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Lipid Nanoparticles for Delivering mRNA Vaccines

RELATED APPLICATIONS
[001] This application claims the benefit of prionity of U.S. Provisional Application No.
63/110,965, filed November 6, 2020, U.S. Provisional Application No. 63/212,523, filed June 18,
2021, and EP Priority Application No. 21315198.8, filed October 13, 2021, the content of each

incorporated by reference in their entirety for all purposes.

BACKGROUND OF THE INVENTION

[002] Messenger RNA (mRNA)-based vaccines provide a promising alternative to traditional
subunit vaccines, which contain antigenic proteins derived from a pathogen. Antigenic proteins
arc usually recombinantly made and require bacterial fermentation and/or cell culture, as well as
complex purification. Vaccines based on mRNA allow de novo expression of complex antigens n
the vaccinated subject, which 1 turn allows proper post-translational modification and
presentation of the antigen in its natural conformation. Unlike traditional technologies, the
manufacture of mRNA vaccines does not require complex and costly bacterial fermentation, tissue
culture, and purification processes. Moreover, once established, the manufacturing process for
mRNA vaccines can be used for a variety of antigens, enabling rapid development and deployment
of mRNA vaccines. Further, mRNA vaccines are inherently safe delivery vectors as they express
the antigens only transiently and do not integrate into the host genome. Because antigens encoded
by mRNAs are produced in vivo 1in the vaccinated individual, mRNA vaccines are especially
cffective 1n eliciting both humoral and T cell mediated immunity.

[003] RNA, however, 1s unstable and subject to rapid degradation. There also are no natural
cell surface receptors that facilitate cellular uptake of RNA. Indeed, development of mRNA
vaccines has been hampered by 1nefficient in vivo delivery of mRNA. Thus, there remains a need

to develop vaccine formulations that can improve mRNA delivery in vivo.

SUMMARY OF THE INVENTION
[004] The present disclosure provides a pharmaceutical composition comprising nucleic acid
molecules (e.g., mRNA molecules) encapsulated 1n lipid nanoparticles (LNPs), wherein each LNP

comprises a cationic lipid at a molar ratio between 35% and 45%, a polyethylene glycol (PEG)
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conjugated (PEGylated) lipid at a molar ratio between 0.25% and 2.75%, a cholesterol-based lipid
at a molar ratio between 20% and 35%, and a helper lipid at a molar ratio of between 25% and
35%, wherein all the molar ratios are relative to the total lipid content of the LNP. The composition
may be used as a vaccine to elicit immune protection in subjects (e.g., human subjects) 1n need
thereof.

[005] In some embodiments, the cationic lipid 1s OF-02, cKK-E10, GL-HEPES-E3-E10-DS-3-
E18-1, GL-HEPES-E3-E12-DS-4-E10, or GL-HEPES-E3-E12-DS-3-E14.

[006] In some embodiments, the LNP comprises a cationic lipid at a molar ratio of 40%, a
PEGylated lipid at a molar ratio of 1.5%, a cholesterol-based lipid at a molar ratio of 28.5%, and
a helper lipid at a molar ratio of 30%.

[007] In some embodiments, the cationic lipid 1s OF-02, cKK-E10, GL-HEPES-E3-E10-DS-3-
E18-1, GL-HEPES-E3-E12-DS-4-E10, or GL-HEPES-E3-E12-DS-3-E14, the PEGylated lipid 1s
dimyristoyl-PEG2000 (DMG-PEG2000), the cholesterol-based lipid 1s cholesterol, and/or the
helper hipid 1s 1,2-dioleoyl-SN-glycero-3-phosphoethanolamine (DOPE). In particular
embodiments, the LNP comprises OF-02, cKK-E10, GL-HEPES-E3-E10-DS-3-E18-1, GL-
HEPES-E3-E12-DS-4-E10, or GL-HEPES-E3-E12-DS-3-E14 at a molar ratio of 40%, DMG-
PEG2000 at a molar ratio of 1.5%, cholesterol at a molar ratio of 28.5%, and DOPE at a molar
ratio of 30%.

[008] In some embodiments, the LNP comprises 1-20, optionally 5-10 or 6-8, nucleic acid
molecules. In some embodiments, the LNP comprises one or more mRNA molecules encoding an
antigen (¢.g., a viral antigen such as an influenza viral antigen, or a bacterial antigen).

[009] In some embodiments, the LNP comprises two or more mRNA molecules, wherein each
mRNA molecule encodes a different antigen, optionally wherein the different antigens are from
the same pathogen or from different pathogens. In some embodiments, the composition comprises
two or more LNPs, wherein cach LNP comprises an mRNA encoding a different antigen,
optionally wherein the different antigens are from the same pathogen or from different pathogens.
[0010] For example, the composition may comprise two, three, four, five, six, seven, eight, nine,
or more¢ mRNA molecules encoding (1) different hemagglutinin (HA) antigens, (1) different
neuraminidase (NA) antigens, or (111) at Ileast one HA antigen and at least one NA antigen.

[0011] In some embodiments, mRNA molecule comprises an open reading frame (ORF)

encoding a respiratory syncytial virus (RSV) F protein antigen.
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[0012] Insome embodiments, the RSV F protein antigen comprises an amino acid sequence with
at least 98% 1dentity to SEQ ID NO: 16 or consists of an amino acid sequence of SEQ ID NO: 16.
[0013] In some embodiments, the RSV F protein antigen is a pre-fusion protein.

[0014] In some embodiments, the ORF 1s codon optimized.

[0015] In some embodiments, the mRNA molecule comprises at least one 5 untranslated region
(5 UTR), at least one 3’ untranslated region (3° UTR), and at least one polyadenylation (poly(A))
sequence.

[0016] In some embodiments, the mRNA comprises at least one chemical modification.

[0017] Insome embodiments, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%,
at least 70%, at least 80%, at least 85%, at least 90%, at least 95%, or 100% of the uracil nucleotides
in the mRNA are chemically modified.

[0018] Insome embodiments, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%,
at least 70%, at least 80%, at least 85%, at least 90%, at least 95%, or 100% of the uracil nucleotides
in the ORF are chemically modified.

[0019] In some embodiments, the chemical modification 1s selected from the group consisting
of pseudouridine, N1-methylpseudouridine, 2-thiouridine, 4’-thiouridine, 5-methylcytosine, 2-
thio-I-methyl-1-deaza-pseudouridine, 2-thio-1-methyl-pseudouridine, 2-thio-5-aza-uridine, 2-thio-
dihydropseudouridine, = 2-thio-dihydrouridine, = 2-thio-pseudouridine, = 4-methoxy-2-thio-
pseudouridine, 4-methoxy-pseudouridine, 4-thio-l-methyl-pseudouridine, 4-thio-pseudouridine,
5-aza-uridine, dihydropscudouridine, 5-methyluridine, 5-methyluridine, 5-methoxyuridine, and
2’-0O-methyl uridine.

[0020] In some embodiments, the chemical modification 1s selected from the group consisting
of pseudouridine, NI1-methylpseudouridine, 5-methylcytosine, 5-methoxyuridine, and a
combination thereof.

[0021] In some embodiments, the chemical modification 1s N1-methylpseudouridine.

[0022] In some embodiments, the mRNA comprises a nucleic acid sequence with at least 80%
1dentity to a nucleic acid sequence set forth in SEQ ID NO: 17.

[0023] In some embodiments, the mRNA comprises a nucleic acid sequence with at least 80%
1dentity to a nucleic acid sequence set forth in SEQ ID NO: 21.

[0024] In some embodiments, the mRNA comprises of the following structural elements:

(1) a 5’ cap with the following structure:



10

15

20

25

WO 2022/099003 PCT/US2021/058250

=0

O._-D

(1) a 5" untranslated region (5° UTR) having the nucleic acid sequence of SEQ ID NO: 19;

(111) a protein coding region having the nucleic acid sequence of SEQ 1D NO: 17;

(1v) a 3’ untranslated region (3° UTR) having the nucleic acid sequence of SEQ ID NO: 20; and
(v) a poly(A) tail.

[0025] In some embodiments, the LNP has an average diameter of 30-200 nm (e.g., 80-150 nm).
In some embodiments, the composition comprises 1-10, optionally 1, mg/mL of the LNP. The
composition may be formulated for imntramuscular or intradermal 1njection and may comprise a
phosphate-buffer saline. In some embodiments, the composition comprising trehalose, optionally
at 10% (w/v) of the composition.

[0026] In another aspect, the present disclosure provides a method of preparing the LNP
composition herein, comprising providing an aqucous buffered solution comprising the nucleic
acid molecule, providing an amphiphilic solution comprising the cationic lipid, the PEGylated
lipid, the cholesterol-based lipid, and the helper lipid, and mixing the aqueous buffered solution
and the amphiphilic solution at a ratio of 5:1 to 3:1, optionally 4:1. The aqueous buffered solution
may be, for example an acidic buffered solution (e.g., comprising 1 mM citrate and 150 mM
sodium chloride with a pH of about 4.5). The amphiphilic solution may be, ¢.g., an ethanol
solution.

[0027] In another aspect, the present disclosure provides a method of eliciting an 1immune
response In a subject in need therecof, comprising administering to the subject, optionally
intramuscularly, intranasally, intravenously, subcutaneously, or intradermally, a prophylactically
cffective amount of the present LNP composition. In some embodiments, the subject 1s treated
with one or more (e.g., two) doses of the composition, each dose comprising 1-250, optionally
2.5.,5,15,45, or 135, ng of mRNA. The doses may be given at an interval of 2-24, optionally 4,

8,12, 16, or 20 weeks, or one, two, three, four, five, or six months.
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[0028] Also provided herein are use of the present composition for the manufacture of a
medicament for use 1n treating a subject in need thercof, as well as the composition for use for use
in treating a subject 1n need thereof].
[0029] The present disclosure also provides a kit comprising a container comprising a single-use
or multi-use dosage of the present, optionally wherein the container 1s a vial or a pre-filled syringe
or 1njector.
[0030] In another aspect, the disclosure provides a pharmaceutical composition comprising a
mRNA molecule encapsulated 1n a lipid nanoparticle (LNP), wherein the LNP comprises:

a cationic lipid at a molar ratio between 35% and 45%,

a polyethylene glycol (PEG) conjugated (PEGylated) lipid at a molar ratio between 0.25%
and 2.75%,

a cholesterol-based lipid at a molar ratio between 20% and 35%, and

a helper lipid at a molar ratio of between 25% and 35%,

wherein all the molar ratios are relative to the total lipid content of the LNP;

whereimn the mRNA molecule comprises an open reading frame (ORF) encoding an antigen
derived from influenza virus.
[0031] In another aspect, the disclosure provides a pharmaceutical composition comprising a
mRNA molecule encapsulated 1n a lipid nanoparticle (LNP), wherein the LNP comprises:

a cationic lipid at a molar ratio between 35% and 45%,

a polyethylene glycol (PEG) conjugated (PEGylated) lipid at a molar ratio between 0.25%
and 2.75%,

a cholesterol-based lipid at a molar ratio between 20% and 35%, and

a helper lipid at a molar ratio of between 25% and 35%,

wherein all the molar ratios are relative to the total lipid content of the LNP;

wherein the mRNA molecule comprises an open reading frame (ORF) encoding a
respiratory syncytial virus (RSV) F protein antigen.
[0032] Other features, objects, and advantages of the invention are apparent in the detailed
description that follows. It should be understood, however, that the detailed description, while
indicating embodiments and aspects of the invention, 1S given by way of 1llustration only, not
limitation. Various changes and modification within the scope of the invention will become

apparent to those skilled 1n the art from the detailed description
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BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1A 1s a pair of graphs showing the expression of human erythropoietin (hEPO) 1n
mice treated with various LNP formulations of hEPO mRNA. Panel a): LNP formulations “Lipid
A’ and “Lipid B” compared to MC3. Bars represent means and standard deviations. Panel b):
Formulation made with cationic lipid OF-02. PEG: DMG-PEG2000. Cholest: cholesterol. “Lipid
A”:; LNP composition containing OF-02, DMG-PEG2000, cholesterol, and DOPE, 1n this order,
at a molar ratio of 40:1.5:28.5:30, unless otherwise indicated. “Lipid B”: LNP composition
containing cKK-E10, DMG-PEG2000, cholesterol, and DOPE, 1n this order, at a molar ratio of
40:1.5:28.5:30.

[0034] FIG. 1B 1s a pair of graphs showing expression of hEPO 1n mice and non-human primates
(NHPs) using LNP formulations Lipid A and Lipid B.

[0035] FIG. 2A and 2B arc a pair of graphs showing that Lipid A and Lipid B LNP formulations
with mRNA encoding hemagglutinin (HA) of strain A/California/7/2009 (HIN1) (CA09) induced
robust functional antibodies (FIG. 2A) and protected mice against death or severe weight loss
(more than 20%) when challenged with a pandemic strain of influenza virus (FIG. 2B).
Hemagglutinin inhibition (HAI) titers are reported as logl0 for serum samples taken at study days
0, 14, 28, 42,56, 92, and 107. Bars are gecometric means and geometric standard deviations. Daily
weights were measured after intranasal challenge (day 93) with 4LDso of A/Belgium/2009 (HIN1)
(Belgium09). Weights are presented as the percentage of weight lost from the day of challenge.
Euthanasia occurred for mice losing more than 20% of their starting body weight and for all mice
14 days post-infection (day 107). rHA: recombinant hemagglutinin. AFO03: an oil-in-water
emulsion adjuvant. Diluent = PBS. LLOQ = lower limit of quantitation. 1/40 = 1/40 minimum
target, which refers to HAI antibody titers associated with 50% reduction in the risk of influenza
infection or disease 1n healthy adults (Coudeville et al., BMC Med Res Methodol. (2010) 10:18).
Dashed line 1n FIG. 2B = 20% weight loss cut off with respect to weight on the day of challenge.
[0036] FIG. 3A and 3B arc a pair of graphs showing that A/Michigan/45/2015 (Michl)5)
neuraminidase (NA) mRNA formulated with Lipid A LNP induced robust functional antibodies
(FIG. 3A) and protected mice against weight loss and death when challenged with a pandemic
strain of influenza virus (FIG. 3B). Neuraminidase inhibition (NAI) titers are reported as logl 0
for serum samples taken at study days 14, 28, 42, 56, 88, and 114. Daily weights were observed
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after intranasal challenge (day 89 for the one-dose groups or day 117 for the two-dose groups)
with 4L.Dso of Belgium09. Weights are presented as the percentage of weight lost from the day of
challenge. Euthanasia occurred for mice losing more than 20% of their starting body weight and
for all mice 14 days post-infection (day 103 for the 1 dose groups or day 131 for the 2 dose groups).
Bars are means and standard deviations. Upper dashed line in FIG. 3A = upper limit of
quantitation. Lower dashed line in FIG. 3A = lower limit of quantitation. Dashed line 1n FIG.
3B = 20% weight loss cut off with respect to weight on the day of challenge. mRNA dosed: 0.4
or 0.016 ug mRNA encoding Michl5 NA. Control: 0.6 uyg mRNA encoding hEPO or diluent
(PBS).

[0037] FIG. 4 1s a graph showing that Lipid A and Lipid B LNP formulations with CA09 HA
mRNA (10 pug) induced robust functional antibodies 1n cynomolgus macaque monkeys. HAI titers
are reported as log2 for serum samples taken at study days 0, 14, 28, 42, and 56.

[0038] FIGs. SA-C show the MRT1400 mRNA encoding for influenza virus A/Singapore/
INFIMH160019/2016 (Singl6; H3N2) HA hemagglutinin. FIG. SA: an alignment of the wildtype
(WT) gene and a codon-optimized gene (MRT10279) for the HA antigen. FIG. 5B: the structure
of the mRNA. FIG. 5C: the sequence of the mRNA.

[0039] FIG. 6 1s a pair of graphs showing that Lipid A and Lipid B LNP formulations with
MRT1400 or NA mRNA 1nduced robust functional antibodies in mice. First injection was given
at study day 0 and second 1njection was given at study day 28. Left Panel: HAI titers are reported
as logl0 for serum samples taken at study days 14, 28, 42, and 56. Right Panecl: NAI titers are
reported as logl0 for serum samples taken at study days 14, 28, 42, and 56. Bars are gecometric
means and geometric standard deviations. Dashed line = lower limit of quantitation.

[0040] FIG. 7A 1s a graph showing that Lipid A and Lipid B LNP formulations with MRT 1400
induced robust functional antibodies in NHPs. HAI titers are reported as log2 for serum samples
taken at study days 0, 14, 28, 42, and 56. First injection was given at study day O and second
Injection was given at study day 28. Bars are means and standard deviation. Upper dashed line =
1/40 minimum target. Lower dashed line = lower limit of detection.

[0041] FIG. 7B and 7C are a pair of graphs showing that a Lipid A LNP formulation (MRT5400)
containing MRT1400 mRNA 1nduced functional antibodies (FIG. 7B) and robust ELISA titers
(FIG. 7C) 1n cynomolgus macaque monkeys at four dose levels: 15,45, 135 and 250 ng of mRNA.
HAI and ELISA titers are reported as log2 for serum samples taken at study days 0, 14, 28, 42,
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and 56. First injection was given at study day 0 and second 1njection given at study day 28. Bars
arc means and standard deviations. Dash line = 1/40 minimum target.

[0042] FIGs. 8A and 8B arec panecls of graphs showing the T cell cytokine response of
cynomolgus macaques after a second vaccination with Lipid A LNP formulation MRT5400 1n
three dose level groups (250 ug, 135 pg, and 45 ug of mRNA). IFN-y and IL-13 induced by re-
stimulation with either the recombinant HA (rHA) protein (left panel) or the pooled peptides (right
panel) were assessed 1n peripheral blood mononuclear cells (PMBC) on day 42 by ELISPOT
assays. The frequencies of PBMC secreting IFN-y (FIG. 8A) or IL-13 (FIG. 8B) were calculated
as spots forming cells (SFC) per million PBMC. Each symbol represents an individual sample,
and the bar represents the standard deviation.

[0043] FIG. 9A 1s a pair of graphs showing that Lipid A LNP formulations containing modified
and unmodified CA09 HA mRNA were comparable as indicated by HAI titers 1n vaccinated mice.
HAI titers are reported as log2 for serum samples taken at study days 14, 28, 42, and 56. First
Injection was given at study day 0 and second 1njection was given at study day 28. Bars are means
and standard deviation. Upper dashed line = 1/40 minimum target. Lower dashed line = lower
limit of quantitation.

[0044] FIG. 9B 1s a pair of graphs showing that Lipid A LNP formulations containing modified
and unmodified CA09 HA mRNA were comparable as indicated by ELISA titers in mice. Total
[eG ELISA titers are reported as logl 0 for serum samples taken at study days 14, 28, 42, and 56.
First injection was given at study day 0 and second 1njection was given at study day 28. Dashed

line = lower limit of quantitation.

[0045] FIGs. 10A and 10B are a pair of graphs showing that bivalent Lipid A LNP formulations
with CA09 HA mRNA and Singl 6 HA mRNA induced robust functional antibodies as assessed
by HAI titers (CA09 (FIG. 10A) and Singl6 (FIG. 10B)) in Balb/c mice at a dose of 0.4 pug of
total mRNA. 0.4 ug mRNA was dosed as a co-encapsulated mRNA-LNP formulation, or each
HA mRNA was separately administered with 0.2 ng going into each leg. Each HA mRNA was
also co-encapsulated into a formulation with non-coding mRNA to control for total mRNA
packing into the LNP. The diluent group received mRNA-LNP diluent buffer. HALI titers are
reported for serum samples taken at study days -2 (baseline), 14, 28, and 42. FIG. 10B only shows
study days -2 (baseline from pooled sera) and 42. First injection was given at study day 0 and
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second 1njection given at study day 28. Bars are geometric means and geometric standard
deviations. Dashed line = lower limit of quantitation.

[0046] FIG. 11 shows the functional verification of mRNA-LNP Formulations. Panel (a) 1s a
graph showing the expression of firefly (FF) luciferase in BALB/c mice: a single dose of
Luciferase FF mRNA-LNP (5, 1, 0.1, 0.05 ug) was mjected in mice (n=4) by IM route. Luciferin
(3 mg) was 1njected at the time of whole animal 1imaging, using IVIS Spectrum, Perkin Elmer
recording bioluminescence intensity. Images of whole animal average radiance at 6, 24, 48 and
72h after injection were taken. Radiance recorded for 1, 0.5, 0.1 and 0.05 pug dose administrations
of Luc mRNA-LNP are shown 1n the graph. Panel (b) shows whole animal 1mages indicating
total flux of luminescence, at 6 to 72 hours. Total flux of luminescence in groups of mice (n=4)
receiving 0.1 ug dose of FF-LNP are shown. Panel (¢) shows the expression of hEPO in BALB/c
mice. A single dose of hEPO mRNA-LNP (0.1 pg) was injected in BALB/c mice by IM route.
hEPO expression was quantified in serum at 6 hours and 24 hours after administration using
ELISA. Bars represent means and standard deviations. Panel (d) shows the expression of hEPO
in NHP. A single dose of hEPO mRNA-LNP (10 pug) was injected in Cynomolgus macaques by
IM route. hEPO expression was quantified in serum at 6, 24, 48, 72, and 96 hours after
administration, using ELISA. Bars represent means and standard deviations.

[0047] FIG. 12 shows the serological evaluation of HA mRNA-LNP vaccine in mice. BALB/c
mice (n=8 per group) were immunized twice IM, 4 weeks apart with 2, 0.4, 0.08, and 0.016 ug of
cither Cal09 HA mRNA-LNP or Singl6 HA mRNA-LNP. ELISA titers recorded for sera
collected at days 14, 28, 42, 56 against CA09 (Cal09) HIN1 influenza virus recombinant HA (left
panel) and Singl6 H3N2 influenza virus recombinant HA (right panel) are shown.

[0048] FIG. 13 shows the serological evaluation of HA mRNA-LNP vaccine 1n mice. BALB/c
mice (n=8 per group) were immunized twice IM, 4 weeks apart with 2, 0.4, 0.08 and 0.016 ng of
cither CAO9 HA mRNA-LNP or Singl6 HA mRNA-LNP. Logio HAI fiters recorded against
CAQ09 HINI influenza virus (left panel) and Singl 6 H3N2 influenza virus (right panel) are shown.
[0049] FIG. 14 shows the serological evaluation of NA mRNA-LNP vaccine in mice. BALB/c
mice (n=8 per group) were immunized twice IM 4 weeks apart with 2, 0.4, 0.08, and 0.016 ug of
cither Michl5 NA mRNA-LNP or Singl6 NA mRNA-LNP. Total IgG titers recorded for sera
collected at days 0, 14, 28, 42, 56 against Michl5 N1 influenza virus recombinant NA (left panel)
and Singl16 N2 virus recombinant NA (right panel) are shown
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[0050] FIG. 15 shows the serological evaluation of NA mRNA-LNP vaccine in mice. BALB/c
mice (n=8 per group) were immunized twice IM 4 weeks apart with 2, 0.4, 0.08 and 0.016 ug of
cither Michl5 NA mRNA-LNP or Singl6 NA mRNA-LNP. Logio NAI (ELLA) titers recorded
for sera against Mich2015 (N1): A/Mallard/Sweden/2002 (H6) chimeric influenza virus (left
panel) and Singl 6 (N2): A/Mallard/Sweden/2002 (H6) chimeric virus (right panel) are shown.
[0051] FIGs. 16A and 16B show the protective efficacy of CA09 HA mRNA-LNP vaccine 1n
mice after lethal A/Belgium/2009 HINI1 virus challenge. Mice (n=8) received two IM doses of
CA09 HA mRNA-LNP (0.4 ug each) on day 0 and day 28. Control animals received two IM doses
of diluent on day O and day 28. FIG. 16A shows the HAI titers reported as Logio for serum
samples taken at study days 0, 14, 28, 42, 56, 92, and 107. FIG. 16B shows daily weights after
intranasal challenge on day 93 with 4L.Dso of A/Belgium/2009 HIN1 strain. Weights are presented
as the percentage of weight lost from the day of challenge. Individual lines represent each animal.
[0052] FIGs. 17A-B show the protective efficacy of a single dose of unmodified Michl5 NA
mMRNA-LNP 1n mice after lethal A/Belgium/2009 HINI1 wvirus challenge. Mice (n=16) were
injected by the IM route with 0.4 pug or 0.016 ug of Michl5 NA mRNA-LNP. Half of the mice
only received one 1njection (1 dose) on study day 0, while the other half (2 doses) received two
Injections given at study day 0 and day 28. Control amimals received two IM doses of hEPO
mRNA-LNP (0.6 ug) on day 0 and day 28. FIG. 17A shows the NALI titers are reported as Logio
for serum samples taken at study days 0, 14, 28, 42, 56, 88, and 114. FIG. 17B shows the daily
welght change after intranasal challenge on day 89 for single dose group and day 117 (89 days
after second dose) for two dose group with 4LD50 of Belgium09 HIN1. Weights are presented
as the percentage of weight lost from the day of challenge. Individual lines represent each animal.
[0053] FIG. 18 shows the serological evaluation of HA Singl6 HA mRNA-LNP vaccine 1n
NHP. Cynomolgus macaques (n=6 per group) were mnjected twice, 4 weeks apart by IM route,
with 15, 45 or 135 ug of Singl6 HA mRNA-LNP. Serum samples were collected at days -6, 14,
28,42, and 56. Logio IgG fiters against recombinant HA protein of Singl6 virus are shown.
[0054] FIGs. 19A and 19B show the scrological evaluation of HA Singl6 HA mRNA-LNP
vaccine in NHP. Cynomolgus macaques (n=6 per group) were injected twice, 4 weeks apart by
IM route, with 15, 45 or 135 pg of Singl6 HA mRNA-LNP. Serum samples were collected at
days 0, 14, 28, 42, and 56. Logio HAI titers (FIG. 19A) and Logio micro-neutralization (MN)
titers (FIG. 19B) against Sing2016 virus are shown.
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[0055] FIGs. 20A and 20B show T cell responses in NHP vaccinated with Singl 6 HA mRNA -
LNP vaccine. Cynomolgus macaques (n=6 per group) were injected twice, 4 weeks apart by IM
route, with 45, 135, or 250 pg of Singl 6 HA mRNA-LNP. T cells were determined by ELISPOT
on day 42 in PBMC stimulated 1n vitro with peptide pools to represent the entire HA open reading
frame. The responses of PBMC secreting IFN-y (FIG. 20A) or 1L-13 (FIG. 20B) calculated as
spots forming cells (SFC) per million PBMC are shown. Each symbol represents an individual
sample, and the bar represent the geometric mean for the group.

[0056] FIG. 21 shows the secretion of Singl6 H3-specific IgG by memory B cells on day 180
in NHP vaccinated with Singl 6 HA mRNA-LNP vaccine. Cynomolgus macaques (n=6 per group)
were mjected twice, 4 weeks apart by IM route, with 15 or 45 ug of Singl6 HA mRNA-LNP. The
Human IgG single-color memory B cell ELISPOT kit (CAT# NC1911372, CTL) was used to
measure Singl6/H3-specific and total IgG" antibody-secreting cells (ASCs). Differentiation of
MBCs into ASCs was performed 1n PBMC collected at day 180 by using a stimulation cocktail
provided by the kit. The number of IgG" and number of Sing16/H3-specific ASCs was calculated
per million of PBMCs for each animal and the frequency of antigen-specific ASCs 1s shown.
[0057] FIG. 22 shows the delivery of bivalent combinations of influenza vaccine 1 mice.
BALB/c mice (n=8 per group) were immunized twice IM, 4 weeks apart with a total 0.4 ug of
bivalent combinations co-encapsulated mRNA transcripts (1:1 wt/wt, half volume per each leg) or
0.2 ug ecach monovalent which was separately formulated and immumzed different legs. HIH3
combo constituting CA09 HA mRNA-LNP, Singl6 HA mRNA-LNP; H3N2 combo of Singl6 HA
MRNA-LNP and Singl6 NA mRNA-LNP and NIN2 combo of Michl5 NA mRNA-LNP and
Perth09 NA mRNA-LNP were tested 1n sera collected a day 0, 14, 28, 42, against corresponding
virus. Panel (a) shows HAI titers recorded against CA09 HINI influenza virus and Sing2016
H3N2. Panel (b) shows the HAI and NAI titers recorded against Sing2016 H3N2 and
A/Mallard/Sweden/2002 (H6) chimeric influenza virus and H6N2 A/Perth/09 virus F1919D (N2)
virus, respectfully. Panel (c¢) shows NAI titers recorded against Michl5 (NI1):
A/Mallard/Sweden/2002 (H6) chimeric influenza virus and H6N2 A/Perth/09 virus F1919D (N2)
VITUS.

[0058] FIG. 23 shows the delivery of quadrivalent combinations of influenza vaccines in NHP.
Cynomolgus macaques (n=6 per group) were immunized twice IM, 4 weeks apart with a total 10

ug of quadrivalent combinations of co-encapsulated mRNA transcripts (1:1:1:1 wt/wt).
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H2H3NI1N2 combo consisting of CA09 HA mRNA, Singl6 HA mRNA, Michl5 NA mRNA, and
Perth09 NA mRNA. HI1H3 combo constituting CA09 HA mRNA, Singl6 HA mRNA and 2x
non-coding mRNA (ncmRNA); H3N2 combo of Singl6 HA mRNA and Perth09 NA mRNA and
2x non-coding mRNA. NIN2 combo of Michl5 NA mRNA, Perth09 NA mRNA-LNP, and 2x
non-coding mRNA. HI consisting of CA09 HA mRNA and 3x non-coding mRNA. H3 consisting
of Singl6 HA mRNA and 3x non-coding mRNA. N1 consisting of Michl5 NA mRNA and 3x
non-coding mRNA. N2 consisting of Perth09 NA mRNA and 3x non-coding mRNA. Inhibitory
titers were tested in sera collected a day 0, 14, 28, 42, against corresponding virus. Panel (a)
shows the HAI titers recorded against CA09 HIN1 influenza virus and Singl6 H3N2. Panel (b)
shows the NAI titers recorded against Michl5 (N1): A/Mallard/Sweden/2002 (H6) chimeric
influenza virus and H6N2 Perth/09 virus F1919D (N2) virus.

[0059] FIG. 24 depicts a graph showing the expression of human erythropoietin (hREPO) 1in mice
treated with various LNP formulations of hEPO mRNA. LNP formulations “Lipid A,” “Lipid B,”
“Lipid C,” “Lipid D,” and “Lipid E” are shown. Bars represent means and standard deviations.
The LNP compositions contain the cationic lipid, DMG-PEG2000, cholesterol, and DOPE, 1n this
order, at a molar ratio of 40:1.5:28.5:30.

[0060] FIG. 25 depicts a graph showing the expression of hEPO 1n non-human primates (NHPs)
treated with various LNP formulations of hEPO mRNA. LNP formulations “Lipid A,” “Lipid B,”
“Lipid C,” “Lipid D,” and “Lipid E” are shown. Bars represent means and standard deviations.
The LNP compositions contain the cationic lipid, DMG-PEG2000, cholesterol, and DOPE, 1n this
order, at a molar ratio of 40:1.5:28.5:30.

[0061] FIG. 26 depicts a graph showing HAI titers at day 28 and day 42 post injection with
various LNP formulations of HA mRNA. LNP formulations “Lipid A,” “Lipid B,” “Lipid C,”
“Lipid D,” and “Lipid E” are shown. Bars represent means and standard deviations. The LNP
compositions contain the cationic lipid, DMG-PEG2000, cholesterol, and DOPE, 1n this order, at
a molar ratio of 40:1.5:28.5:30.

[0062] FIG. 27 depicts a graph showing Cal09 H1 HAI titers at day 28 and day 42 post injection
with various LNP formulations of HA mRNA. LNP formulations “Lipid A,” “Lipid B,” “Lipid

C,” “Lipid D,” and “Lipid E” are shown. Bars represent means and standard deviations. The LNP
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compositions contain the cationic lipid, DMG-PEG2000, cholesterol, and DOPE, 1n this order, at
a molar ratio of 40:1.5:28.5:30.

[0063] FIG. 28 depicts a graph showing Singl 6 H3 HAI titers at day 28 and day 42 post injection
with various LNP formulations of HA mRNA. LNP formulations “Lipid A,” “Lipid B,” “Lipid
C,” “Lipid D,” and “Lipid E” are shown. Bars represent means and standard deviations. The LNP
compositions contain the cationic lipid, DMG-PEG2000, cholesterol, and DOPE, 1n this order, at
a molar ratio of 40:1.5:28.5:30.

[0064] FIG. 29 depicts RSV F protein antibody titers in NHPs immunized with the FD3 F protein
expressing mRNA. The mRNA was delivered with lipid nanoparticles (LNPs) containing one of
several cationic lipids. The antibody titers were measured at day 0, 21, and 35 for each antigenic
composition.

[0065] FIG. 30 depicts RSV ncutralization titers in NHPs immunized with the FD3 F protein
expressing mRNA. The mRNA was delivered with lipid nanoparticles (LNPs) containing one of
several cationic lipids. The antibody titers were measured at day 0, 21, and 35 for each antigenic
composition.

[0066] FIG. 31 depicts HAI titers for quadnivalent and octavalent mRNA-LNP vaccines
administered to mice for 4 different influenza strains.

[0067] FIG. 32 depicts HINT values for quadrivalent and octavalent mRNA-LNP vaccines,
administered to ferrets for 4 different influenza strains.

[0068] FIG. 33 depicts NAI titers for quadrivalent and octavalent mRNA-LNP vaccines,
administered to mice for 4 different influenza strains.

[0069] FIG. 34 depicts NAI titers for quadrivalent and octavalent mRNA-LNP vaccines,
administered to ferrets for 4 different influenza strains. Samples were obtained on day 20 (D20)
after the second dose of vaccine.

[0070] FIG. 35 depicts NAI titers for quadrivalent and octavalent mRNA-LNP vaccines,
administered to ferrets for 4 different influenza strains. Samples were obtained on day 42 (D42)
after the second dose of vaccine.

[0071] FIG. 36 depicts microncutralization titers for Singl6HA-encoding mRNA 1n a Lipid A

LNP formulation, administered to NHPs at 15 ng and 45 nug doses. Samples were obtained on day
6 (D6) and day42 (D42) after the second dose of vaccine.
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[0072] FIG. 37 depicts microneutralization titers for Singl 6HA-encoding mRNA 1n a Lipid B

LNP formulation, administered to NHPs at 15 pg and 45 ng doses. Samples were obtained on day
6 (D6) and day42 (D42) after the second dose of vaccine.

DETAILED DESCRIPTION OF THE INVENTION

[0073] The present disclosure provides novel lipid nanoparticle (LNP) formulations for
delivering mRNA vaccines in vivo and methods of making the vaccines. The LNPs are made of a
muxture of four lipids: a cationic lipid, a polyethylene glycol (PEG)-conjugated lipid, a cholesterol-
based lipid, and a helper lipid. The LNPs encapsulate mRNA molecules. The encapsulated mRNA
molecules can be comprised of naturally-occurring ribonucleotides, chemically modified
nucleotides, or a combination thereof, and can each or collectively code for one or more proteins.
[0074] The inventors have discovered the present formulations through screening combinatorial
libraries of lipid components. The present LNPs encapsulate and protect the mRNA payload from
degradation and facilitate cellular uptake of the encapsulated mRNA. The LNPs described herein
have enhanced transfection efficiency, promote endosomal escape of the mRNA, and consequently
have mmproved potency as demonstrated by enhanced expression in vivo and in vitro when
compared to industrial formulations described 1n literature. For example, the LNPs disclosed
herein have superior stability and/or potency profiles compared to known LNPs, e.g.,
heptatriaconta-6,9,28,31-tetracn-19-yl 4-(dimethylamino)butanoate (aka DLin-MC3-DMA or
MC3; Semple et al., Nat Biotechnol. (2010) 28:172-6) or di((Z)-non-2-en-1-yl) 9-((4-
(dimethylamino)butanoyl)oxy) heptadecanedioate (aka L319; Maier et al., Mol Ther. (2013)
21(8):1570-8). As further described below, the present formulations encapsulating an mRNA
encoding hEPO, when delivered in vivo, led to high levels of erythropoietin circulating in blood at
6 hours and 24 hours, with an up to 12-fold increase, relative to the industral standard, the MC3
LNP formulation. Similarly, high potency has been found with other mRNAs, such as those
encoding influenza antigens, 1n both murine and non-human primate models.

[0075] The mRNA vaccines as formulated herein can be used to mmduce a balanced 1immune
response comprising both cellular and humoral immunity. Because the advantages of the present
LNP formulations are not sequence-specific, these formulations can be used to deliver mRNASs

that encode a variety of antigens, allowing rapid deployment 1in epidemic or pandemic situations.
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Further, the present LNP-formulated mRNA vaccines are highly immunogenic and therefore

provide significant dose sparing possibility.

I. Compositions of the Present Lipid Nanoparticles
[0076] The present LNPs comprise four categories of lipids: (1) an 1onmizable lipid; (1) a
PEGylated lipid; (111) a cholesterol-based lipid, and (1v) a helper Lipid.

A. lTonizable Lipids
[0077] Aniomizable lipid facilitates mRNA encapsulation and may be a cationic lipid. A cationic
lipid affords a positively charged environment at low pH to facilitate efficient encapsulation of the
negatively charged mRNA drug substance.
[0078] In some embodiments, the cationic lipid 1s OF-02:

OF-02
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OF-02 1s a non-degradable structural analog of OF-Deg-Lin. OF-Deg-Lin contains degradable
ester linkages to attach the diketopiperazine core and the doubly-unsaturated tails, whereas OF-02
contains non-degradable 1,2-amino-alcohol linkages to attach the same diketopiperazine core and
the doubly-unsaturated tails (Fenton et al., Adv Mater. (2016) 28:2939; U.S. Pat. 10,201,618). An
exemplary LNP formulation herein, Lipid A, contains OF-2.

[0079] In some embodiments, the cationic lipid 1s cKK-E10 (Dong et al., PNAS (2014)
111(11):3955-60; U.S. Pat. 9,512,073):

OH
O CeHyz
CeH- OH N N
/\/\ "n."'ﬂi NH
X
N W Y HO CeH 17
CeH47 O
OH
cKK-E10
Formula (II)

An exemplary LNP formulation herein, Lipid B, contains cKK-E10.

[0080] In some embodiments, the cationic lipid 1s GL-HEPES-E3-E10-DS-3-E18-1 (2-(4-(2-((3-
(Bis((Z)-2-hydroxyoctadec-9-en-1-yl)amino)propyl)disulfaneyl)ethyl)piperazin-1-yl)ethyl 4-
(bis(2-hydroxydecyl)amino)butanoate), which 1s a HEPES-based disulfide cationic lipid with a

piperazine core, having the Formula I11:
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OH OH
O K/N\/\S,S\/\/N
OH HOJ\/\/\/\:/\/\/\/\

Formula (III)
An exemplary LNP formulation herein, Lipid C, contains GL-HEPES-E3-E10-DS-3-E18-1. Lipid
C has the same composition as Lipid A or Lipid B but for the difference 1n the cationic lipid.
[0081] In some embodiments, the cationic lipid 1s GL-HEPES-E3-E12-DS-4-E10 (2-(4-(2-((3-
(bis(2-hydroxydecyl)amino)butyl)disulfaneyl)ethyl)piperazin-1-yl)ethyl 4-(b1s(2-
hydroxydodecyl)amino)butanoate), which i1s a HEPES-based disulfide cationic lipid with a

piperazine core, having the Formula IV:

O
O N
O HO
N
HO N
OH N
S-S \_/—-/ OH
Formula (IV)

An exemplary LNP formulation herein, Lipid D, contains GL-HEPES-E3-E12-DS-4-E10. Lipid

D has the same composition as Lipid A or Lipid B but for the difference 1n the cationic lipid.
[0082] In some embodiments, the cationic lipid 1s GL-HEPES-E3-E12-DS-3-E14 (2-(4-(2-((3-
(Bis(2-hydroxytetradecyl )Jamino)propyl)disulfaneyl)ethyl)piperazin-1-yl)ethyl 4-(b1s(2-

17



WO 2022/099003 PCT/US2021/058250

hydroxydodecyl)amino)butanoate), which i1s a HEPES-based disulfide cationic lipid with a

piperazine core, having the Formula V:

OH

Formula (V)

An exemplary LNP formulation herein, Lipid E, contains GL-HEPES-E3-E12-DS-3-E14. Lipid
E has the same composition as Lipid A or Lipid B but for the difference 1n the cationic lipid.

[0083] The cationic lipids GL-HEPES-E3-E10-DS-3-E18-1 (I1II), GL-HEPES-E3-E12-DS-4-
E10 (IV), and GL-HEPES-E3-E12-DS-3-E14 (V) can be synthesized according to the general

10 procedure set out in Scheme 1;
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Scheme 1: General Synthetic Scheme for Lipids of Formulas (111), (I1V), and (V)

N
HO\/\|\I|\/)\|\/\ \N | S_,,S | N\_ — > l\//\N\/\S’S ‘ N\
Sh / V) J
RI
TBSO™ O
/EN\/\)\OH R s [
TBSO™ " R' TBSO™ 0 NTTSN
/[ 0 (VII)
TBSO™ R
R' &
S . AN
HO 0 NTTSTN
. /EN\/\)LO/\/N\)
HO R (VIIT)
Rl
HO/I\‘ RI Ru OH

,[Np’aSH HO 0 /\N/\’S‘SHéN]/

HO™ R (IX) A

[0084] Other cationic lipids that can be used include those described in Dong, supra; and U.S.
5 Pat. 10,201,618.
B. PEGylated Lipids
[0085] The PEGylated lipid component provides control over particle size and stability of the
nanoparticle. The addition of such components may prevent complex aggregation and provide
a means for increasing circulation lifetime and increasing the delivery of the lipid-nucleic acid
10 pharmaceutical composition to target tissues (Klibanov et al., FEBS Letters (1990) 268
(1):235-7). These components may be selected to rapidly exchange out of the pharmaceutical
composition in vivo (see, e.g., U.S. Pat. 5,885,613).
[0086] Contemplated PEGylated lipids include, but are not limited to, a polyethylene glycol
(PEG) chain of up to 5 kDa 1n length covalently attached to a lipid with alkyl chain(s) of
15 Cg-Chg (e.g., Cg ,C10,C15,Cq4,Cqg, Or Cig) lenght, such as a derivatized ceramide (e.g., N-
octanoyl-sphingosine-1-[succinyl(methoxypolyethylene glycol)] (C8 PEG ceramide)). In some
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embodiments, the PEGylated lipid 1s 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol
(DMG-PEG); 1,2-distearoyl-sn-glycero-3-phosphocthanolamine-polyethylene glycol (DSPE-
PEG); 1,2-dilauroyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol (DLPE-PEG); or
1,2-distearoyl-rac-glycero-polyethelene glycol (DSG-PEG).
[0087] In particularly exemplary embodiments, the PEG has a high molecular weight, e.g., 2000-
2400 g/mol. In some embodiments, the PEG 1s PEG2000 (or PEG-2K). In particular
embodiments, the PEGylated lipid herein 1s DMG-PEG2000, DSPE-PEG2000, DLPE-PEG2000,
DSG-PEG2000, or C8 PEG2000.

C. Cholesterol-Based Lipids
[0088] The cholesterol component provides stability to the lipid bilayer structure within the
nanoparticle. In some embodiments, the LNPs comprise one or more cholesterol-based lipids.
Suitable cholesterol-based lipids 1nclude, for example: DC-Chor (N,N-dimethyl-N-
cthylcarboxamidocholesterol), 1,4-bis(3-N-oleylamino-propyl)piperazine (Gao et al., Biochem
Biophys Res Comm. (1991) 179:280; Wolf et al., BioTechniques (1997) 23:139; U.S. Pat.
5,744,335), imidazole cholesterol ester (“ICE”; WO 2011/068810), B-sitosterol, fucosterol,
stigmasterol, and other modified forms of cholesterol. In some embodiments, the cholesterol-
based lipid used 1n the LNPs 1s cholesterol.

D. Helper Lipids
[0089] A helper lipid enhances the structural stability of the LNP and helps the LNP 1n endosome
escape. It improves uptake and release of the mRNA drug payload. In some embodiments, the
helper lipid 1s a zwitterionic lipid, which has fusogenic properties for enhancing uptake and release
of the drug payload. Examples of helper lipids are 1,2-dioleoyl-SN-glycero-3-
phosphoethanolamine (DOPE); 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC); 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS); 1,2-dielaidoyl-sn-glycero-3-
phosphoethanolamimme (DEPE); and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DPOC),
dipalmitoylphosphatidylcholine (DPPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC),
1,2-Distearoylphosphatidylethanolamine (DSPE), and 1,2-dilauroyl-sn-glycero-3-
phosphoethanolamine (DLPE).
[0090] Other exemplary helper lhipids are  dioleoylphosphatidylcholine  (DOPC),
dioleoylphosphatidylglycerol (DOPG), dipalmitoylphosphatidylglycerol (DPPG),
palmitoyloleoylphosphatidylcholine (POPC), palmitoyloleoyl-phosphatidylethanolamine
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(POPE), dioleoyl-phosphatidylethanolamine 4-(N-maleimidomethyl)-cyclohexane-l-carboxylate
(DOPE-mal), dipalmitoyl phosphatidyl ethanolamine (DPPE), dimyristoylphosphoethanolamine
(DMPE), phosphatidylserine, sphingolipids, cerebrosides, gangliosides, 16-O-monomethyl PE,
16-O-dimethyl PE, 18-1-trans PE, l-stearoyl-2-oleoyl-phosphatidyethanolamine (SOPE), or a
combination thereof.

[0091] In particular embodiments, the helper lipid is DOPE. In further embodiments, the present
LNPs comprise (1) a cationic hipid selected from OF-02, cKK-E10, GL-HEPES-E3-E10-DS-3-
E18-1, GL-HEPES-E3-E12-DS-4-E10, or GL-HEPES-E3-E12-DS-3-E14; (11) DMG-PEG2000;
(111) cholesterol; and (1v) DOPE.

E. Molar Ratios of the Lipid Components
[0092] The inventors have discovered that specific molar ratios of the above components are

important for the LNPs’ effectiveness 1in delivering mRNA. The molar ratio of the cationic lipid,

the PEGylated lipid, the cholesterol-based lipid, and the helper lipid 1s A: B: C: D, where A + B +

C+ D =100%. Insome embodiments, the molar ratio of the cationic lipid in the LNPs relative to
the total lipids (1.e., A) 15 35-45% (e.g., 38-42% such as 40%). In some embodiments, the molar
ratio of the PEGylated lipid component relative to the total lipids (1.e., B) 15 0.25-2.75% (e.g., 1-
2% such as 1.5%). In some embodiments, the molar ratio of the cholesterol-based lipid relative to
the total lipids (1.e., C) 1s 20-35% (e.g., 27-30% such as 28.5%). In some embodiments, the molar
ratio of the helper ipid relative to the total lipids (1.e., D) 18 25-35% (e.g., 28-32% such as 30%).
In some embodiments, the (PEGylated lipid + cholesterol) components have the same molar
amount as the helper lipid. In some embodiments, the LNPs contain a molar ratio of the cationic
lipid to the helper lipid that 1s more than 1.

[0093] In particular embodiments, the LNPs contain a cationic hipid, a PEGylated lipid, a
cholesterol-based lipid, and a helper lipid at a molar ratio of 40: 1.5: 28.5: 30. In further specific
embodiments, the LNPs contain (1) OF-02, cKK-E10, GL-HEPES-E3-E10-DS-3-E18-1, GL-
HEPES-E3-E12-DS-4-E10, or GL-HEPES-E3-E12-DS-3-E14; (1) DMG-PEG2000; (111)
cholesterol; and (1v) DOPE at 40: 1.5: 28.5: 30.

[0094] To calculate the actual amount of each lipid to be put into an LNP formulation, the molar
amount of the cationic lipid 1s first determined based on a desired N/P ratio, where N 1s the number
of nitrogen atoms 1n the cationic lipid and P 1s the number of phosphate groups in the mRNA to

be transported by the LNP. Next, the molar amount of each of the other lipids 1s calculated based
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on the molar amount of the cationic lipid and the molar ratio selected. These molar amounts are
then converted to weights using the molecular weight of each lipid.

F. Active Ingredients of the LNPs
[0095] The active ingredient of the present LNP vaccine composition 1s an mRNA that encodes
an antigen of interest. The antigen may be a polypeptide derived from a virus, for example,
influenza virus, coronavirus (e.g., SARS-CoV-1, SARS-CoV-2, or MERS-related virus), Ebola
virus, Dengue virus, human immunodeficiency virus (HIV), hepatitis A virus (HAV), hepatitis B
virus (HBV), hepatitis C virus (HCV), herpes simplex virus (HSV), respiratory syncytial virus
(RSV), rhinovirus, cytomegalovirus (CMV), zika virus, human papillomavirus (HPV), human
metapneumovirus (hMPV), human parainfluenza virus type 3 (PIV3), Epstein-Barr virus (EBV),
chikungunya virus, or respiratory syncytial virus (RSV).
[0096] The antigen also may be derived from a bacterium, for example, Staphylococcus aureus,
Moraxella (e.g., Moraxella catarrhalis; causing otitis, respiratory infections, and/or sinusitis),
Chlamydia trachomatis (causing chlamydia), borreha (¢.g., Borrelia burgdorferi causing Lyme
Disease), Bacillus anthracis (causing anthrax), Salmonella typhi (causing typhoid fever),
Mycobacterium tuberculosis (causing tuberculosis), Propionibacterium acnes (causing acne), or
non-typeable Haemophilus influenzae.
[0097] Where desired, the LNP or the LNP formulation may be multi-valent. In some
embodiments, the LNP may carry mRNAs that encode more than one antigen, such as two, three,
four, five, six, seven, eight, nine, ten, or more antigens, from the same or different pathogens. For
example, the LNP may carry multiple mRNA molecules, each encoding a different antigen; or
carry a polycistronic mRNA that can be translated into more than on¢ antigen (e.g., each antigen-
coding sequence 1s separated by a nucleotide linker encoding a self-cleaving peptide such as a 2A
peptide). An LNP carrying different mRNA molecules typically comprises (encapsulate) multiple
copies of each mRNA molecule. For example, an LNP carrying or encapsulating two different
mRNA molecules typically carries multiple copies of each of the two different mRNA molecules.
[0098] In some embodiments, a single LNP formulation may comprise multiple kinds (¢.g., two,
three, four, five, six, seven, eight, nine, ten, or more) of LNPs, each kind carrying a different
mRNA.
[0099] Examples of multi-valent LNP vaccines are those containing mRNAs encoding two or

more antigens from the above-listed pathogens, such as LNP vaccines comprising mRNAS
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encoding polypeptides derived from influenza virus. In some embodiments, the multi-valent LNP
vaccines contain mRNA molecules encoding polypeptides derived from two or more (e.g., three,
four, five, six, seven, eight, nine, or ten) influenza viral proteins selected from hemagglutinin (e.g.,
hemagglutinin 1 (HA1) and hemagglutinin 2 (HA?2)), neuraminidase (NA), nucleoprotein (NP),
matrix protein 1 (M1), matrix protein 2 (M2), nonstructural protein 1 (NS1), and non-structural
protein 2 (NS2). In further embodiments, the multi-valent LNP vaccines containing two or more
(e.g., three, four five, six, seven, e1ght, or more) mRNA molecules encoding antigenic polypeptides
derived from an HA protein, from an NA protein, and from both HA and NA proteins. In some
embodiments, the mRNA molecules encoding antigenic polypeptides are derived from different
influenza strains.

[00100] In certain embodiments, the composition may comprise one or more mRNA molecules
encoding antigens of influenza A, B and C viruses. In one embodiment, the composition may
comprise onc or more mRNA molecules encoding HA and/or NA antigens of influenza A and
influenza B viruses. In one embodiment, the HA antigens of influenza A viruses are selected from
subtypes H1, H2, H3, H4, H5, H6, H7, H8, H9, H10, H11, H12, H13, H14, H15, H16, H17, and
H18. In one embodiment, the NA antigens of influenza A viruses are selected from subtypes N1,
N2, N3, N4, N5, N6, N7, N8, N9, N10, and N11. In one embodiment, the HA and NA antigens
of Influenza B viruses are from the Influenza B/Yamagata lincage. In one embodiment, the HA
and NA antigens of Influenza B viruses are from the Influenza B/Victoria linecage. In some
embodiments, the one or more HA and NA antigens are from influenza virus strains reccommended
by the World Health Organization (WHO) 1n their annual recommendation for influenza vaccine
formulations.

[00101] In certain embodiments, at least one of the one or more influenza virus proteins comprises
an 1nfluenza virus HA protein and/or an influenza virus NA protein having a molecular sequence
identified or designed from a machine learning model, and 1n certain embodiments, at least one of
the one or more ribonucleic acid molecules encode one or more influenza virus proteins having a
molecular sequence 1dentified or designed from a machine learning model.

[00102] In certain embodiments, the composition comprises two, three, four, five, six, seven,
cight, nine, or more mRNA molecules encoding (1) one or more HA antigens, (11) one or more NA

antigens, or (111) a combination of one or more HA antigens and NA antigens.
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[00103] In one embodiment, the composition comprises two, three, four, five, six, seven, eight,
nine, or more mRNA molecules encoding (1) one or more HA antigens, (11) one or more NA
antigens, or (111) a combination of one or more HA antigens and NA antigens, selected from HINI,
H3N2, H2N2, H5N1, H7N9, H7N7, HIN2, HON2, H7N2, H7N3, H5N2, and HION7 subtypes
and/or B/Yamagata and B/Victoria lineages.

[00104] In one embodiment, the composition comprises one mRNA molecule encoding an H3
HA antigen, one mRNA molecule encoding an H1 HA antigen, one mRNA molecule encoding an
HA antigen from the Influenza B/Yamagata lineage, and one mRNA molecule encoding an HA
antigen from the Influenza B/Victoria lineage.

[00105] In one embodiment, the composition comprises one mRNA molecule encoding an H3
HA antigen, one mRNA molecule encoding an N2 NA antigen, one mRNA molecule encoding an
H1 HA antigen, one mRNA molecule encoding an N1 NA antigen, one mRNA molecule encoding
an HA antigen from the Influenza B/Yamagata lincage, one mRNA molecule encoding an NA
antigen from the Influenza B/Yamagata lincage, one mRNA molecule encoding an HA antigen
from the Influenza B/Victoria lineage, and one mRNA molecule encoding an NA antigen from the
Influenza B/Victoria lineage.

[00106] In an embodiment, the composition comprises further comprise one or more mRNA
molecules encoding a machine learning influenza virus HA having a molecular sequence 1dentified
or designed from a machine learning model, wherein the one or more machine learning influenza
virus HA may be selected from an H1 HA, an H3 HA, an HA from a B/Victoria lineage, an HA
from a B/Yamagata lincage, or a combination thereof.

[00107] When selecting one or more machine learning influenza virus HAs, any machine learning
algorithm may be used. For example, envisioned herein are any of the machine learning algorithms
and methods disclosed in PCT Application Nos. WO 2021/080990 Al, entitled Systems and
Methods for Designing Vaccines, and WO 2021/080999 A1, entitled Systems and Methods for
Predicting Biological Responses, both of which are incorporated by reference 1n their entireties
herein.

[00108] The mRNA molecule may be unmodified (i.e., containing only natural ribonucleotides
A, U, C, and/or G linked by phosphodiester bonds), or chemically modified (e.g., including

nucleotide analogs such as pseudouridines (e.g., N-1-methyl pseudournidine), 2’-fluoro
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ribonucleotides, and 2’-methoxy ribonucleotides, and/or phosphorothioate bonds). The mRNA
molecule may comprise a 5’ cap and a polyA tail.

[00109] RSV F Protein:

[00110] Resprratory syncytial virus (RSV) 1s a negative-sense, single-stranded RNA virus
belonging to the Pneumoviridae family. RSV can cause infection of the respiratory tract. RSV 1s
an enveloped virus with a glycoprotein (G protein), small hydrophobic protein (SH protein), and
a fusion protein (F protein) on the surface.

[00111] The RSV F protein 1s responsible for fusion of viral and host cell membranes and takes
on at least three conformations (pre-fusion, intermediate, and post-fusion conformations). In the
pre-fusion conformation (pre-fusion, Pre-F), the F protein exists 1n a trimeric form with the major

antigenic site @ exposed. Site O serves as a primary target of neutralizing antibodies produced by

RSV-infected subjects (see, Coultas et al., Thorax. 74: 986-993. 2019; McLellan et al., Science.
340(6136): 1113-7. 2013). After binding to 1ts target on the host cell surface, Pre-F undergoes a
conformational change during which site @ 1s no longer exposed. Pre-F transitions into a transient
intermediate conformation, enabling the F protein to insert into the host cell membrane, leading to
fusion of the viral and host cell membranes. A final conformational shift results 1n a more stable
and elongated form of the protein (post-fusion, Post-F). Site II and Site IV of the F protein are
specific to Post-F, while Site I 1s present 1n both the Pre-F and Post-F conformations (McLellan et
al., J. Virol. 85(15): 7788-7796. 2011).

[00112] As used herein, the term “F protein” or “RSV F protein” refers to the protein of RSV
responsible for driving fusion of the viral envelope with host cell membrane during viral entry.
[00113] As used herein, the term “RSV F polypeptide” or “F polypeptide” refers to a polypeptide
comprising at least one epitope of F protein.

[00114] As used herein, the term “post-fusion” with respect to RSV F refers to a stable
conformation of RSV F that occurs after merging of the virus and cell membranes.

[00115] As used herein, the term “pre-fusion” with respect to RSV F refers to a conformation of
RSV F that 1s adopted before virus-cell interaction.

[00116] Provided herein are mRNA molecules that encode for antigenic RSV F polypeptides.
[00117] In some embodiments, the mRNA molecule comprises an open reading frame (ORF)

encoding a respiratory syncytial virus (RSV) F protein antigen.
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[00118] In some embodiments, the RSV F protein antigen comprises a sequence having at least
85%, 90%, 95%, 97%, 98%, 99%, or 99.5% 1dentity to an amino acid sequence set forth in SEQ
[D NO: 16.

[00119] In some embodiments, the RSV F protein antigen comprises an amino acid sequence with
at least 98% 1dentity to SEQ ID NO: 16 or consists of an amino acid sequence of SEQ ID NO: 16.
[00120] In some embodiments, the mRNA comprises a nucleic acid sequence with at least 80%,
at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or 100% 1dentity to the nucleic acid sequence
set forth in SEQ ID NO: 17.

[00121] In some embodiments, the mRNA comprises a nucleic acid sequence with at least 80%,
at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or 100% 1dentity to the nucleic acid sequence
set forth in SEQ ID NO: 21.

[00122] In some embodiments, the RSV F protein antigen 1s a pre-fusion protein.

[00123] In some embodiments, wherein the ORF 1s codon optimized.

[00124] In some embodiments, wherein the mRNA molecule comprises at least one 5’
untranslated region (5° UTR), at least one 3’ untranslated region (3° UTR), and at least one
polyadenylation (poly(A)) sequence.

[00125] In some embodiments, the mRNA comprises at least one chemical modification.
[00126] In some embodiments, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%,
at least 70%, at least 80%, at least 85%, at least 90%, at least 95%, or 100% of the uracil nucleotides
in the mRNA are chemically modified.

[00127] In some embodiments, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%,
at least 70%, at least 80%, at least 85%, at least 90%, at least 95%, or 100% of the uracil nucleotides
in the ORF are chemically modified.

[00128] In some embodiments, the chemical modification 1s selected from the group consisting
of pseudouridine, N1-methylpseudouridine, 2-thiouridine, 4’-thiouridine, 5-methylcytosine, 2-
thio-1-methyl-1-deaza-pseudouridine, 2-thio-1-methyl-pseudouridine, 2-thio-5-aza-uridine, 2-thio-
dihydropseudouridine, = 2-thio-dihydrouridine, = 2-thio-pseudouridine, = 4-methoxy-2-thio-

pscudouridine, 4-methoxy-pseudouridine, 4-thio-l1-methyl-pseudouridine, 4-thio-pseudouridine,
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5-aza-uridine, dihydropseudouridine, 5-methyluridine, 5-methyluridine, 5-methoxyuridine, and
2’-O-methyl uridine.

[00129] In some embodiments, the chemical modification 1s selected from the group consisting
of pseudouridine, NIl-methylpseudouridine, 5-methylcytosine, 5-methoxyuridine, and a
combination thereof. In some embodiments, the chemical modification 1s NI-

methylpseudouridine.

[00130] In some embodiments, the mRNA comprises of the following structural elements:

(1) a 5’ cap with the following structure:
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(11) a 5" untranslated region (5 UTR) having the nucleic acid sequence of SEQ ID NO:
19;
(111) a protein coding region having the nucleic acid sequence of SEQ ID NO: 17;

(1v) a 3° untranslated region (3° UTR) having the nucleic acid sequence of SEQ ID NO:
20; and

(v) a poly(A) tail.

G. Buffer and Other Components
[00131] To stabilize the nucleic acid and/or LNPs (e.g., to prolong the shelf-life of the vaccine
product), to facilitate administration of the LNP pharmaceutical composition, and/or to enhance in
vivo expression of the nucleic acid, the nucleic acid and/or LNP can be formulated in combination
with one or more carriers, targeting ligands, stabilizing reagents (e.g., preservatives and

antioxidants), and/or other pharmaceutically acceptable excipients. Examples of such excipients
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arc parabens, thimerosal, thiomersal, chlorobutanol, bezalkonium chloride, chelators (e.g., EDTA)
and the like.

[00132] The LNP compositions of the present disclosure can be provided as a frozen liquid form
or a lyophilized form. A variety of cryoprotectants may be used, including, without limitations,
sucrose, trehalose, glucose, mannitol, mannose, dextrose, and the like. The cryoprotectant may
constitute 5-30% (w/v) of the LNP composition. In some embodiments, the LNP composition
comprises trehalose, e.g., at 5-30% (e.g., 10%) (w/v). Once formulated with the cryoprotectant,
the LNP compositions may be frozen (or lyophilized and cryopreserved) at -20°C to -80°C.
[00133] The LNP compositions may be provided to a patient in an aqueous buffered solution —
thawed 1f previously frozen, or if previously lyophilized, reconstituted in an aqueous buffered
solution at bedside. In particularly exemplary embodiments, the buffered solutionis 1sotonic and
suitable for e.g., intramuscular or intradermal injection. In some embodiments, the buffered

solution 1s a phosphate-buffered saline (PBS).

II. RNA

[00134] The present LNP vaccine compositions of the disclosure may comprise an RNA molecule
(e.g., mRNA) that encodes an antigen of interest. The RNA molecule of the present disclosure
may comprise at least one ribonucleic acid (RNA) comprising an ORF encoding an antigen of
interest. In certain embodiments, the RNA 1s a messenger RNA (mRNA) comprising an ORF
encoding an antigen of interest. In certain embodiments, the RNA (e.g., mRNA) further comprises

at least one 5° UTR, 3° UTR, a poly(A) tail, and/or a 5’ cap.

II. A. 5’ Cap

[00135] An mRNA 5’ cap can provide resistance to nucleases found in most eukaryotic cells and
promote translation efficiency. Several types of 5° caps are known. A 7-methylguanosine cap
(also referred to as “m’G” or “Cap-0”), comprises a guanosine that is linked througha 5> — 5’ -
triphosphate bond to the first transcribed nucleotide.

[00136] A 5' cap 1s typically added as follows: first, an RNA terminal phosphatase removes one
of the terminal phosphate groups from the 5’ nucleotide, leaving two terminal phosphates;
guanosine triphosphate (GTP) 1s then added to the terminal phosphates via a guanylyl transferase,
producing a 5 ‘5 ‘5 triphosphate linkage; and the 7-mitrogen of guanine 1s then methylated by a
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methyltransferase. Examples of cap structures include, but are not limited to, m7G(5”)ppp,
(5°(A,G(5)ppp(57)A, and G(5")ppp(5°)G. Additional cap structures are described in U.S.
Publication No. US 2016/0032356 and U.S. Publication No. US 2018/0125989, which are
incorporated herein by reference.

[00137] 5’-capping of polynucleotides may be completed concomitantly during the in vitro-
transcription reaction using the following chemical RNA cap analogs to generate the 5’-guanosine
cap structure according to manufacturer protocols: 3’-O-Me-m7G(5”)ppp(5°)G (the ARCA cap);
G(S")ppp(5)A; G(5")ppp(5)G; m7G(S7)ppp(S)A; m7G(57)ppp(5)G;
m7G(SYppp(d)(2'OMeA)pG; m7G(5)ppp(5)(2'OMeA)pU; m7G(5)ppp(5)(2'OMeG)pG (New
England BioLabs, Ipswich, MA; TriLink Biotechnologies). 5’-capping of modified RNA may be
completed post-transcriptionally using a vaccinia virus capping enzyme to generate the Cap 0
structure: m7G(5”)ppp(5°)G. Cap 1 structure may be generated using both vaccinia virus capping
enzyme and a 2°-O methyl-transferase to generate: m7G(5")ppp(5°)G-2°-O-methyl. Cap 2
structure may be generated from the Cap 1 structure followed by the 2°-O-methylation of the 5°-
antepenultimate nucleotide using a 2’-O methyl-transferase. Cap 3 structure may be generated
from the Cap 2 structure followed by the 2°-O-methylation of the 5’-preantepenultimate nucleotide
using a 2’-0O methyl-transferase.

[00138] In certain embodiments, the mRNA of the disclosure comprises a 5’ cap selected from
the group consisting of 3°-O-Me-m7G(57)ppp(5°)G (the ARCA cap), G(5)ppp(5')A,
GO )ppp(d37)G,  m7G(G5)ppp(d3)A,  m7G(S)ppp(57)G,  m7G(S)ppp(5)(2'OMeA)pG,
m7G(5)ppp(5)(2'OMeA)pU, and m7G(5Yppp(5)(2'OMeG)pG.

[00139] In certain embodiments, the mRNA of the disclosure comprises a 5° cap of:
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11. B. Untranslated Region (UTR)
[00140] In some embodiments, the mRNA of the disclosure includes a 5° and/or 3’ untranslated

region (UTR). In mRNA, the 5’ UTR starts at the transcription start site and continues to the start
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codon but does not include the start codon. The 3” UTR starts immediately following the stop
codon and continues until the transcriptional termination signal.

[00141] In some embodiments, the mRNA disclosed herein may comprise a 5° UTR that includes
one or more elements that affect an mRNA’s stability or translation. In some embodiments, a 5°
UTR may be about 10 to 5,000 nucleotides 1n length. In some embodiments, a 5 UTR may be
about 50 to 500 nucleotides 1n length. In some embodiments, the 5 UTR 1s at least about 10
nucleotides 1n length, about 20 nucleotides 1n length, about 30 nucleotides 1n length, about 40
nucleotides 1n length, about 50 nucleotides 1n length, about 100 nucleotides 1n length, about 150
nucleotides 1n length, about 200 nucleotides 1n length, about 250 nucleotides 1n length, about 300
nucleotides 1n length, about 350 nucleotides 1n length, about 400 nucleotides 1n length, about 450
nucleotides 1n length, about 500 nucleotides 1n length, about 550 nucleotides 1n length, about 600
nucleotides 1n length, about 650 nucleotides 1n length, about 700 nucleotides 1n length, about 750
nucleotides 1n length, about 800 nucleotides 1n length, about 850 nucleotides 1n length, about 900
nucleotides 1n length, about 950 nucleotides 1in length, about 1,000 nucleotides 1n length, about
1,500 nucleotides 1n length, about 2,000 nucleotides 1n length, about 2,500 nucleotides in length,
about 3,000 nucleotides 1n length, about 3,500 nucleotides 1n length, about 4,000 nucleotides 1n
length, about 4,500 nucleotides 1n length or about 5,000 nucleotides 1n length.

[00142] In some embodiments, the mRNA disclosed herein may comprise a 3> UTR comprising
onc or more of a polyadenylation signal, a binding site for proteins that affect an mRNA’s stability
of location 1n a cell, or one or more binding sites for miRNAs. In some embodiments, a 3> UTR
may be 50 to 5,000 nucleotides 1n length or longer. In some embodiments, a 3° UTR may be 50
to 1,000 nucleotides 1n length or longer. In some embodiments, the 3> UTR 1s at least about 50
nucleotides 1n length, about 100 nucleotides 1n length, about 150 nucleotides 1n length, about 200
nucleotides 1n length, about 250 nucleotides 1n length, about 300 nucleotides 1n length, about 350
nucleotides 1n length, about 400 nucleotides 1n length, about 450 nucleotides 1n length, about 500
nucleotides 1n length, about 550 nucleotides 1n length, about 600 nucleotides 1n length, about 650
nucleotides 1n length, about 700 nucleotides 1n length, about 750 nucleotides 1n length, about 800
nucleotides 1n length, about 850 nucleotides 1n length, about 900 nucleotides 1n length, about 950
nucleotides 1n length, about 1,000 nucleotides 1n length, about 1,500 nucleotides in length, about

2,000 nucleotides 1n length, about 2,500 nucleotides 1n length, about 3,000 nucleotides in length,
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about 3,500 nucleotides 1n length, about 4,000 nucleotides 1n length, about 4,500 nucleotides 1n
length, or about 5,000 nucleotides 1n length.

[00143] In some embodiments, the mRNA disclosed herein may comprise a 5” or 3° UTR that 1s
derived from a gene distinct from the one encoded by the mRNA transcript (1.€., the UTR 1s a
heterologous UTR).

[00144] In certain embodiments, the 5° and/or 3° UTR sequences can be derived from mRNA
which are stable (e.g., globin, actin, GAPDH, tubulin, histone, or citric acid cycle enzymes) to
increase the stability of the mRNA. For example, a 5° UTR sequence may include a partial
sequence of a CMYV immediate-early 1 (IE1) gene, or a fragment thereof, to improve the nuclease
resistance and/or improve the half-life of the mRNA. Also contemplated 1s the inclusion of a
sequence encoding human growth hormone (hGH), or a fragment thereof, to the 3° end or
untranslated region of the mRNA. Generally, these modifications improve the stability and/or
pharmacokinetic properties (e.g., half-life) of the mRNA relative to their unmodified counterparts,
and include, for example, modifications made to improve such mRNA resistance to in vivo
nuclease digestion.

[00145] Exemplary 5° UTRs include a sequence denved from a CMV 1mmediate-early 1 (IE1)
gene (U.S. Publication Nos. 2014/0206753 and 2015/0157565, each of which 1s mcorporated
herein by reference), or the sequence GGGAUCCUACC (SEQ ID NO: 22) (U.S. Publication No.
2016/0151409, incorporated herein by reference).

[00146] In various embodiments, the 5> UTR may be derived from the 5 UTR of a TOP gene.
TOP genes are typically characterized by the presence of a 5’-terminal oligopyrimidine (TOP)
tract. Furthermore, most TOP genes are characterized by growth-associated translational
regulation. However, TOP genes with a tissue specific translational regulation are also known. In
certain embodiments, the 5> UTR derived from the 5° UTR of a TOP gene lacks the 5° TOP motif
(the oligopyrimidine tract) (e.g., U.S. Publication Nos. 2017/0029847, 2016/0304883,
2016/0235864, and 2016/0166710, each of which 1s incorporated herein by reference).

[00147] In certain embodiments, the 5 UTR 1s derived from a ribosomal protein Large 32 (L32)
gene (U.S. Publication No. 2017/0029847, supra).

[00148] In certain embodiments, the 5° UTR 1s derived from the 5 UTR of an hydroxysteroid
(17-b) dehydrogenase 4 gene (HSD17B4) (U.S. Publication No. 2016/0166710, supra).
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[00149] In certain embodiments, the 5> UTR 1s derived from the 5> UTR of an ATP5SAI1 gene
(U.S. Publication No. 2016/0166710, supra).

[00150] In some embodiments, an internal ribosome entry site (IRES) 1s used instead of a 5” UTR.
[00151] In some embodiments, the 5S’UTR comprises a nucleic acid sequence set forth in SEQ ID
NO: 19. In some embodiments, the 3’UTR comprises a nucleic acid sequence set forth in SEQ ID
NO: 20. The 5 UTR and 3’UTR are described in further detail in W0O2012/075040, incorporated

herein by reference.

I1. C. Polyadenylated Tail
[00152] As used herein, the terms “poly(A) sequence,” “poly(A) tail,” and “poly(A) region” refer
to a sequence of adenosine nucleotides at the 3” end of the mRNA molecule. The poly(A) tail may
confer stability to the mRNA and protect 1t from exonuclease degradation. The poly(A) tail may
enhance translation. In some embodiments, the poly(A) tail 1s essentially homopolymeric. For
example, a poly(A) taill of 100 adenosine nucleotides may have essentially a length of 100
nucleotides. In certain embodiments, the poly(A) tail may be interrupted by at least one nucleotide
different from an adenosine nucleotide (€.g., a nucleotide that 1s not an adenosine nucleotide). For
example, a poly(A) taill of 100 adenosine nucleotides may have a length of more than 100
nucleotides (comprising 100 adenosine nucleotides and at least one nucleotide, or a stretch of
nucleotides, that are different from an adenosine nucleotide). In certain embodiments, the poly(A)
tail COMprises the sequence
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCAUAUGACUAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AA (SEQ ID NO: 23).
[00153] The “poly(A) tail,” as used herein, typically relates to RNA. However, 1n the context of
the disclosure, the term likewise relates to corresponding sequences 1n a DNA molecule (e.g., a
“poly(T) sequence™).
[00154] The poly(A) tail may comprise about 10 to about 500 adenosine nucleotides, about 10 to
about 200 adenosine nucleotides, about 40 to about 200 adenosine nucleotides, or about 40 to about
150 adenosine nucleotides. The length of the poly(A) tail may be at least about 10, 50, 75, 100,
150, 200, 250, 300, 350, 400, 450, or 500 adenosine nucleotides.
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[00155] In some embodiments where the nucleic acid 1s an RNA, the poly(A) tail of the nucleic
acid 1s obtained from a DNA template during RNA in vitro transcription. In certain embodiments,
the poly(A) tail 1s obtained in vitro by common methods of chemical synthesis without being
transcribed from a DNA template. In various embodiments, poly(A) tails are generated by
enzymatic polyadenylation of the RNA (after RNA in vitro transcription) using commercially
available polyadenylation kits and corresponding protocols, or alternatively, by using immobilized
poly(A)polymerases, e.g., using methods and means as described in WO2016/174271.

[00156] The nucleic acid may comprise a poly(A) tail obtained by enzymatic polyadenylation,
wherein the majority of nucleic acid molecules comprise about 100 (+/-20) to about 500 (+/-50)
or about 250 (+/-20) adenosine nucleotides.

[00157] In some embodiments, the nucleic acid may comprise a poly(A) tail derived from a
template DNA and may additionally comprise at least one additional poly(A) tail gencrated by
enzymatic polyadenylation, e¢.g., as described m W0O2016/091391, incorporated herein by
reterence.

[00158] In certain embodiments, the nucleic acid comprises at least one polyadenylation signal.
[00159] In various embodiments, the nucleic acid may comprise at least one poly(C) sequence.
[00160] The term “poly(C) sequence,” as used herein, 1S intended to be a sequence of cytosine
nucleotides of up to about 200 cytosine nucleotides. In some embodiments, the poly(C) sequence
comprises about 10 to about 200 cytosine nucleotides, about 10 to about 100 cytosine nucleotides,
about 20 to about 70 cytosine nucleotides, about 20 to about 60 cytosine nucleotides, or about 10
to about 40 cytosine nucleotides. In some embodiments, the poly(C) sequence comprises about

30 cytosine nucleotides.

I1. D. Chemical Modification
[00161] The mRNA disclosed herein may be modified or unmodified. In some embodiments, the
mRNA may comprise at least one chemical modification. In some embodiments, the mRNA
disclosed herein may contain one or more modifications that typically enhance RNA stability.
Exemplary modifications can include backbone modifications, sugar modifications, or base
modifications. In some embodiments, the disclosed mRNA may be synthesized from naturally
occurring nucleotides and/or nucleotide analogues (modified nucleotides) including, but not

limited to, purines (adenine (A) and guanine ((G)) or pyrimidines (thymine (T), cytosine (C), and
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uracil (U)). In certain embodiments, the disclosed mRNA may be synthesized from modified
nucleotide analogues or derivatives of purines and pyrimidines, such as, e¢.g., 1 -methyl-adenine, 2-
methyl-adenine, 2-methylthio-N-6-1sopentenyl-adenine, N6-methyl-adenine, N6-1sopentenyl-
adenine, 2-thio-cytosine, 3-methyl-cytosine, 4-acetyl-cytosine, 5-methyl-cytosine, 2,6-
diaminopurine, 1-methyl-guanine, 2-methyl-guanine, 2,2-dimethyl-guanine, 7-methyl-guanine,
inosine, 1-methyl-iosine, pseudouracil (5-uracil), dihydro-uracil, 2-thio-uracil, 4-thio-uracil, 5-
carboxymethylaminomethyl-2-thio-uracil, 5-(carboxyhydroxymethyl)-uracil, 5-fluoro-uracil, 5-
bromo-uracil, 5-carboxymethylaminomethyl-uracil, 5-methyl-2-thio-uracil, 5-methyl-uracil, N-
uracil-5-oxy acetic acid methyl ester, 5-methylaminomethyl-uracil, 5-methoxyaminomethyl-2-
thio-uracil, 5’-methoxycarbonylmethyl-uracil, 5-methoxy-uracil, uracil-5-oxyacetic acid methyl
ester, uracil-5-oxyacetic acid (v), 1-methyl-pseudouracil, queosine, [-D-mannosyl-queosine,
phosphoramidates, phosphorothioates, peptide nucleotides, methylphosphonates, 7-
deazaguanosine, S-methylcytosine, and 1nosine.

[00162] In some embodiments, the disclosed mRNA may comprise at least one chemical
modification including, but not limited to, pseudouridine, N1-methylpseudouridine, 2-thiouridine,
4’-thiounidine, 5-methylcytosine, 2-thio-l-methyl-1-deaza-pseudouridine, 2-thio-l-methyl-
pseudouridine, 2-thio-5-aza-uridine, 2-thio-dihydropseudouridine, 2-thio-dihydrouridine, 2-thio-
pseudouridine, 4-mecthoxy-2-thio-pseudouridine, 4-methoxy-pseudouridine, 4-thio-1-methyl-
pseudouridine, 4-thio-pseudouridine, 5-aza-uridine, dihydropseudouridine, 5-methyluridine, 5-
methyluridine, 5-methoxyuridine, and 2°-O-methyl uridine.

[00163] In some embodiments, the chemical modification 1s selected from the group consisting
of pseudouridine, NI1-methylpseudouridine, 5-methylcytosine, 5-methoxyuridine, and a
combination thereof.

[00164] In some embodiments, the chemical modification comprises N1-methylpseudouridine.
[00165] In some embodiments, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%,
at least 70%, at least 80%, at least 85%, at least 90%, at least 95%, or 100% of the uracil nucleotides
in the mRNA are chemically modified.

[00166] In some embodiments, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%,
at least 70%, at least 80%, at least 85%, at least 90%, at least 95%, or 100% of the uracil nucleotides

in the ORF are chemically modified.
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[00167] The preparation of such analogues 1s described, e.g., in U.S. Pat. No. 4,373,071, U.S. Pat.
No. 4,401,796, U.S. Pat. No. 4,415,732, U.S. Pat. No. 4,458,066, U.S. Pat. No. 4,500,707, U.S.
Pat. No. 4,668,777, U.S. Pat. No. 4,973,679, U.S. Pat. No. 5,047,524, U.S. Pat. No. 5,132,418,
U.S. Pat. No. 5,153,319, U.S. Pat. No. 5,262,530, and U.S. Pat. No. 5,700,642.

II. E. mRNA Synthesis
[00168] The mRNAs disclosed herein may be synthesized according to any of a variety of
methods. For example, mRNAs according to the present disclosure may be synthesized via in
vitro transcription (IVT). Some methods for in vitro transcription are described, e.g., in Geall et
al. (2013) Semin. Immunol. 25(2): 152-159; Brunelle et al. (2013) Methods Enzymol. 530:101-
14. Briefly, IVT 1s typically performed with a linear or circular DNA template containing a
promoter, a pool of ribonucleotide triphosphates, a buffer system that may include DTT and
magnesium 10ns, an appropriate RNA polymerase (¢.g., T3, T7, or SP6 RNA polymerase), DNase
[, pyrophosphatase, and/or RNase inhibitor. The exact conditions may vary according to the
specific application. The presence of these reagents 1s generally undesirable in a final mRNA
product and these reagents can be considered impurities or contaminants which can be purified or
removed to provide a clean and/or homogeneous mRNA that 1s suitable for therapeutic use. While
mRNA provided from in vitro transcription reactions may be desirable in some embodiments,
other sources of mRNA can be used according to the instant disclosure including wild-type mRNA

produced from bacteria, fungi, plants, and/or animals.

II1. Processes for Making the Present LNP Vaccines

[00169] The present LNPs can be prepared by various techniques presently known 1n the art. For
example, multilamellar vesicles (MLV) may be prepared according to conventional techniques,
such as by depositing a selected lipid on the mside wall of a suitable container or vessel by
dissolving the lipid 1n an appropriate solvent, and then evaporating the solvent to leave a thin film
on the 1nside of the vessel or by spray drying. An aqueous phase may then be added to the vessel
with a vortexing motion that results 1in the formation of MLVs. Unilamellar vesicles (ULV) can
then be formed by homogenization, sonication or extrusion of the multilamellar vesicles. In

addition, unilamellar vesicles can be formed by detergent removal techniques.
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[00170] Various methods are described in US 2011/0244026, US 2016/0038432, US
2018/0153822, US 2018/0125989, and PCT/US2020/043223 (filed July 23, 2020) and can be used

to practice the present invention. One exemplary process entails encapsulating mRNA by mixing
1t with a mixture of lipids, without first pre-forming the lipids into lipid nanoparticles, as described
in US 2016/0038432. Another exemplary process entails encapsulating mRNA by mixing pre-
formed LNPs with mRNA, as described in US 2018/0153822.

[00171] In some embodiments, the process of preparing mRNA-loaded LNPs includes a step of
heating one or more of the solutions to a temperature greater than ambient temperature, the one or
more solutions being the solution comprising the pre-formed lipid nanoparticles, the solution
comprising the mRNA and the mixed solution comprising the LNP-encapsulated mRNA. In some
embodiments, the process includes the step of heating one or both of the mRNA solution and the
pre-formed LNP solution, prior to the mixing step. In some embodiments, the process mcludes
heating one or more of the solutions comprising the pre-formed LNPs, the solution comprising the
mRNA and the solution comprising the LNP-encapsulated mRNA, during the mixing step. In
some embodiments, the process mncludes the step of heating the LNP- encapsulated mRNA, after
the mixing step. In some embodiments, the temperature to which one or more of the solutions 1s
heated 1s or 1s greater than about 30°C, 37°C, 40°C, 45°C, 50°C, 55°C, 60°C, 65°C, or 70°C. In
some embodiments, the temperature to which one or more of the solutions 1s heated ranges from
about 25-70°C, about 30-70°C, about 35-70°C, about 40-70°C, about 45-70°C, about 50-70°C, or
about 60-70°C. In some embodiments, the temperature 1s about 65°C.

[00172] Various methods may be used to prepare an mRNA solution suitable for the present
invention. In some embodiments, mRNA may be directly dissolved 1n a buffer solution described
heremn. In some embodiments, an mRNA solution may be generated by mixing an mRNA stock
solution with a buffer solution prior to mixing with a lipid solution for encapsulation. In some
embodiments, an mRNA solution may be generated by mixing an mRNA stock solution with a
buffer solution immediately before mixing with a lipid solution for encapsulation. In some
embodiments, a suitable mRNA stock solution may contain mRNA 1n water or a buffer at a
concentration at or greater than about 0.2 mg/ml, 0.4 mg/ml, 0.5 mg/ml, 0.6 mg/ml, 0.8 mg/ml, 1.0
mg/ml, 1.2 mg/ml, 1.4 mg/ml, 1.5 mg/ml, or 1.6 mg/ml, 2.0 mg/ml, 2.5 mg/ml, 3.0 mg/ml, 3.5
mg/ml, 4.0 mg/ml, 4.5 mg/ml, or 5.0 mg/ml.
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[00173] In some embodiments, an mRNA stock solution 1s mixed with a buffer solution using a
pump. Exemplary pumps include but are not limited to gear pumps, peristaltic pumps and
centrifugal pumps. Typically, the buffer solution 1s mixed at a rate greater than that of the mRNA
stock solution. For example, the buffer solution may be mixed at a rate at least 1x, 2x, 3x, 4x, 5x,
6x, 7x, 8x, 9x, 10x, 15x, or 20x greater than the rate of the mRNA stock solution. In some

embodiments, a buffer solution 1s mixed at a flow rate ranging between about 100-6000 ml/minute

(e.g., about 100-300 ml/minute, 300-600 ml/minute, 600-1200 ml/minute, 1200-2400 ml/minute,
2400-3600 ml/minute, 3600-4800 ml/minute, 4800-6000 ml/minute, or 60-420 ml/minute). In
some embodiments, a buffer solution 1s mixed at a flow rate of, or greater than, about 60 ml/minute,
100 ml/minute, 140 ml/minute, 180 ml/minute, 220 ml/minute, 260 ml/minute, 300 ml/minute,
340 ml/minute, 380 ml/minute, 420 ml/minute, 480 ml/minute, 540 ml/minute, 600 ml/minute,
1200 ml/minute, 2400 ml/minute, 3600 ml/minute, 4800 ml/minute, or 6000 ml/minute.

[00174] In some embodiments, an mRNA stock solution 1s mixed at a flow rate ranging between
about 10-600 ml/minute (e.g., about 5-50 ml/minute, about 10-30 ml/minute, about 30-60
ml/minute, about 60-120 ml/minute, about 120-240 ml/minute, about 240-360 ml/minute, about
360-480 ml/minute, or about 480-600 ml/minute). In some embodiments, an mRNA stock solution
1s mixed at a flow rate of or greater than about 5 ml/minute, 10 ml/minute, 15 ml/minute, 20
ml/minute, 25 ml/minute, 30 ml/minute, 35 ml/minute, 40 ml/minute, 45 ml/minute, 50 ml/minute,
60 ml/minute, 80 ml/minute, 100 ml/minute, 200 ml/minute, 300 ml/minute, 400 ml/minute, 500
ml/minute, or 600 ml/minute.

[00175] The process of incorporation of a desired mRNA 1nto a lipid nanoparticle 1s referred to
as “loading.” Exemplary methods are described 1n Lasic et al., FEBS Lett. (1992) 312:255-8. The
LNP-incorporated nucleic acids may be completely or partially located 1n the interior space of the
lipid nanoparticle, within the bilayer membrane of the lipid nanoparticle, or associated with the
exterior surface of the lipid nanoparticle membrane. The incorporation of an mRNA to lipid
nanoparticles 1s also referred to herein as “encapsulation” wherein the nuclei<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>