoter that drives the expression of luciferase.
[0197] PAMP was formulated with a LION formulation at various N:P complexing
ratios (0.5, 1.5, 4.5, 13.5, 40.5, and 121.5), and 3.7 ng PAMP/LION was added to A549-Dual
cells. Figure 15 shows the activation of the IFN-f promoter and IFIT2 measured by SEAP
activity and luciferase activity in the supernatant, respectively, by the PAMP-LION complex
as a function of N:P ratio. The results show the innate immune stimulation of the RIG-I
agonist, PAMP, delivered by the PAMP-LION formulations at all the N:P ratios, for both the
IFN-B promoter and the IFIT2 promoter, although the N:P ratio at 4.5-40.5 appeared to

provide better immune stimulations for the IFN-f3 promoter.

Immune stimulation of a RIG-I agonist and TLR3 agonist delivered by LION

[0198] This example illustrates the immune stimulation of a RIG-I agonist, PAMP,
and a TLR3 agonist, Riboxxim, delivered by the LION formulation, when the RNA-LION
complex was added to A549-Dual cells.

[0199] PAMP (a RIG-I agonist) or Riboxxim (a TLR3 agonist), unformulated (naked
control) or formulated with a LION formulation at a N:P ratio of 8, was added to A549-Dual
cells. Figures 16A and 16B show the activation of the IFN-f promoter (Figure 16A) and
IFIT2 (Figure 16B) measured by SEAP activity and luciferase activity in the supernatant,
respectively, by the PAMP-LION formulation or Riboxxim-LION formulation, as compared
to unformulated RNA. The results show the innate immune stimulation of both the RIG-1
agonist, PAMP, and the TLR3 agonist, Riboxxim, delivered by complexing with the LION
formulations worked to induce innate immune activation, triggering robust levels of reporter
protein expression as compared to their unformulated naked control.

[0200] Figure 16C shows the activation of the IFIT2 by the Riboxxim-LION
formulation, as compared to unformulated Riboxxim, as a function of the Riboxxim dose
level. The results show that, at all tested dose levels, the LION formulations complexed with
Riboxxim induced a higher level of IFIT2 activation as compared to its unformulated naked
control, although the Riboxxim-LION formulation with a higher dose level induced a
stronger IFIT2 activation.

[0201] This example illustrates the immune stimulation of the RIG-I agonist, PAMP,
delivered by the LION formulation, when the PAMP-LION complex was delivered
intranasally to C57BL/6 mice. PAMP was formulated with a LION formulation at an N:P
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ratio of 8, and 0.2, 1, or 5 ng PAMP/LION was delivered into the nares of C57BL/6 mice.
Eight hours later, nasal cavities and lungs of the mice were removed and immediately frozen,
then the RNA was extracted and subjected to PCR for various target genes.

[0202] Figure 16D shows the dose-dependent induction of innate immune genes in
the nasal cavity of treated mice compared to naive controls. Figure 16E shows the activation
of innate immune genes in the lungs of treated mice. Figure 16F shows that the mice
maintained body weight when being administered the PAMP:LION formulation intranasally
for 3 consecutive days.

[0203] These results demonstrate that LION supported the delivery of bioactive
PAMP by intranasal inoculation; at all tested dose levels, the LION formulations complexed
with PAMP upregulated the protein expression in the nasal cavity and the lung when the

formulation was delivered intranasally to mice.

Example 11. Production of Lipid Inorganic Nanoparticles (LIONs) with aluminum
hydroxide core labelled as 108-011.

[01100] These LIONs comprise 37.5 mg/ml squalene, 37 mg/ml Span® 60, 37 mg/ml
Tween® 80, 30 mg/ml DOTAP chloride, TOPO-coated AI(OOH) (Alhydrogel® 2%)
particles at a target concentration of 1 mg Al/ml and 10 mM sodium citrate dihydrate. The
LION particles were manufactured using the following procedures.

[0204] In a 50 ml centrifuge tube, 10 ml of Alhydrogel® was added and centrifuged
at 300 rpm for 3 minutes. The supernatant water was removed and replaced with an equal
amount of methanol. The particles were centrifuged again at 300 rpm for 3 minutes and the
methanol supernatant was removed and replaced with an equal amount of methanol. This
procedure was repeated an additional two times to remove residual water and to re-suspend
the Alhydrogel® particles in 10 ml of methanol. The zeta potential of Alhydrogel®
dispersed in methanol was +11.5 mV. To this dispersion, 1 ml of 250 mg/ml
trioctylphosphine oxide (TOPO) was added and the mixture was left overnight in an orbital
shaker maintained at 37° C and 250 rotations per minute. This was done to coat a layer of
TOPO on the surface of Alhydrogel® by ligand exchange reaction. The excess TOPO in the
dispersion was removed by washing with methanol. The zeta potential of the TOPO-coated
Al(OOH) particles was recorded to be +5 mV. The reduction in zeta potential indicates the
surface modification of Alhydrogel® with TOPO was successful. This process was done to

convert the hydrophilic surface of Alhydrogel® to hydrophobic, thus facilitating the
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miscibility of Alhydrogel® in the ‘oil’ phase of LION. Methanol in the TOPO coated
Al(OOH) dispersion was evaporated in the fume hood for 45 minutes at 55 degree Celsius
leaving a dry coat of TOPO-AI(OOH) particles. To the dried TOPO-AI(OOH) particles, 3.7
grams of Span® 60, 3.75 grams of squalene and 3.0 grams of DOTAP chloride were added to
prepare the “oil” phase. The oil phase was sonicated 45 minutes in a water bath pre-heated to
65°C.
[0205] Separately, in a 1-liter glass bottle, the “aqueous” phase was prepared by
adding 19.5 grams of Tween® 80 to 500 ml of 10 mM sodium citrate dihydrate solution
prepared with Milli-Q water. The aqueous phase was stirred for 30 minutes to allow
complete dissolution of Tween® 80. After complete dissolution of Tween® 80, 92 ml of the
aqueous phase was transferred to a 200 ml beaker and incubated in a water bath pre-heated to
65°C.
[0206] To the heated oil phase, 92 ml of the pre-heated aqueous phase was added.
The mixture was immediately emulsified using a VWR® 200 homogenizer (VWR
International) until a homogenous colloid with a milk-like appearance was produced. The
colloid was subsequently processed by passaging the fluid through a Y-type interaction
chamber of a M110-P microfluidizer at 30,000 psi. The fluid was passaged 17 times until the
z-average hydrodynamic diameter, measured by dynamic light scattering (Malvern Zetasizer
Ultra), was 61.9 nm with a 0.24 polydispersity index. The microfluidized LION sample was
terminally filtered with a 200 nm pore-size polyethersulfone (PES) syringe filter.

[0207] Table 2 summarizes the size and PDI of the resulting Alum-LION

nanoparticles before and after complexing with alphavirus-derived replicon RNA molecules.

Table 3 below summarizes the characteristics of the resulting Alum-LION nanoparticles.

Table 2. Size and PDI of Alum-LION before and after complexing with alphavirus-derived
replicon RNA molecules. Values below are mean of three technical replicates.

Size of Alum-LION | Size of Alum-LION | PDI of Alum-LION | PDI of Alum-LION

before complexing after complexing before complexing after complexing

Size Size
SD SD PDI SD PDI SD
(nm) (nm)
61.92 0.488 95.48 2.129 0.241 0.003 0271 0.009
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Table 3. Characterization of the Alum-LION formulation.

Property Method Value
Particle size Dynamic Light Scattering; mean & SD of three
_ _ 61.92+0.5 nm
(Z-average) technical replicates
Size distribution Dynamic Light Scattering, mean + SD of three
) ) 0.241 +0.003
(PDI) technical replicates
) Dynamic Light Scattering; mean = SD of five 3498 £247
Zeta potential ) )
technical replicates mV
Aluminum Inductively coupled plasma-optical emission

. . 598 + 14 pg/ml
concentration spectroscopy; mean + SD of three sample replicates

Reversed phase-High performance liquid

DOTAP 2037 £0.57
) chromatography; mean + SD of three sample
concentration ] mg/ml
replicates
Reversed phase-High performance liquid
Squalene 26.38 £ 0.60
chromatography; mean + SD of three sample
concentration ) mg/ml
replicates

Example 12. RNA delivery with exemplary LION formulations

[0208] A VEE replicon RNA containing the nLuc sequence in the subgenome was
diluted to 6.4 ng/uL and complexed to LION at an N:P ratio of 15 for 30 minutes on ice.
Two types of LION formulations were used: one having the 15-nm iron oxide (Fe304)
nanoparticles (SPIO) as the core (similar to 79-006A prepared according to Example 1), and
the other having the TOPO-coated aluminum oxyhydroxide nanoparticles as the core,
prepared according to Example 11.

[0209] The RNA:LION complex was diluted 1:10 in buffer (10% sucrose, 5 mM
NaCitrate), and 50 pL (16 ng RNA) was added to wells of a 96-well plate containing A549-
Dual cells (Invivogen) in 150 pL Optimem. Cells were transfected for 4 hours, the media
replaced with complete Dulbecco's Modified Eagle Medium (DMEM) (containing 10% fetal
bovine serum, L-glutamine, and Penicillin/Streptomycin), and incubated overnight at 37°C
with 5% CO;. The following day, the media was removed and nLuc expression was assessed
using the Nano-Glo Luciferase Assay System (Promega) according to the manufacturer’s
instructions. Plates were read using a Spectramax i3 plate reader (Molecular Devices).

[0210] Figure 17 shows the resulting in vitro protein expression from the RNA:LION
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complexes with replicon RNA encoding nLuc, using SPIO (Fe-LION) or TOPO-coated
aluminum oxyhydroxide nanoparticles (Al-LION) as the core of the LION formulation. The
figure demonstrates that both LION formulations containing either the iron oxide
nanoparticles or aluminum oxyhydroxide nanoparticles as the cores provided successful in

vitro delivery of nLuc replicon, when the RNA was complexed with LION formulation.

[0211] All references disclosed herein, including patent references and non-patent
references, are hereby incorporated by reference in their entirety as if each was incorporated
individually.

[0212] It is to be understood that the terminology used herein is for the purpose of
describing specific embodiments only and is not intended to be limiting. It is further to be
understood that unless specifically defined herein, the terminology used herein is to be given
its traditional meaning as known in the relevant art.

[0213] References throughout this specification to “one embodiment” or “an
embodiment” and variations thereof means that a particular feature, structure, or
characteristic described in connection with the embodiment are included in at least one
embodiment, and are not necessarily all referring to the same embodiment. Furthermore, the
particular features, structures, or characteristics may be combined in any suitable manner in
one or more embodiments. The abbreviation "e.g." is used herein to indicate a non-limiting
example, and is synonymous with the term "for example."

[0214] As used in this specification and the appended claims, the singular forms “a,”
“an,” and “the” include plural referents, i.e., one or more, and the letter “s” following a noun
designates both the plural and singular forms of that noun, unless the content and context
clearly dictates otherwise. It should also be noted that the conjunctive terms, “and” and “or”
are generally employed in the broadest sense to include “and/or,” which is intended to
encompass an embodiment that includes all of the associated items or ideas and one or more
other alternative embodiments that include fewer than all of the associated items or ideas,
unless the content and context clearly dictates inclusivity or exclusivity as the case may be.
[0215] In addition, where features or aspects of the invention are described in terms
of Markush groups, it is intended that the invention embraces and is also thereby described in
terms of any individual member and any subgroup of members of the Markush group, and
Applicants reserve the right to revise the application or claims to refer specifically to any

individual member or any subgroup of members of the Markush group.
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[0216] Where a range of values is provided herein, it is understood that each
intervening value, to the tenth of the unit of the lower limit unless the context clearly dictates
otherwise, between the upper and lower limit of that range and any other stated or intervening
value in that stated range is encompassed within the invention. The upper and lower limits of
these smaller ranges may independently be included in the smaller ranges is also
encompassed within the invention, subject to any specifically excluded limit in the stated
range. Where the stated range includes one or both of the limits, ranges excluding either or
both of those included limits are also included in the invention. For example, any
concentration range, percentage range, ratio range, or integer range provided herein is to be
understood to include the value of any integer within the recited range and, when appropriate,
fractions thereof (such as one tenth and one hundredth of an integer), unless otherwise
indicated. Also, any number range recited herein relating to any physical feature, such as
polymer subunits, size or thickness, are to be understood to include any integer within the
recited range, unless otherwise indicated. As used herein, the term "about" means + 20% of

the indicated range, value, or structure, unless otherwise indicated.
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What is claimed is:

1. A nanoemulsion composition comprising a plurality of nanoemulsion particles, each
nanoemulsion particle comprising;

a hydrophobic core comprising a mixture of a liquid oil and one or more inorganic
nanoparticles;

one or more lipids; and

optionally one or more surfactants.

2. The nanoemulsion composition of claim 1, wherein each nanoemulsion particle
comprises:

a hydrophobic core comprising a mixture of a liquid oil and one or more inorganic
nanoparticles selected from the group consisting of a metal salt, metal oxide, metal
hydroxide, metal phosphate, and combinations thereof;

a cationic lipid;

a hydrophobic surfactant; and

a hydrophilic surfactant.

3. The nanoemulsion composition of claim 2, wherein the nanoemulsion particle
comprises:

about 0.2% to about 40% w/v liquid oil,

about 0.001% to about 10% w/v inorganic solid nanoparticle,

about 0.2% to about 10% w/v cationic lipid,

about 0.25% to about 5% w/v hydrophobic surfactant, and

about 0.5% to about 10% w/v hydrophilic surfactant.

4. The nanoemulsion composition of claim 2, wherein the cationic lipid 1s selected from
the group consisting of 1,2-dioleoyloxy-3-(trimethylammonium)propane (DOTAP); 33-[N—
(N',N'-dimethylaminoethane)-carbamoyl]cholesterol (DC Cholesterol),
dimethyldioctadecylammonium (DDA); 1,2-dimyristoyl-3-trimethylammoniumpropane
(DMTAP), dipalmitoyl(C16:0)trimethyl ammonium propane (DPTAP);
distearoyltrimethylammonium propane (DSTAP); N-[1-(2,3- dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA); N,N-dioleoyl-N,N- dimethylammonium chloride
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(DODAC); 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (DOEPC); 1,2-dioleoyl-3-
dimethylammonium-propane (DODAP); and 1,2- dilinoleyloxy-3-dimethylaminopropane
(DLinDMA); 1,1°-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl) (2-
hydroxydodecyl)amino)ethyl)piperazin-1-yl)ethyl)azanediyl)bis(dodecan-2-ol) (C12-200);

and combinations thereof.

5. The nanoemulsion composition of claim 2, wherein the hydrophobic surfactant is a

sorbitan ester, and wherein the hydrophilic surfactant is a polyoxyethylene sorbitan ester.

6. The nanoemulsion composition of claim 2, wherein each nanoemulsion particle
comprises:
a hydrophobic core comprising a mixture of
one or more inorganic nanoparticles containing at least one metal oxide
nanoparticle optionally coated with a phosphate-terminated lipid, a phosphorous-
terminated surfactant, a carboxylate-terminated surfactant, a sulfate-terminated
surfactant, or an amine-terminated surfactant, and
a liquid oil containing a naturally occurring or synthetic squalene;
the cationic lipid DOTAP;
a hydrophobic surfactant comprising a sorbitan ester selected from the group
consisting of sorbitan monostearate, sorbitan monooleate, and sorbitan trioleate; and

a hydrophilic surfactant comprising a polysorbate.

7. The nanoemulsion composition of claim 2, wherein each nanoemulsion particle
comprises:
a hydrophobic core comprising a mixture of*
one or more inorganic nanoparticles containing at least one metal hydroxide or
oxyhydroxide nanoparticle, optionally coated with a phosphate-terminated lipid, a
phosphorous-terminated surfactant, a carboxylate-terminated surfactant, a sulfate-
terminated surfactant, or an amine-terminated surfactant, and
a liquid oil containing naturally occurring or synthetic squalene;
the cationic lipid DOTAP;
a hydrophobic surfactant comprising a sorbitan ester selected from the group

consisting of sorbitan monostearate, sorbitan monooleate, and sorbitan trioleate; and
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a hydrophilic surfactant comprising a polysorbate.

8. The nanoemulsion composition of claim 2, wherein the nanoemulsion particles have a
z-average hydrodynamic diameter, measured by dynamic light scattering, ranging from about
40 nm to about 80 nm, with an average polydispersity index ranging from about 0.2 to about

0.4.

0. A nanoemulsion composition comprising;
@) a plurality of nanoemulsion particles, each nanoemulsion particle comprising:
a hydrophobic core comprising a mixture of a liquid oil and one or
more inorganic nanoparticles;
one or more lipids; and
optionally one or more surfactants, and

(i)  abioactive agent complexed with the nanoemulsion particles.

10.  The nanoemulsion composition of claim 9, wherein the bioactive agent is RNA or
DNA.
11. The nanoemulsion composition of claim 10, wherein the bioactive agent is a mRNA,

oncolytic viral RNA, a replicon RNA, or a non-coding RNA.

12.  The nanoemulsion composition of claim 10, wherein the bioactive agent is an RNA
encoding an antigen or an antibody to an antigen, wherein the antigen is derived from a
bacterial infection/disease, a viral infection/disease, a protozoan disease, a non-

communicable disease, cancer, or an autoimmune disease.

13. The nanoemulsion composition of claim 10, wherein the antigen is derived from a
RNA virus.
14. The nanoemulsion composition of claim 13, wherein the RNA virus is selected from

the group consisting of a hepatitis virus, a corona virus, a mosquito-borne virus, and a HIV

virus.
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15.  The nanoemulsion composition of claim 10, wherein the molar ratio of the
nanoemulsion particles to the bioactive agent, characterized by the nitrogen-to-phosphate

(N:P) molar ratio, ranges from about 1:1 to about 150:1.

16.  The nanoemulsion composition of claim 9, wherein the bioactive agent is an
adjuvant.
17.  The nanoemulsion composition of claim 10, wherein the bioactive agent is a

TLR agonist, a RIG-I agonist, a saponin, a peptide, a protein, a carbohydrate, a carbohydrate
polymer, a conjugated carbohydrate, a whole viral particle, a virus-like particle, viral

fragments, cellular fragments, or combinations thereof.

18. A pharmaceutical composition comprising the nanoemulsion composition of claim 9,

and a pharmaceutically acceptable carrier.

19. A vaccine delivery system comprising the nanoemulsion composition of claim 9, and
optionally one or more vaccine adjuvants, wherein the bioactive agent is an antigen or a

nucleic acid molecule encoding an antigen.

20. A method for delivering a bioactive agent to a subject, comprising:

administering to the subject the nanoemulsion composition of claim 9.

21. A method for generating an immune response in a subject, comprising;
administering to the subject a therapeutically effective amount of the nanoemulsion
composition of claim 9, and optionally an adjuvant, wherein the bioactive agent is an antigen

or a nucleic acid molecule encoding an antigen.

22. A method of treating or preventing a disease in a subject, comprising:
administering to the subject a therapeutically effective amount of the nanoemulsion

composition of claim 9, and optionally a pharmaceutically acceptable carrier.

23. A method of imaging and/or tracking a bioactive agent delivery in a subject,

comprising:
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administering to the subject the nanoemulsion composition of claim 9, wherein the
inorganic nanoparticles contain materials detectable via magnetic resonance imaging, and

detecting the nanoemulsion composition with magnetic resonance imaging

24. The method of claim 23, wherein the inorganic nanoparticles are formed from an iron

oxide, iron gluconate, and/or iron sulfate.

25. A method of making a nanoemulsion composition, comprising:

(a) mixing one or more inorganic nanoparticles, a liquid oil, one or more lipids, and
optionally, a hydrophobic surfactant, thereby forming an oil-phase mixture; and

(b) mixing the oil-phase mixture with an aqueous solution, optionally containing a
hydrophilic surfactant, to form nanoemulsion particles; and

(c) optionally, mixing the nanoemulsion particles with an aqueous solution containing

a bioactive agent, thereby complexing the bioactive agent with the nanoemulsion particles.
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