WO 2021/016430 PCT/US2020/043223

STABLE COMPOSITIONS OF MRNA-LOADED LIPID NANOPARTICLES AND
PROCESSES OF MAKING

CROSS-REFERENCE TO RELATED APPLICATIONS

j6081} The present application claims priority to U.S. Provisional Application Serial No.

62/877,597 filed July 23, 2019, the disclosures of which are hereby incorporated by reference.

BACKGROUND

[8662] Messenger RNA therapy (MRT) 15 becoming an increasingly important approach
for the treatment of a variety of diseases. MRT mnvolves administration of messenger RNA
{mRNA} to a patient in need of the therapy for production of the protein encoded by the mRNA
within the patient’s body. Lipid nanoparticles are commonly used to encapsulate mRINA for

efficient i vivo delivery of mRNA.

R Much effort has been made on developing improved methods and compositions
that can enhance in vive delivery and/or expression of mRNA using lipid nanoparticles, which can
be adapted to a scalable and cost-effeciive manufacturing process. At the same time, it is important
that any such enhancements to i vive delivery and/or expression of mRNA also maintain or

improve upon the safety and tolerability of the compositions associated with lipid mediated mRNA

delivery.
SUMMARY OF THE INVENTION
[8004] The present invention provides, among other things, further improved

compostiions and processes for preparing mRNA-loaded lipid nanoparticles (mRNA-LNPs).
Prior to the present ivention, PEG-modified hipids typically were included in lipid nanoparticle
(LNP) formulations as they were known to increase shelf stability and iz vivo circulating time.
On the other hand, PEG-modified lipids may induce accelerated blood clearance {ABC) and/or

mnate immune response by, among other things, producing anti-PEG antibodies. To address this
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1ssue, attempts have been made to prepare mRNA-LNPs without PEG-modified lpids. However,
it has been observed that mRNA-loaded LNPs formed in the absence of PEG-modified lipids or
PEG have large and unstable sizes, particularly after freeze and thaw, or tend to precipitate,
rendering them unsuitable for therapeutic use. The present invention is, in part, based on the
surprising discovery that unexpectedly stable mRNA-loaded LNPs with low or no PEG-modified
fipids can be made by mixing the mRNA and lipids in the presence of amphiphilic block
copolymer such as poloxamer. As described in more detail below, mRNA-LNPs made
according to the present invention have sizes comparable to those conventional LNPs containing
a typical amount of PEG-modified lipids and more importantly, are stable following one or more
freeze thaw cveles. In particular, the mRNA-LNPs according to the present invention maintain
an average diameter within 50%, and in some cases, within 10% of the original average size
following one or more freeze thaw cycles. Moreover, poloxamer shielded TNPs with low or no
PEG-modified lipids {e.g., < 6.5% PEG-modified liptds) achieved in vivo profein expression
profile similar to conventional LNPs {e.g., those with 5% PEG-modified lipids). Thus, the
present invention provides further improved mRNA-LNPs with exceptional stability and 1s
particularly useful in cases where LNPs comprising low or no PEG-modified lipids are desired,

for example, to avoid generating anti-PEG antibodies, and/or ABC.

5] In one aspect, the present invention provides a stable composition comprising
fiptd nanoparticles encapsulating messenger RNA (mRNA) encoding a protein or a peptide,
wherein each of the lipid vanoparticles comprises one or more cationic ipids and less than 0.5%
of PEG-modified lipids or PEG and is stable foliowing one or more freeze thaws. In some

embodiments, the lipid nanoparticles further comprise one or more non-cationic hipids.

[6606] In some embodiments, the lipid nanoparticles comprise a cationic hipid,
disleoylphosphatidylethanolamine (DOPE) as the non-cationic lipid, and less than about 0.5% of
PEG-modified lipids or PEG. In some embodiments, the lipid nanoparticles comprise a cationic
fipid, 1,2-Dierucoyl-sn-glycero-3-phosphoethanolamine (DEPE) as the non-cationie lipid, and
less than about 0.5% of PEG-modified lipids or PEG.

{8087} In some embodiments, the lipid nanoparticles encapsulating the mRNA maintain
an average diameter within 50% of the original average size following one or more freeze thaw
cycles. In some embodiments, the hipid nanopasticles encapsulating the mRINA maintain an
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average diameter within 40% of the original average size following one or more freeze thaw
cycles. In some embodiments, the lipid nanoparticles encapsulating the mRNA mamntain an
average diameter within 30% of the original average size following one or more freeze thaw
cycles. In some embodiments, the lipid nanoparticles encapsulating the mRNA mainiain an
average diameter within 20% of the original average size following one or more freeze thaw
cycles. In some embodiments, the lipid nanoparticles encapsulating the mRNA mainiain an
average diameter within 10% of the original average size following one or more freeze thaw
cycles. In some embodiments, the lipid nanoparticles encapsulating the mRNA maintain an
average diameter within 5% of the original average size following one or more freeze thaw

cycles.

{8088} In some embodiments, the lipid nanoparticles have an mRNA encapsulation
efficiency of between about 50% and 99%. In some embodiments, the lipid nanoparticles have
an mRNA encapsulation efficiency of between about 60% and 90%. In some embodiments, the
fipid nanoparticles have an mRNA encapsulation efficiency of about 60%. In some
embodiments, the hpid nanoparticles have an mRNA encapsulation efficiency of about 70%. In
some embodiments, the fipid nanoparticles have an mRNA encapsulation efficiency of about
80%. In some emboduments, the lipid nanoparticles have an mRNA encapsulation efficiency of

about 90%.

[8009] In some embodiments, each of the lipid nanoparticles further comprises a

cholesterol-based hipid.

(8016} In some embodiments, each of the lipid nanoparticle comprises 0.4% of PEG-
modified ipids or ess. In some embodiments, each of the fipid nanoparticle comprises 0.3% of
PEG-modified lipids or less. In some embodiments, each of the lipid nanoparticle comprises
0.2% of PEG-modified lipids or less. In some embodiments, each of the lipid nanoparticle

.

comprises 0.1% of PEG-modified hipids or less.

1881 1} In some embodiments, each of the Hipid nanopariticle 15 substantially free of PEG-
modified lipids.

M2 In some embodiments, each of the hipid nanoparticle comprises an amphiphilic

block copolymer,

d
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19013} In some embodiments, each of the lipid nanoparticles comprises less than 3%
amphiphilic block copolymer. In some embodiments, each of the lipid nancparticles comprises
less than 3% amphiphilic block copolymer. In some embodiments, each of the lipid
nanoparticles comprises less than 2 5% amphiphilic block copolymer. In some embodiments,
each of the lipid nanoparticles comprises less than 2% amphiphilic block copolymer. In some
embodiments, each of the lipid nanoparticles comprises less than 1.5% amphiphilic block
copolymer. In some embodiments, each of the lipid nanoparticles comprises less than 1%
amphiphilic block copolymer. In some embodiments, each of the lipid nanoparticles comprises
less than 0.5% amphiphilic block copolymer. In some embodiments, each of the lipid
nanoparticles comprises less than 0.05% amphiphilic block copolymer. In some embodiments,

each of the lipid nanoparticles cormaprises less than 0.01% amphiphilic block copolymer.

{8814} In some embodiments, the composition comprises less than 0.05% amphiphilic
block copolymer of the total composition by weight. In some embodiments, the composition
comprises less than 0.04% amphiphilic block copolymer of the total composition by weight. In
some embodiments, the composition comprises less than 0.03% amphiphilic block copolymer of
the total composition by weight. In some embodiments, the composition comprises less than
0.02% amphiphilic block copolymer of the total composition by weight. In some embodiments,
the composition comprises less than 0.01% amphiphilic block copelymer of the total

composttion by weight.

{HHRT In some embodiments, the composition comprises a residual of amphiphitic block
copolymer.

{1 6} In some embodiments, a suitable amphiphilic block copolymer s a poloxamer.
[86171 In some embodiments, a suitable poloxamer s poloxamer 84, In some

embodiments, a suitable poloxamer s poloxamer 101, In some embodiments, a suitable
poloxamer 1s poloxamer 105, In some embodiments, a suitable poloxamer 1s poloxamer 108, In
some embodiments, a suttable poloxamer s poloxamer 122, In some embodiments, t a suitable
poloxamer is poloxamer 123, In some embodiments, a suitable poloxamer is poloxamer 124, In
some embodiments, a suitable poloxamer is poloxamer 181, In some embodiments, a suitable

poloxamer is poloxamer 182, In some embodiments, a suitable poloxamer is poloxamer 183, In
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some embodiments, a suitable poloxamer is poloxamer 184, In some embodiments, a suitable
poloxamer 1s poloxamer 185, In some embodiments, a suitable poloxamer is poloxamer 188. In
some embodiments, a suitable poloxamer is poloxamer 212, In some embodiments, a suttable
poloxamer is poloxamer 215 In some embodiments, a suitable poloxamer is poloxamer 217, In
some embodiments, a suitable poloxamer is poloxamer 231, In some embodiments, a suitable
poloxamer is poloxamer 234, In some embodiments, a suitable poloxamer is poloxamer 235. To
some embodiments, a suitable poloxamer is poloxamer 237, In some embodiments, a suitable
poloxamer is poloxamer 238, In some embodiments, a suitable poloxamer is poloxamer 282, To
some embodiments, a suitable poloxamer is poloxamer 284, In some embodiments, a suitable
poloxamer 13 poloxamer 288, In some embodiments, a suitable poloxamer is poloxamer 304. To
some embodiments, a suitable poloxamer ts poloxamer 331, In some embodiments, a suitable
poloxamer 15 poloxamer 333. In some embodiments, a suitable poloxamer is poloxamer 334, In
some embodiments, a suitable poloxamer s poloxamer 335, In some embodiments, a suttable
poloxamer 1s poloxamer 338, In some embodiments, a suitable poloxamer is poloxamer 401, In
some embodiments, a suitable poloxamer s poloxamer 402, In some embodiments, a suitable
poloxamer 13 poloxamer 403, In some embodiments, a suitable poloxamer is poloxarmer 407, In

some embodiments, a suitable poloxamer is a combination thersof.

{88 In one aspect, the present mvention provides a stable composition comprising
fiptd nanoparticles encapsulating a messenger RNA (mRNA} that encodes a protein or a peptide,
wherein each of the lipid nanoparticles comprises oue or more cationic lipids, one or more non-
cationic lipids, a poloxamer and is substantially free of PEG-modified lipids or PEG, and
wherein the lipid nanoparticles encapsulating the mRNA are stable following one or more frecze

thaw cycles.

18819} In one aspect, the present invention provides a stable composition comprising
fiptd nanoparticles encapsulating a messenger RNA {mRNA) that encodes a protein or a peptide,
wherein each of the lipid nanoparticles comprises one or more cationic lipids, one or more non-
cationic lipids, a poloxamer and is substantially free of PEG-modified lipids or PEG, and
wherein the lipid nanoparticles encapsulating the mRNA generate low to no anti-PEG antibodies,

and/or reduce accelerated blood clearance (AB(C).
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16020} In some embodiments, the poloxamer is present in the lipid nanoparticles at an
amount of less than 0.1%. In some embodiments, the poloxamer is present in the lipid

nanoparticles at an amount of less than 0.05%.

j8021} In some embodiments, a suttable non-cationic lipid 1s
disleoylphosphatidylethanclamine (DOPE). In some embodiments, a suitable non-cationic lipid

is 1,2-Dierucoyl-sn-glycero-3-phosphoethanolamine (DEPE).

18022} In some embodiments, each of the lipid nanoparticles does not comprise a

cholesterol-based lipid.

18023} Inn some embodiments, each of the lipid nanoparticles 1s a two-component lipid
nanoparticles.
[8024) In some embodiments, a suitable poloxamer has ethylene oxide units from about

10 to about 150.

[6025] In some embodiments, a suitable poloxamer has propylene oxide units from about

10 to about 100.

[6826} In some embodiments, a suitable poloxamer has an average molecular weight of
about 4,000 g/mol to about 20,000 g/mol. In some embodiments, a suttable poloxamer has an
average molecular weight of about 1,000 g/mol to about 50,000 g/mol. In some embodiments, a
suitable poloxamer has an average molecular weight of about 1,000 g/mol. In some
embodiments, a suitable poloxamer has an average molecular weight of about 2,000 g/mol. In
some embodiments, a suitable poloxamer has an average molecular weight of about 3,000 g/mol.
In some embodiments, a suitable poloxamer has an average molecular weight of about 4,000
g/mol. In some embodiments, a suitable poloxamer has an average molecular weight of about
5,000 g/mol. In some embodiments, a suttable poloxamer has an average molecular weight of
about 6,000 g/mol. In some embodiments, a suitable poloxamer has an average molecular
weight of about 7,000 g/mol. In some embodiments, a suitable poloxamer has an average
molecular weight of about 8 000 g/mol. In some embodiments, a suitable poloxamer has an
average molecular weight of about 9,000 g/mol. In some embodiments, a suitable poloxamer has
an average molecular weight of about 10,000 g/mol. In some embodiments, a suitable

poloxamer has an average molecular weight of about 20,000 g/mol. In some embodiments, a

6



WO 2021/016430 PCT/US2020/043223

suitable poloxamer has an average molecular weight of about 25,000 g/mol. In some
embodiments, a suttable poloxamer has an average molecular weight of about 30,000 g/mol. In
some embodiments, a suitable poloxamer has an average molecular weight of about 40,000
o/mol. In some embodiments, a suitable poloxamer has an average molecular weight of about

50,000 g/mol.

(8027} In some embodiments, the lipid nanoparticles have an average size of less than
about 250 nm. In some embodiments, the lipid nanoparticles have an average size of about 200
nm or less. In some embodiments, the lipid nanoparticles have an average size of about 180 nm
or less. In some embodiments, the lipid nanoparticles have an average size of about 160 nm or
less. In some embodiments, the lipid nanoparticles have an average size of about 150 nm or less.
In some embodiments, the lipid nanoparticles have an average size of about 140 nm or less. In
some embodiments, the lipid nanoparticles have an average size of about 130 nm or less. In
some embodiments, the lipid nanoparticles have an average size of about 120 nm or less. In
some embodiments, the lipid nanoparticles have an average size of about 110 nm or less. In

some embodiments, the lipid nanoparticles have an average size of about 160 nm or less.

j828] In some embodiments, the lipid nanoparticles have a polydispersity index (PDI)
of 0.3 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PDI) of
0.25 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PDI) of
0.20 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PP} of
0.18 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PDI) of
0.17 or less. In some embodiments, the lipid nanoparticles have a polydispersity mndex (PD) of
0.16 or less. In some embodiments, the fipid nanoparticles have a polvdispersity index (PDI) of
0.15 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PD) of
0.14 or less. In some embodiments, the lipid nanoparticles have a polvdispersity index (PDI) of
0.13 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PD1) of
0.12 or less. In some embodiments, the lipid nanoparticles have a polvdispersity index (PDI) of
0.11 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PD1) of
0.10 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PDI) of
0.09 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PD1) of

0.08 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PDI) of

~J
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0.07 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PDI) of
0.06 or less. In some embodiments, the lipid nanoparticles have a polydispersity index (PD1) of

0.0S5 or less.

{60291 In one aspect, the present invention provides, among other things, a method for
delivery of messenger RNA (mRNA) for in vivo production of a protein or a peptide, comprising

administering to a subject a stable composition according to the present invention.

[80348) In one aspect, the present invention provides, among other things, a method for
delivery of messenger RNA (mRNA) for in vive production of a protein or a peptide, comprising
administering to a subject a stable composttion according to the present invention, wherein the
administering the stable composition does vot results in anti-PEG antibodies and/or accelerated

blood clearance (ABC) m the subject.

{8031} In one aspect, the present invention provides, among other things, a method of
treating a subject having a deficiency in a protein or peptide, comprising administering to a
subject in need of treatment a stable composition according the present invention.

18032} In some embodiments, the administering the stable composition generates low to

no anti-PEG antibodies in the subject.

(8033} In some embodiments, the administering the stable composition reduces or avoids

accelerated blood clearance (ABC) in the subject.

(8034} In some embaodiments, the stable composition is administered by miravenous
mjection.

[8035] In some embodiments, the stable composition is administered by pulmonary
delivery.

{8036} In some embodiments, the stable composition is administered by intramuscular
delivery.

(8037} In some embodiments, the administering of the stable composition results in

expression of the protein or the peptide encoded by the mRNA for at least about 6 hours after
admunistration. In some embodiments, the adnunistering of the stable composition results in

expression of the protein or the peptide encoded by the mRNA for at least about 12 hours after
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administration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about 18 hours after
administration. In some embodiments, the admunistering of the stable composition resulis in
expression of the protein or the peptide encoded by the mRNA for at least about 24 hours after
administration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about 30 hours after
administration. In some embodiments, the administering of the stable composition results 1o
expression of the protein or the peptide encoded by the mRNA for at least about 36 hours after
administration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about 48 hours after
administration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about 72 hours after
admunistration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about 5 days after
adrmunistration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about T week after
adnmunistration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about 2 weeks after
administration. In some embodiments, the administering of the stable composition results in
expression of the protein or the peptide encoded by the mRNA for at least about 3 weeks after
administration. In some embodiments, the administering of the stable composition results m
expression of the protein or the peptide encoded by the mRNA for at least about 4 weeks after

administration.

j8038) In one aspect, the present invention provides, among other things, a process of
encapsulating messenger RNA (mRNA) in hipid nanoparticles comprising a step of mixing an
mRINA solution and a lipid solution in the presence of a poloxamer.

(84391 In some embodiments, the lipid solution comprises one or more cationic lipids,
one or more non-cationic lipids and less than ¢.5% of PEG-modified lipids or PEG.

{80461 In some embodiments, the lipid solution comprises pre-formed hipid
nanoparticles.
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In some embodiments, wherein the mRNA solution and/or the lipid solution are at

a pre-determined temperature higher than ambient temperature.

10042}

6843}

In some embodiments, the poloxamer is first added to the mRNA solution.

In some embodiments, the poloxamer is present in an amount lower than its

critical micelle concentration {CMC).

[6844]

than its CMC.
than 1ts CMC.
than 1ts CMC.
than 1ts CMC.
than 1ts CMC.
than its CMC.
than 1ts CMC.
than its CMC.
than its CMC.
than 1ts CMC.
than 1ts CMC.
than its CMC.
than its CMC.
than 1ts CMC.
than 1ts CMC.
than 1ts CMC.
than 1ts CMC.
than 1ts CMC.

[0645]

poloxamer.

[0046]

In some embodiments, the poloxamer 15 present in an amount about 196 lower
In some embodiments, the poloxamer is present in an amount about 2% lower
In some embodiments, the poloxamer is present in an amount about 3% lower
In some embodiments, the poloxamer is present in an amount about 4% lower
In some embodiments, the poloxamer 1s present 1n an amount about 5% lower
In some embodiments, the poloxamer is present in an amount about 6% lower
In some embodiments, the poloxamer is present in an amount about 7% lower
In some embodiments, the poloxamer is present in an amount about 8% lower
In some embodiments, the poloxamer 15 present in an amount about 9% lower
In some embodiments, the poloxamer is present in an amount about 10% lower
In some embodiments, the poloxamer is present 1n an amount about 15% lower
In some embodiments, the poloxamer is present in an amount about 20% lower
In some embodiments, the poloxamer s present in an amount about 25% lower
In some embodiments, the poloxamer is present in an amount about 30% lower
In some embodiments, the poloxamer s present in an amount about 35% lower
In some embodiments, the poloxamer is present in an amount about 40% Jower
In some embodiments, the poloxamer s present 1n an amount about 45% lower

In some embodiments, the poloxamer is present in an amount about 50% lower

In some embodiments, the process further comprises a step of removing the

In some embodiments, the poloxamer 1s removed by dialysis.

10
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18047} Inn some embodiments, less than about 0.1% poloxamer remains upon removal. In
some embodiments, less than about 0.05% poloxamer remains upon removal. In some

embodiments, less than about 0.01% poloxamer remains upon removal.

[6048] In some embodiments, a residual amount of poloxamer remains upon removal.
16049} In some embodiments, the amount of poloxamer remaining after removal is
undetectable.

{8050} In some embodiments, the process does not include mixing any cholesterol lipids.
j8051 In one aspect, the present invention provides, among other things, a composition

comprising lipid nanoparticles encapsulating mRNA formed according to a process disclosed

herein.

{8052} In this application, the use of “or” means “and/or” unless stated otherwise. As
used in this disclosure, the term “comprise” and variations of the term, such as “comprising” and
“comprises,” are not intended to exclude other additives, components, integers or steps. As used
mn this application, the terms “about” and “approximately” are used as equivalents. Both terms
are meant to cover any normal fluctuations appreciated by one of ordinary skill in the relevant

art.

[88S3] Other features, objects, and advantages of the present invention are apparent in
the detailed description, drawings and claims that follow. Tt should be understood, however, that
the detailed description, the drawings, and the claims, while indicating embodiments of the
present invention, are given by way of lustration only, not limitation. Various changes and

modifications within the scope of the invention will become apparent to those skilled in the art.

BRIEF DESCRIPTION OF THE DRAWING
j80S4] The following figures are for illustration purposes only and not for limitation.
[B8055] Figure 1 shows a schematic of an exemplary LNP-mRNA encapsulation process
that involves mixing an aqueous solution comprising mRNA and poloxamer with a lipid solution
using a pump system to generate mRNA-LNPs m a LNP formation solution and then exchanging

the LNP formation solution for a drug product formulation solution.
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{6056} Figure 2 depicts an exemplary graphical representation of size and encapsulation
efficiency of mRNA-LNP formulations shown in Table 3 before and afier one or two freeze/thaw

cycles.

{80871 Figure 3 depicts an exemplary graphical representation of size, PDI and
encapsulation efficiency of mRNA-LNP formulations with varying PEG-modified lipid % and

poloxamer %, as shown in Table 4.

{8058} Figure 4 depicts an exemplary graphical representation of size and encapsulation
efficiency of mRINA-LNP formulations with various PEG-modified lipid % and poloxamer, as

shown in Table 4.

[B8059] Figure 5 depicts an exemplary graph of protein levels as measured via ELISA at
6 and 24 hours post administration. The protein detected results from in vive translation of the
mRNA encapsulated in the LNP formulations shown in Table 7, which was delivered by

subcutanecus or intravenous administration to mice.

{6068} Figures 6A and 6B show an exemplary method for quantifying the amount of
poloxamer. Figure GA depicts a chemistry reaction between the poloxamer and cobalt
thiocyanate to form a blue precipitate. Figure 6B shows a standard curve with known
concentrations of poloxamer, measured at 624 nm.

{8061} Figure 7 depicts an exernplary graph of OTC protein levels as measured via
ELISA at 24 hours post administration. The protein detected results from in vive translation of
the mRNA encapsulated in the LNP formulations shown in Table 8, which was delivered by

intravenous administration to mice.

DEFINITIONS

j6862} In order for the present invention to be more readily understood, certain terms are
first defined below. Additional definmitions for the following terms and other terms are set forth

throughout the specification.

{8863} Approximately or abour: As used herein, the term “approximately” or “about,” as

apphed to one or more values of interest, refers to a value that 1s similar {0 a stated reference

12
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value. In certain embodiments, the term “approximately” or “about” refers to a range of values
that fall within 25%, 20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 11%, 1%, 9%, 8%,
7%, 6%, 5%, 4%, 3%, 2%, 1%, or less in either direction {greater than or less than) of the stated

reference value unless otherwise stated or otherwise evident from the context (except where such

number would exceed 100% of a possible value).

[8064] Delivery. As used herein, the term “delivery” encompasses both local and
systemic delivery. For example, delivery of mRNA encompasses situations in which an mRNA
1s delivered to a target tissue and the encoded protein or peptide 1s expressed and retained within
the target tissue (also referred to as “local distribution” or “local delivery™), and situations in
which an mRNA 1s delivered to a target tissue and the encoded protein or peptide 1s expressed
and secreted into patient’s circulation system (e.g., serum) and systematically distributed and

taken up by other tissues {(also referred to as “systemic distribution” or “systemic delivery).

[8065] Efficacy. As used herein, the term “efficacy,” or grammatical equivalents, refers
to an improvement of a biologically relevant endpoint, as related to delivery of mRNA that
encodes a relevant protein or peptide. In some embodiments, the biological endpoint 1s

protecting against an ammonium chioride challenge at certain timepoints after administration.

[8066] Encapsulation: As used herein, the term “encapsulation,” or grammatical
equivalent, refers o the process of confining an individual mRNA molecule within a

nanoparticle.

{67} Expression: As used heremn, “expression” of a mRNA refers to transiation of an
mRNA into a peptide {e.g., an antigen}, polypeptide, or protein {e.g., an enzyme} and also can
melude, as indicated by context, the post-translational modification of the peptide, polypeptide or
fully assembled protein (e.g., enzyme). In this application, the terms “expression” and

“production,” and grammatical equivalent, are used inter-changeably.

RS Improve, increase, or reduce: As used herein, the terms “improve,” “increase” or
“reduce,” or grammatical equivalents, indicate values that are relative to a baseline measurement,
such as a measurement in the same individual prior to initiation of the treatment described
herein, or a measurement 10 a control sample or subject (or multiple control samples or subjects)

in the absence of the treatment described herein. A “control sample” is a sample subjected {o the

13
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same conditions as a test sample, except for the test article. A “control subject” s a subject
afflicted with the same form of disease as the subject being treated, who is about the same age as

the subject being treated.

{6069} In Vitro: As used herein, the term “in vitro” refers to events that occur in an
artificial environment, e.g., in a test tube or reaction vessel, in cell culture, efc., rather than within

a multi-cellular organism.

[8078) {n Vivo: As used herein, the term “in vivo” refers to events that occur within a
multi-cellular organism, such as a human and a non-human animal. In the context of cell-based
systems, the term may be used to refer to events that occur within a living cell {as opposed to, for

example, i1 vitro systems).

{8471} messenger RNA (mRNA): As used herein, the term “messenger RNA (mRNAY’
refers to a polynucleotide that encodes at least one peptide, polypeptide or protein. mRNA as
used herein encompasses both modified and unmodified RNA. mRNA may contain one or more
coding and non-coding regions. mRNA can be purified from natural sources, produced using
recombinant expression systems and optionally purified, chemically synthesized, erc. Where
appropriate, e.g., in the case of chemically synthesized molecules, mRNA can comprise
nucleoside analogs such as analogs having chemically modified bases or sugars, backbone
modifications, efc. An mRNA sequence 1s presented in the 57 to 37 direction unless otherwise
ndicated. In some embodiments, an mRNA is or comprises natural mucleosides (e.g., adenosine,
guanosine, cytidine, uridine); nucleoside analogs (e.g., 2-aminoadenosine, 2-thiothymidine,
mosine, pyrrolo-pyrinmiding, 3-methyl adenosing, 5-methyleytidine, C-5 propynyi-cytidine, C-5
propynyl-uridine, 2-aminoadenosine, CS-bromouridine, CS-fluorouridine, CS-1odouridine, C5-
propynyl-undine, CS-propynyl-cytidine, C5-methyleytidine, 2Z-aminoadenosing, 7-
deazaadenosine, 7-deazaguanosing, 8-oxoadenosine, 8-oxoguanosine, G(6)-methylguanine, 2-
thiocytidine, pseudouridine, and 3-methylcytidine); chemically modified bases; biologically
modified bases (e.g., methylated bases); intercalated bases; modified sugars {e.g., 2’-
fluororibose, ribose, 2’-deoxyribose, arabinose, and hexose); and/or modified phosphate groups

{e.g., phosphorothicates and 5”-N-phosphoramidite linkages).
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18072} N/P Ratio: As used herein, the term “N/P ratio” refers to a molar ratio of
posttively charged molecular units in the cationic lipids in a lipid nanoparticle relative to
negatively charged molecular units in the mRNA encapsulated within that lipid nanoparticle. As
such, N/P ratio is typically calculated as the ratio of moles of amine groups in cationic lipids in a
liptd nanoparticle relative to moles of phosphate groups in mRNA encapsulated within that ipid

nanoparticle.

{8073} Nucleic acid: As used herein, the term “nucleic acid,” in its broadest sense, refers
to any compound and/or substance that 15 or can be incorporated into a polynucleotide chain. In
some embodiments, a nucleic acid 15 a compound and/or substance that is or can be incorporated
mto a polynucleotide chain via a phosphodiester linkage. In some ernbodiments, “oucleic acid”
refers to individual nucleic acid residues {e.g., nucleotides and/or nucleosides). In some
embodiments, “nucleic acid” refers to a polynucleotide chain comprising individual nucleic acid
residues. In some embodiments, “nucleic acid” encompasses RNA as well as single and/or
double-stranded DNA and/or ¢DNA. Furthermore, the terms “nucleic acid,” “DNA,” “RNA.”
and/or sinular terms include nucieic acid analogs, 1.e., analogs having other than a

phosphodiester backbone.

{88741 Patient: As used herein, the term “patient” or “subject” refers to any organism to
which a provided composition may be administered, e.g., for experimental, diagnostic,
prophylactic, cosmetic, and/or therapeutic purposes. Typical patients include amimals {e.g.,
mammals such as mice, rats, rabbits, non-human primates, and/or humans). In some

embodiments, a patient 18 a human. A homan includes pre- and post-natal forms.

{75) Pharmaceutically acceptable: The term “pharmaceutically acceptable” as used
herein, refers to substances that, within the scope of sound medical judgment, are suitable for use
m contact with the tissues of human beings and animals without excessive toxicity, irritation,
allergic response, or other problem or complication, commensurate with a reasonable benefit/risk
ratio.

{8876} Pharmaceutically acceptable salt. Pharmaceutically acceptable salis are well
known in the art. For example, §. M. Berge et al., describes pharmaceutically acceptable salts in

detail in J. Pharmaceutical Sciences (1977) 66:1-19. Pharmaceutically acceptable salts of the

[
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compounds of this inventicn include those derived from suitable inorganic and organic acids and
bases. Examples of pharmaceutically acceptable, nontoxic acid addition salis are salts of an
amino group formed with inorganic acids such as hydrochloric acid, hydrobromic acid,
phosphoric acid, sulfuric acid and perchloric acid or with organic acids such as acetic acid,
oxalic acid, maleic acid, tartaric acid, citric acid, succinic acid or rnalonic acid or by using other
methods used n the art such as 1on exchange. Other pharmaceutically acceptable salts include
adipate, alginate, ascorbate, aspartate, benzenesulfonate, benzoate, bisulfate, borate, butyrate,
camphorate, camphorsulfonate, citrate, cyclopentanepropionate, digluconate, dodecylsulfate,
ethanesulfonate, formate, fumarate, ghucoheptonate, glycerophosphate, gluconate, hemisulfate,
heptanoate, hexanoate, hydroiodide, 2-hvdroxy-ethanesulfonate, lactobionate, lactate, laurate,
lauryl sulfate, malate, maleate, malonate, methanesulfonate, 2- naphthalenesulfonate, nicotinate,
nitrate, oleate, oxalate, palmitate, pamoate, pectinate, persulfate, 3-phenvipropionate, phosphate,
picrate, pivalate, propionate, stearate, succinate, sulfate, tartrate, thiocyanate, p-toluenesclfonate,
undecanoate, valerate salts, and the hike. Salts derived from appropriate bases include alkali
metal, alkaline earth metal, ammonium and N'(Ci4 alkyl)s salis. Representative alkali or
alkaline earth metal salts include sodiom, lithium, potassium, calcium, magnesium, and the like.
Further pharmaceutically acceptable salts include, when appropriate, nontoxic ammonium.
quaternary ammonivm, and amine cations formed using counterions such as halide, hydroxide,
carboxyiate, sulfate, phosphate, niirate, sulfonate and aryl sulfonate. Further pharmaceutically
acceptable salts include salts formed from the quarternization of an amine using an appropriate

electrophile, e.g., an alkyl halide, to form a quarternized alkylated amino salt.

1877 subject: As used herein, the term “subject” refers to a human or any non-human
animal {e.g., mouse, rat, rabbit, dog, cat, cattle, swine, sheep, horse or primate}. A human
includes pre- and post-natal forms. In many embodiments, a subject is a human being. A subject
can be a patient, which refers to a human presenting to a medical provider for diagnosis or
treatment of a disease. The term “subject” is used herein interchangeably with “individual” or
“patient.” A subject can be afflicted with or is susceptible to a disease or disorder but may or
may not display symptoms of the disease or disorder.

5

{6078} Substantially: As used herein, the term “substantially” refers to the qualitative

condition of exhibiting total or near-total extent or degree of a characteristic or property of
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mnterest. One of ordinary skill in the biological arts will understand that biological and chemical
phenomena rarely, if ever, go to completion and/or proceed to completeness or achieve or avoid
an absolute result. The term “substantially” is therefore used herein to capture the potential lack

of completeness inherent in many bislogical and chemical phenomena.

[8479] Treating: As used herein, the term “treat,” “treatment,” or “treating” refers to any
method used to partially or completely alleviate, ameliorate, relieve, inhibit, prevent, delay onset
of, reduce severity of and/or reduce incidence of one or more symptoms or features of a
particular disease, disorder, and/or condition. Treatment may be administered to a subject who
does not exhubit signs of a disease and/or exhibits only early signs of the disease for the purpose

of decreasing the risk of developing pathology associated with the disease.

DETAYLED DESCRIPTION
{3080} The present invention provides, among other things, further improved
compositions and processes for preparing mRNA-loaded lipid nanoparticles (mRNA-LNPs).
Prior to the present invention, PEG-modified lipids typically were included in lipid nanoparticle
(LNP) formulations as they were known to increase shelf stability and in vive circulating time.
On the other hand, PEG-modified lipids may induce accelerated blood clearance (ABC) and/or
mnnate immune response by, among other things, producing anti-PEG antibodies. To address this
1ssue, atternpts have been made to prepare mRNA-LNPs without PEG-modified lipids. However,
it has been observed that mRNA-loaded LNPs formed in the absence of PEG-modified lipids or
PEG have large and unstable sizes, particularly after freeze and thaw, or tend to precipitate,
rendering them unsuitable for therapeutic use. The present invention 1s, in part, based on the
surprising discovery that unexpectedly stable mRNA-loaded LNPs with low or no PEG-modified
fiptds can be made by mixing the mRNA and lipids in the presence of amphiphilic block
copolymer such as poloxamer. Thus, the present invention provides further improved mRNA-
LNPs with exceptional stability and is particularly useful in cases where LNPs comprising low or
no PEG-modified Lipids are desired, for example, to avoid generating anti-PEG antibodies,

and/or ABC.
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{6081} The present invention provides inventive processes to encapsulate mRNA in
LNPs and resulting stable mRNA-LNP compositions. In particular, the present invention
provides a process of encapsulate mRNA in LNPs by mixing an mRNA solution and a lipid
solution in the presence of an amphiphilic polymer {e.g., a poloxamer). The amphiphilic
polymer may be removed from the mRNA-LNPs by, e g, dialysis. The present invention is

particularly useful in encapsulating mRNA in LNPs with low or no PEG-moditied lipids.

{8082} Various aspects of the invention are described in detai! in the following sections.
The use of sections is not meant to limit the invention. Each section can apply to any aspect of

the invention.

Processes of encapsulating mRNA in LNPs

6083} The present mvention provides a process of encapsulating mRNA 1n LNPs in the
presence of an amphiphilic polymer (e.g., a poloxamer). ln some embodiments, a process of
encapsulating mRNA described herein comprises a step of mixing a lipid solution with an
mRNA solution 1n the presence of an amphiphilic polymer (e.g., a poloxamer) such that lipid
nanoparticles encapsulating the mRNA are formed. In some embodiments, the amphiphilic
polymer {e.g., a poloxamer) is present m the mRNA solution before mixing, In some
ernbodiments, the amphiphilic polymer {e.g., a poloxamer) is present in the lipid solution before
mixing. In some embodiments, the amphiphilic polymer (e.g., a poloxamer) i1s added during the

mixing of an mRNA solution and a lipid solution.

{8884} In some embodiments, a suttable mRNA solution is an agueous solution
comprising mRNA encoding a protein or peptide of interest at a desired concentration. Various
methods may be used to prepare a suitable mRNA solution. Exemplary methods are described in
US 2016/0038432, US 2018/0153822 and US 2018/0125989, which are incorporated herein by
reference.

[BO&S] In some embodiments, a suitable lipid solution comprises cationic lipids and non-
cationic lipids {(also referred to as helper lipids). In some embodiments, a suttable lipid solution
comprises cationic lipids, non-cationic lipids (also referred to as helper lipids) and PEG-modified

fipids or PEG. In some embodiments, a suitable lipid solution comprises cationic lipids, non-
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cationic lipids (also referred to as helper lipids), cholesterol-based lipids and PEG-modified
liptds or PEG. Various lipids may be dissolved in a suitable solvent at desired respective
amounts and/or ratios to prepare a lipid solution to be used in a process described herein.
Various methods may be used to prepare a suitable lipid solution. Exemplary methods are
described 1n US 2016/0038432, US 2018/0153822 and US 2018/0125989, which are

mcorporated herein by reference.

{8086} In some embodiments, a suitable lipid solution contains less than 1%, less than
0.9%, less than 0.8%, less than 0.7%, less than 0.6%, less than 0.5%, less than 0.4%, less than
0.3%, less than 0.2% or less than 0.1% of PEG-modified lipids or PEG of the total lipids by
molar. In some embodiments, a suitable lipid solution contains less than 1%, less than 0.9%, less
than 0.8%, less than §.7%, less than 0.6%, less than 0.5%, less than 0.4%, less than 0.3%, less
than 0.2% or less than 0.1% of PEG-modified lipids or PEG of the total lipids by weight In
some embodiments, a suitable lipid solution contains less than 0.09%, less than 0.08%, less than
0.07%, less than 0.06%, less than 0.05%, less than 0.04%, less than 0.03%, less than 0.02%, or
less than 0.01% of PEG-modified lipids or PEG of the total lipids by molar. In some
embodiments, a suitable lipid solution contains less than 0.09%, less than 0.08%, less than
0.07%, less than 0.06%, less than 0.05%, less than 0.04%, less than 0.03%, less than 0.02%, or

{ess than 0.01% of PEG-modified lipids or PEG of the total lipids by weight.

[BGET Typically, an amphiphilic polymer (e.g., a poloxamer) is present in the muxture at
an amount lower thau its eritical micelle concentration (CMC). In some embodiments, an
amphiphilic polymer (e.g., a poloxamer) is present in the mixtore at an amount about 1%, about
2%, about 3%, about 4%, about 5%, about 6%, about 7%, about 8%, about 9%, about 10%, about
15%, about 20%, about 25%, about 30%, about 35%, about 40%, about 45%, or about 50%
lower than its CMC. In some embodiments, an amphiphilic polymer {e.2., a poloxamer) is
present in the mixture at an amount about 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%,
0.1% lower than its CMC. In some embodiments, an amphiphilic polymer (e.g., 2 poloxamer) i3
present in the mixture at an amount about 55%, 60%, 65%, 70%, 75%, 80%, 90%, or 95% lower
than its CMC.

{8088} In some embodiments, the mRNA solution or the lipid solution, or both, may be
heated to a pre-determined temperature above the ambient temperature prior to mixing. In some
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embodiments, the mRNA solution and the lipid solution are heated to the pre-determined
temperature separately prior to the mixing. In some embodiments, the mRNA solution and the
lipid solution are mixed at the ambient temperature but then heated to the pre-determined
temperature after the mixing. In some embodiments, the lipid solution is heated to the pre-
determined temperature and mixed with mRNA solution at ambient temperature. In some
embodiments, the mRNA solution is heated to the pre-determined temperature and nuxed with

the hipid solution at ambient temperature.

[B389] In some embodiments, the mRNA solution is heated to the pre-determined
temperature by adding an mRNA stock solution that is at ambient temperature fo a heated buffer

solution to achieve the desired pre-determined temperature.

18698} In some embodiments, mRNA-LNPs are heated post-formation. As shown in the
Examples, 1t was surprisingly found that inclusion of a heating step during the process (before,
during or after formation) provides for particularly higher encapsulation of mRNA-LNPs as

compared to an otherwise identical process without the heating step.

[8081} As used herein, the term “ambient temperature” refers to the temperature in a
room, or the temperature which surrounds an object of nterest without heating or cooling. In
some embodiments, the ambient temperature at which one or more of the solutions is maintained
1s or is less than about 35°C, 30 °C, 25 °C, 20 °C, or 16 °C. In some embodiments, the ambient
temperature at which one or more of the solutions 1s maintained ranges from about 15-35 °C,
about 15-30°C, about 15-25 °C, about 15-20 °C, about 20-35 °C, about 25-35 °C, about 30-35
°C, about 20-30 °C, about 25-30 °C or about 20-25 °C. In some embodiments, the ambient

temperature at which one or more of the solutions 18 maintained 1s 20-25 °C.

(8492} Therefore, a pre-determined temperature greater than ambient terperature 13
typically greater than about 25 "C. Tn some embodiments, a pre-determined temperature suitable
for the present invention is or is 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, a pre-determined temperature suitable for the present
invention 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 particular embodiments, a pre-determined

temperature suitable for the present invention is about 65 "C.
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16093} Inn some embodiments, the mRNA solution and the lipid solution are mixed using
a pump. As the encapsulation procedure with such mixing can occur on a wide range of scales,
different types of pumps may be used to accommodate desired scale. It s however generally
desired to use a pulse-less flow pump. As used herein, a pulse-less flow pump refers to any
pump that can establish a continuous flow with a stable flow rate. Types of suitable pumps may
mclude, but are not limited to, gear pumps and centrifugal pumps. Exemplary gear pumps
melude, but are not limited to, Cole-Parmer or Diener gear pumps. Exemplary centrifugal

pumps include, but are not limited to, those manufactured by Grainger or Cole-Parmer.

[8094] The mRNA solution and the hipid solution may be mixed at various flow rates.
Typically, the mRNA solution may be mixed at a rate greater than that of the lipid solution. For
example, the mRINA solution may be muxed at a rate at least 1x, 2x, 3x, 4x, 5x, 6x, 7x, 8%, 9%,

10x, 15x, or 20x greater than the rate of the lipid solution.

(809 3] Suitable flow rates for mixing may be determined based on the scales. In some
embodiments, an mRNA solution i1s mixed at a flow rate ranging from about 40-400 ml/minute,
60-500 mi/minute, 70-600 ml/minute, 80-700 ml/minute, 90-800 mi/minute, 100~ 900 ml/minute,
110- 1000 mi/munute, 120-1100 ml/mimute, 130- 1200 ml/nunute, 140-1300 ml/nunute, 150-
1400 ml/manute, 160- 1500 ml/ounute, 170-1600 mi/minute, 180-1700 mi/minute, 150-250
mil/minote, 250-500 m/minute, 500-1000 ml/minute, 1000-2000 ml/minute, 2000-3000
ml/minute, 3000-4000 mi/minute, or 4000-5000 mi/minute. In some embodiments, the mRNA
solution 1s mixed at a flow rate of about 200 ml/minute, about 500 mi/minute, about 1000
ml/oinute, about 2000 mi/minute, about 3600 ml/minute, about 4000 ml/nunute, or about SG00

ml/minute.

[8696} In some embodiments, the lipid solution 18 mixed at a flow rate ranging from
about 25-75 mi/minute, 20-50 ml/munute, 25-75 mi/minute, 30-90 ml/minute, 40-100 ml/minute,
50-110 ml/minmute, 75-200 ml/minute, 200-350 mi/minute, 350-500 ml/minute, 500-650
ml/minute, 650-850 ml/minute, or 850-1000 ml/minute. In some embodiments, the lipid solution
is mixed at a flow rate of about 50 ml/minute, about 100 ml/minute, about 150 ml/minute, about
200 ml/minute, about 250 mi/minute, about 300 mi/minute, about 350 ml/minute, about 400
ml/minute, about 450 mi/minute, about 500 mi/minute, about 5350 mli/minute, about 600

ml/minute, about 650 ml/minute, about 700 m¥/minute, about 750 mi/minute, about 300
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ml/minute, about 850 ml/minute, about 900 mi/minute, about 950 mi/minute, or about 1000

ml/minute.

18097} Typically, an inventive process described herein includes a step of removing the
amphiphilic polvmer (e.g., the poloxamer). In some embodiments, the amphiphilic polymer
{e.g., the poloxamer) added during the process is subsequently removed after the formation of
mRNA-LNPs. For example, amphiphilic polymers (e.g., poloxamers) may be removed by buffer
exchange techniques such as dialysis. In some embodiments, the LNP formation solution 1s
exchanged into a solution that constitutes the product formulation solution. For example, the
nuxture containing the formed mRNA-LNPs may be dialyzed in one or more formulation
solutions to remove the amphiphilic polymer (e.g., the poloxamer) present during the mRNA-
LNP formation. Suitable formulations are known in the art and exemplary formulations are

described in the Formulations section in this application.

{6098} The exchange of solution comprising mRNA-LNPs from LNP formation solution
to formulation solutions can be achieved by any of a variety of buffer exchange techniques
known in the art. In some embodiments, the step of exchanging the LNP formation solution for
a formulation solution is accompanied by purification and/or concentration of mRNA-LNPs,
Various methods may be used to achieve the exchange of solution together with purification of

mRINA-LNPs or concentration of mRNA-LNPs in the solution.

{86991 For example, 1n some embodiments, this exchange of solution is achieved by
diafiltration. Dhafiltration 1s a fractionation process whereby small undesired particles are passed
through a filter while larger desired nanoparticles are maintained in the retentate without
changing the concentration of those nanoparticles 1 solution. Drafiltration 1s often used to
remove salts or reaction buffers from a solution. Dhafiltration may be either continuous or
discontingoes. In continuous diafiltration, a diafiltration solution 1s added to the sample feed at
the same rate that filtrate is generated. In discontinuous diafiltration, the solution 1s first difuted
and then concentrated back to the starting concentration. Discontinuous diafiltration may be

repeated until a desired concentration of nanoparticles is reached.

[HEEE In some embodiments, the solution is exchanged and the mRNA-LNPs are

purified using Tangential Flow Filtration. Tangential flow filtration (TFF), also referred to as

22



WO 2021/016430 PCT/US2020/043223

cross-flow filtration, is a type of filtration wherein the material to be filtered is passed
tangentially across a filter rather than through it. In TFF, undesired permeate passes through the
filter, while the desired retentate (mRNA-LNPs and free mRINA) passes along the filter and s
collected downstream. In some embodiments, the desired material is contained in the retentate in

TFF, which 1s the opposite of what one normally encounters in traditional-dead end filtration.

[a181] Various TFF techniques are known and can be used to practice the present
mvention. Exemplary TFF purification methods are described in US 2016/0040154 and US

2015/0376220, which are incorporated herein by reference.

j8182} Inn some embodiments, the encapsulation of mRNA in the LNPs can be further
enhanced by heating the formulation solution that comprises the mRNA-LNPs as well as some
free mRINA that was not encapsulated in the LNP formation solution to a pre-determined

temperature as described herein.

(8183} In some embodiments, less than about 0.1%, 0.09%, 6.08%, 0.07%, 0.06%,
0.05%, 0.04%, 0.03%, 0.02%, or 0.01% of the original amount of the amphiphilic polymer {e.g,,
the poloxamer) present 1o the mixture remains upon removal. In some embodiments, a residual
amount of the amphiphilic polvmer {e.g., the poloxamer) remains in a formulation upon removal.
As used herein, a residual amount means a remamning amount after substantially all of the
substance (an amphiphilic polymer described herein such as a poloxamer) in a composition is
removed. A residual amouont may be detectable using a known technigue qualitatively or

quantitatively. A residual amount may not be detectable using a known technigue.

(8184} In some embodiments, excessive mRNA 1s also removed, together with the

amphiphilic polymer (e.g., the poloxamer) present during formation of mRNA-LNPs,

Amphiphilic block copolymers

[3195] Various amphiphilic block copolymers may be used to practice the present
mvention. In some embodiments, an amphiphilic block copolymer is also referredtoas a

surfactant or a non-ionic surfactant.
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18186} Inn some embodiments, an amphiphilic polymer suitable for the invention is
selected from poloxamers (Pluronic®), poloxamines {Tetronic®), polyoxyethylene glycol

sorbitan alkyl esters {polysorbates) and polyvinyl pyrrolidones (PVPs).
Poloxamers

(8167} In some embodiments, a suitable amphiphilic polymer 13 a poloxamer. For

example, a suitable peloxamer is of the following structure:

Ty \
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wherein a is an integer between 10 and 150 and b 1s an integer between 20 and 60. For example,
ais about 12 and b is about 20, or a is about 80 and b is about 27, or a is about 64 and b is about

37, or ais about 141 and b 1s about 44, or a 1s about 101 and b 15 about 56.

{8188} In some embodiments, a poloxamer suitable for the invention has ethylene oxide
units from about 10 to about 150, In some embodiments, a poloxamer has ethylene oxide units
from about 10 to about 100,

Other amphiphilic polymers
{8109} In some embodiments, an amphiphilic polymer s a poloxamine, e.g., tetronic 304
or tetronic 904,
{8116 In some embodiments, an amphiphilic polymer is a polyvinylpyrrolidone (PVP)},
such as PVP with molecular weight of 3 kDa, 10 kDa, or 29 kDa.
HIRRE In some embodiments, an amphiphilic polymer is a polyethylene glycol ether
{Bri}), polysorbate, sorbitan, and derivatives thereof In some emboidments, an amphiphilic
polymer is a polysorbate, such as PS 20.
(8112} In some embodiments, an amphiphilic polymer is a polyethylene glycol ether. In

some embodiments, a suitable polvethylene glycol ether is a compound of Formula (8-1):

HOL R1BREJ
+ o,

(S-1),
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RY¥RY independently is

or a salt or isomer thereof, wherein t is an integer between 1 and 100;
C10-40 alkyl, Cio-40 alkenyl, or Cio-40 alkynyl; and optionally one or more methylene groups of
R are independently replaced with C3-10 carbocyclylene, 4 to 10 membered heterocyclylene,
C6-10 arylene, 4 to 10 membered heteroarylene, -N(R™-, -0-, -S-, -C(Q)-, -C{OINRY)-, -
NRNC(O)-, -NR C(OIN(R }-, -C{0)0- -OC(0)-, -OC(OY0- - OC(OIN(RY}-, -NRNC(O)0- -C(0)S-
-8C(0)-, -C(=NRN)- — C(=NR IN(R }—, - NRNC{(=NRN}- -NRNC(=NRMIN(RY}-, -C(8)-, -
C(SINRY)-, -NRNC(S)-, -NRYC(SIN(RM)-, -S(0)-, -08(0)-, -5(0)0- -0S{0)0- -0S(0)- -
S(O10- -0S(0)0- -NRMS(0)-, - S(OWN(RY)- -NRMIS(OIN(RY)- -OS{ON(RN)- -NRNS(0)0-
-S{O)2- -NR™MS(O)2- - S(ORNRY)-, -NRNS(ORNERY)- -0S(0):NRY)- or -NRNS(0)0-; and
each instance of RY is independently hydrogen, Ci. alkyl, or a nitrogen protecting group.

R IBRIJ

(8113} In some embodiment, 13 Cis alkyl For example, the polvethylene glycol

ether 18 a compound of Formula (8-la):
\
(S-1a),
or a salt or isomer thereof, wherein s is an mteger between 1 and 100.

{]BRH

{8114} In some embodiments, } is Cis alkenvl For example, a suitable polyethylene

glveol ether is a compound of Formula (8-1b):

(S-1b),

or a salt or isomer thereof, wherein s is an integer between 1 and 100.

Stable mBNA-LNP Compositions

{6115} Among other things, the mvention provides mRNA-LNPs prepared using an
mventive process described herein. In particular, the invention provides stable compositions
comprising mRNA-LNPs with low (e.g., < 0.5% by weight or by molar} or no PEG-modified
iipids or PEG. Such mRNA-LNPs are suitable for effective delivery and expression of mRNA in

vivo. ln this application, LNPs and mRNA-LNPs are used inter-changeably unless specifically
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mdicated. For example, mRNA-LNPs used herein include both mRNA-loaded L NPs and empty

LNPs unless specifically identified.

j8116] Typically, the term “stable” in connection of an LNP composition means an LNP
composition that can be stored at room temperature for more than 2 hours or at 4 °C Celsius over

night without precipitation.

{8117} In some embodiments, a stable composition described herein comprises LNPs that
maintain an average diameter within 60% of the original average size following one or more
freeze thaw cycles.

Cationic Lipids
18118} As used herein, the term “cationic lipids” refers to any of a number of lipid and
lipidoid species that have a net positive charge at a selected pH, such as at physiological pH.
Several cationic lipids have been described in the literature, many of which are commercially
available.
{8119} Suitable cationic lipids for use 1n the compositions and methods of the invention
mchude the cationic lipids as described in International Patent Publication WO 2010/144749,
which is imncorporated herein by reference. In certain embodiments, the compositions and
methods of the present invention include a cationic ipid, (62,97,287,31Z)-heptatriaconta-

6,9,28,31-tetraen-19-y1 4-(dimethylamino) butancate, having a compound structure of:

) ;/\V/\TU i g N

© N N N i Wl N

and pharmaceutically acceptable salts thereof.
(8126} Other suitable cationic hipids for use n the compositions and methods of the
present invention include tonizable cationic lipids as described 1n International Patent
Publication WO 2013/149140, which is incorporated herein by reference. In some embodiments,
the compositions and methods of the present invention include a catiomc lipid of one of the

following formulas:
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n @ :

or a pharmaceutically acceptable salt thereof, wherein Ri and Rz are each independently selected
from the group consisting of hydrogen, an optionally substituted, variably saturated or
unsaturated C1-Czo alkyl and an optionally substituted, variably saturated or unsaturated Cs-Coo
acyl; wherein L1 and 12 are each independently selected from the group consisting of hydrogen,
an optionally substituted Ci-Cso alkyl, an optionally substituted vanably unsaturated C1-Cso
alkenyl, and an optionally substituted C1-Cso alkynyl, wherein m and o are each independently
selected from the group consisting of zero and any positive integer {e.g., where m 1s three}; and
wherein n 1§ zero or any positive integer {e.g., where n 1s one}. In certain embodiments, the
compositions and methods of the present invention include the cationic hipid (157, 1873-N,N-
dimethyl-6-(97 12Z7}-cctadeca-9,12-dien-1 -vl} tetracosa- 15,18-dien-1-amine ("HGTS50007),

having a compound structure of!

T N i e e NP VW
™~ T P N N NN N NN

(HGT-5000)

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and
methods of the present invention include the cationic ipid (157, 1823-N,N-dimethyl-6-
{(92,127)-octadeca-9,12-dien-1-y1} tetracosa-4,15,1 8-trien-i -amine ("HGT50017), baving a

compound structure of
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{f\fm/\fmm

SN AV NN N

N

(HGT-5001)

and pharmaceutically acceptabie salts thereof. In certain embodiments, the compositions and
methods of the present invention include the cationic hipid and (152,18Z)-N,N-dimethyi-6-
{{9Z,12Z)-octadeca-9,12-dien-1-y1) tetracosa-5,15, 1 8-trien- 1 ~amine (“HGTS0027), having a

compound structure of:

/ - - N
SN A A A A

|

(HGT-5002)

and pharmaceutically acceptable salts thereof.

21 Other suitable cationic lipids for use in the compositions and methods of the
invention inchude cationic lipids described as aminoaleshol lipidoids in International Patent
Publication WO 2010/053572, which is incorporated herein by reference. In certain
embodiments, the compositions and methods of the present invention include a cationic lipid

having a compound structure of:

CyaHzy

memfﬂwN AUy

cmﬁm\r/\%,«v&\,) HO._4  OH
OH OH C oMot
Crozy

and pharmaceutically acceptable salts thereof.
(81221 Other suitable cationic lipids for use in the compositions and methods of the

mvention include the cationic lipids as described in International Patent Publication WO
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2016/118725, which is incorporated herein by reference. In certain embodiments, the
compositions and methods of the present invention include a cationic lipid having & compound
structure of:

BN N N N N P el W Vol

N

RN W Nl N N g TN NI N U NG N

J

R P N N

and pharmaceutically acceptable salis thereof.

{8123} Other suitable cationic lipids for use in the compositions and methods of the
wmvention include the cationic lipids as described 1n International Patent Publication WO
2016/118724, which 1s incorporated herein by reference. In certain embodiments, the
composttions and methods of the present invention include a cationic lipid having a compound

structure of’

I/A\/f’\/ NI P N
N S AW NGy NNy I NN
N N e NP T NI P N \V/i
SN N N N TN

and pharmaceutically acceptable salis thereof.

[8124] Other suitable cationic lipids for use in the compositions and methods of the
invention include a cationic lipid having the formula of 14,25-ditridecyl 15,18,21,24-tetraaza-
octatriacontane, and pharmaceutically acceptable salts thereof.

[8125) Other suitable cationic lipids for use in the compositions and methods of the
mvention inchude the cationic lipids as described in International Patent Publications WO
2013/063468 and WO 2016/205691, each of which are incorporated herein by reference. In
some ermbodiments, the composttions and methods of the present invention include a cationic

lipid of the following formula:
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O

or pharmaceutically acceptable salts thereof, wherein each instance of R" is independently
optionally substituted Cs-Cao alkenyl In certain embodiments, the compositions and methods of

the present invention include a catiomc lipid having a compound structure of:
O
Gaphyy

~ N
HO™ T 0

CoHa
8dH
HN

N/}/OH
R |
e Y Cme

His (CKK-E12)
and pharmaceutically acceptabie salts thereof. In certain embodiments, the compositions and

methods of the present invention nclude a cationic lipid having a compound structure of;
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(OF-02)

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid having a compound structure of

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid having a compound structure of’
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and pharmaceutically acceptable salts thereof.

PCT/US2020/043223

{8126} Other suitable cationic ipids for use in the compositions and methods of the

mvention include the cationic lipids as described in International Patent Publication WO

2015/184256, which 1s incorporated herein by reference. In some embodiments, the

composttions and methods of the present invention include a cationic lipid of the following

formula:

{
- b}év’i\ g2 ~3
{CH)m CHy

H(}"L

(CHZ}m"BH&
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or a pharmaceutically acceptable salt thereof, wherein each X independently s O or S; each Y
mdependently 1s O or 8; each m independently 15 0 to 20; each n independently is 1 to 6; each Ra
1s independently hydrogen, optionally substituted C1-50 alkyl, optionally substituted C2-50
alkenyl, optionally substituted C2-50 alkynyl, optionally substituted C3-10 carbocyclyl,
optionally substituted 3-14 membered heterocyclyl, optionally substituted C6-14 aryl, optionally
substituted 5-14 membered heteroaryl or halogen; and each Rs 1s independently hydrogen,
optionally substituted C1-50 alkyl, optionally substituted C2-50 alkenyl, optionally substituted
C2-50 altkynyl, optionally substituted C3-10 carbocyclyl, optionally substituted 3-14 membered
heterocyclyl, optionally substituted C6-14 aryl, optionally substituted 5-14 membered hetercaryl
or halogen. In certain embodiments, the compositions and methods of the present invention

melude a cationic lipid, “Target 237, having a compound structure of:

OH
CroHos HCH &
NM,}LO HQ,, LoypHa
CWHZ{/(GH 0 Ny
6 HEA (\E/Gmﬁzs
OH
{Target 23)
and pharmaceutically acceptable salts thereof.
(8127} Other suitable cationic lipids for use in the compositions and methods of the

mvention inchude the cationic lipids as described in International Patent Publication WO
2016/004202, which 1s incorporated heren by reference. In some embodiments, the
compositions and methods of the present invention include a cationic lipid having the compound

structure:
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or a pharmaceutically acceptable salt thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound stracture:

<

J

-~ o

N, -~ -~ :
3 :"/ e \’\,f S \NH

~ . e - . ~. ; 4 HN i
N ’\\V»’ N " \v,/‘ \\' o~ '\V,/ o 0/ \\T,f \\ e
8]

or a pharmaceutically acceptable salt thereof In some embodiments, the compositions and

methods of the present inveniion include a cationic lipid having the compound structure:

f '(}W/\\M//\\\/A\ff - :.."::::;x"f sz ,\\’\/ /\\/

Q

’MN/

) \(\/\\v’ /\v/\\.""""........-—’ /A\\...“":://\v/’\\/’/

¢

or a pharmaceutically acceptable salt thereof.

[6128] Other suitable cationic lipids for use in the compositions and methods of the present
mveniion include cationic lipids as described in United States Provisional Patent Application
Serial Number 62/758,179, which is incorporated herein by reference. In some embodiments, the
compostiions and methods of the present invention include a cationic lipid of the following

formula:
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or a pharmaceutically acceptable salt thereof, wherein each R and R? is independently H or C1-Cs
aliphatic, each m1 1s independently an integer having a value of 1 to 4; each A 13 independently a
covalent bond or arylene; each L' is independently an ester, thioester, disulfide, or anhydride
group; each L? is independently C2-Cio aliphatic; each X' is independently H or OH; and each R®
is independently Cs-Cao aliphatic. In some embodiments, the compositions and methods of the

present invention include a cationic lipid of the following formula:

Cighny
HO ) S\MN"’\\T/C’;OHTE
N ™ g HO OH
5
CogH
CigHay CH e

{Compound 1}

or a pharmaceutically acceptable salt thereof In some embodiments, the compositions and

methods of the present invention include a cationic fipid of the following formula:

HO CeHyy
{(Compound 2)

or a pharmaceutically acceptable salt thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid of the following formula:

w
L



WO 2021/016430 PCT/US2020/043223

HO HN

O | l
CizHag ©

HO Coahas

; Croas
HO. 127825 o ’CE)H
G /“\ o
N/\\/\F/ w NH 9 Cypbys
! - MN
¢}

(Compound 3)

or a pharmaceutically acceptable salt thereof

18129} Other suitable cationic lipids for use in the compositions and methods of the
present invention include the cationic lipids as described in J. McClellan, M. C. King, Cell 2010,
141, 210-217 and in Whitehead et al., Nature Communicaticns (2014) 5:4277, which is
mcorporated herein by reference. In certain embodiments, the cationic lipids of the compositions

and methods of the present invention include a cationic lipid having a compound structure of’

Cuatar Cuater
OaO o%:,o
J
CraHar o
O o~ N ~_N O,
\1/ e \/’\N”\\,/’\N "N \,/\\{ CysHar
o 3 ! &

and pharmaceutically acceptable salis thereof.
(8136} Other suitable cationic ipids for use in the compositions and methods of the

mvention include the cationic lipids as described n International Patent Publication WO
2015/199952, which 1s incorporated herein by reference. In some embodiments, the
compositions and metheds of the present invention include a cationic lipid having the compound

structure:
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A\'\,v./*’“\\\\//’d

L \ﬁ/ NPl NPt NVt

Q

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present inveniion include a cationic lipid having the compound structure:

E (8]

JEE NN, N e N e )\M’N\/’\\
\'\\,/N\\,v/’ M

‘\/’“\/\/H\ SN TN,
TN

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

ANy vx’
\\]/ \/Q N
NN . N
i\\/’\ A P N N e N

a3
and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:
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r‘W\ /
% PO
K//\ @ N N
/‘(3\\ e \ /r\//\\v 7
o
and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and
methods of the present invention include a cationic lipid having the compound structure:
o . x "
DN N N N P
15 ~ .
-~ J.\r/\N' e RN P

L\/\f\,«/ “\,,fmmf
T

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and
methods of the present invention include a cationic lipid having the compound structure:
| OT«“\(A\/\VA\/\/\
PN AN N e N
!
\/\/\/\/\n/ "*Yxf\/mv/‘\f“\
3

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

N N g
")Y{}‘NJL/V\,/’\/

A N
K/\f /\!If“\/i/ww

O
and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

38



WO 2021/016430 PCT/US2020/043223

(<
-~ Nxv PNy N AV}A\VJ}W D e MNPt N g

l\v G f/\\v(ff
B N e N e N NP

3

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and
methods of the present invention include a cationic lipid having the compound structure:

W N e
BN \/ PNl N N

ool (o5

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic iipid having the compound structure:

—4\\'
/Nw$,¢ ,\\\/A\

\\/"A\f”\\x"/\v o NN
/\E/
N NN

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

, -
\w\\m,f\ i‘.‘/\”'/\’/f\ﬂ/&\v/ L N N e
i\\ TN o e ’\\.\,ff\\‘/ ”

Lﬂ/ﬁ\wj\\/\vf\/\/

)
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and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

/f\/,/\v/‘
S \\/ A\\ I A\Y/O\\./f L\\r’/\\\v//\\\./f\\/’f
L\/\\\ o /\/ \\ g

k\lr,b'\v’ k/”\\/ NP NPl
o
and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and
methods of the present invention include a cationic hipid having the compound structure:
l O
NG N N/‘\,/"\\,/‘\V/"\\,/\O)l\ PN NP N

C L

I“\/"\/"\O/u\?/\\/f\\,/“\
DN
and pharmaceutically acceptable salts thereof.
(8131} Other suitable cationic lipids for use in the compositions and methods of the
mvention include the cationic lipids as described in International Patent Publication WO
2017/004143, which 1s incorporated herein by reference. In some embodiments, the
compositions and methods of the present invention include a cationic lipid having the compound
structure;
D™ ™™
{ i
AN
e ™ S N AN N

and pharmaceutically acceptable salis thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:
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a GY(/V\

-~ N\/\vf N N N G N g NIt

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and
methods of the present invention include a cationic lipid having the compound structure:

o
| QT"\V""\M o

NN "\f“\v”\\/'\\/‘mo NE NG N
\(M/\ /\C\
G{l\@ NN
X

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

QW o /Qw'\/

e N\/N\w“‘ N‘ oY W
ot NV

g7 o
and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:
| OY\/\/\/\ A e
NN @j\\/\/\/
AN
o7 Q

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present inveniion include a cationic lipid having the compound structure:
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o ~ 2
N AN /\,A\/\f\v/i’\g NN
\Lx\/w SN
IS G/ \/’W\/’\\
NN

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and
methods of the present invention include a cationic lipid having the compound structure:
Oy ™™ ™™
T o

IO soool ST

et N ~
0'3\3 N
A\[:/\/\
and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

G‘jwjzw ’?L‘C} e V"
|SSSang o
o \O/\LW
PNy

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:
N N N
O Y o
N N N MWLLO ft\‘:fj\v/\

T e

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:
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NN o
T

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

W\/fjow’;?;\
3LC

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

o e
JrNWNw@/\(/\:\A
A

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present imvention include a cationic lipid having the compound structure:

&
OW\N\A 3 T
MNWN\[’:\W\W} ') N
B N VN N N
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and pharmaceutically acceptable salts thereof. 1n some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

f‘i\f\i*‘*M«f\( m/\/
O

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic iipid having the compound structure:

S sociicedd
mm

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

OO

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present inveniion include a cationic lipid having the compound structure:
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and pharmaceutically acceptable salis thereof.

{6132} Other suttable cationic lipids for use n the compositions and methods of the
mvention include the cationic lipids as described in International Patent Publication WO
2017/675531, which is incorporated herein by reference. In some embodiments, the

compositions and methods of the present invention include a cationic lipid of the following

formula:
Ri\{%g
R!/L\G},N \Gz’JL\Rz

or a pharmaceutically acceptable salt thereof, wherein one of L' or L? is -O{C=0)-, {(C=0)0-, -
C(=0)-, -0-, -8(0)x, -8-8-, -C(=0)8-, -8C(=0})-, -NR*C(=0)~, -C{=0)NR*-, NR'C(=DNR"-, -
OC(=0INR-, or -NR¥C(=0)0-; and the other of L' or L7 is -O(C=0)-, (C=0)0-, -C(=0)-, -O-,
-8(0}x, -8-8-, -C(=0)S-, SC(=0}-, -NR*C(=0}-, -C(=0)NR?-, NR’C(=0)NR?-, -OC{(=0)NR*-
or -NR*C{=0)0- or a direct bond; G' and G* are each independently unsubstituted Ci-Ci2
alkyiene or Ci-Ci2 alkenylene; G* is C1-Caa alkylene, Ci-Cau alkenylene, C-Cs cycloalkylene,
Cs3-Ce cycloatkenylene; R? is H or C1-Cy2 alkyl; RY and R? are each independently Co-Cos alkyl or
Co-Cos alkenyl: R is H, OR®, ON, -C(=0)OR?, -OC(=0)R* or -NR® C(=0)R* R* is C;-C12 alkyl;
R’ is H or C1-Cs alkyl; and x is 0, 1 or 2.

{3133] Other suitable cationic lipids for use in the corapositions and methods of the
nvention mchude the cationic lipids as described in International Patent Publication WO
2017/117528, which is incorporated herein by reference. In some embodiments, the
compositions and methods of the present invention include a cationic hipid having the compound

structure:

N
L
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o
e "‘v’\\/’\\/ RN N NN
§ YN
I/\f /EL\/\/\/\/\
N

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and
methods of the present invention include a cationic lipid having the compound structure:
P o Ve N
SN O\r/\,/\/\/\/'\/\ Q\va’\v/\/
! S N W
N NCa e
NN

and pharmaceutically acceptable salts thereof. In some embodiments, the compositions and

methods of the present invention include a cationic lipid having the compound structure:

O
; ’v\ﬂr I/ S TN NN G MU NN
~ NN
k Y NI NN,
L\A
and pharmaceutically acceptable salts thereof.
(8134} Other sutable cationic lipids for use in the compositions and methods of the

mvention include the cationic lipids as described in International Patent Publication WO
2017/049245, which is incorporated herein by reference. In some embodiments, the cationic
fipids of the compositions and methods of the present invention include a compound of one of

the following formulas:
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, and

and pharmaceutically acceptable salts thereof. For any one of these four formulas, Ry is
mdependently selected from ~-(CH2 Q) and -{CH:2) «CHOQR; Q 15 selected from the group
consisting of -OR, -OH, ~O{CHz}uN{R)2, -OC(O)R, -CX;, -CN, -N{RYC(O)R, -N(HYC{O)R, -
N{RIS(ORR, -NIHHS(ORR, -NERIC(O)N(R):, -NEHC(O)NR ), -NEY(OINHHR), -
NRYCSINR), -NHHC(SINER)2, -NHC(SIN(H)(R), and a heterocycle; andnis 1,2, 0r 3. In
certain embodiments, the compositions and methods of the present invention include a cationic

lipid having a compound structure of’

O

I/'\/\/’\f)l\g*"’vw
atesVeced
D70

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid having a compound structure of:
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P
and pharmaceutically acceptable salis thereof. In certain embodiments, the compositions and

methods of the present inveniion include a cationic lipid having a compound structure of

G

(/WLOW
(O §)

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid having a compound structare of’

O

I(\)LQMM/
T AL

and pharmaceutically acceptable salts thereof.

{6138} Other suitable cationic hipids for use in the compositions and methods of the
nvention mchude the cationic ipids as described in International Patent Publication WO
2017/173054 and WO 2015/095340, each of which is incorporated herein by reference. In
certain embodiments, the compositions and methods of the present invention include a cationic

{ipid having a compound structure of:

O
N N S "'\f’\x.f’\/ii\o a
O PN O/‘u'\ Gx’\\,.r’\ N e
NN, '/’\/Q\T/\,)I\ 5 i\\

RSN N N
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and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid having a compound structure of:

o

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid having a compound structure of’

!
~N NN ,{:}\r/f} N N N

e o ‘:.:"\\,\yf’\\,/\ ,/“\\_,/\V/f}‘ /’E

O/
{fi\/é Ny
G - P
33 (f': o
g\k\(‘/’j,

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid having a compound structure of:

O\B’/\Y’/\V”\V/\\" Py
AN P N,
and pharmaceutically acceptable salts thereof,
15136} Other suitable cationic hipids for use in the compositions and methods of the

nvention mclude cholesterol-based cationic lipids. In certain embodiments, the compositions
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and methods of the present invention imclude imidazole cholesterol ester or “ICE”, having a

compound structure of’

Y\W\,ﬂ

o YTY
H L ]
fN"\/’/\\w 0/ N N
N
(1CE)
and pharmaceutically acceptable salts thereof.
(81371 Other suitable cationic fipids for use in the compositions and methods of the

present invention include cleavable cationic lipids as described in International Patent
Publication W 2012/170889, which is incorporated herein by reference. In some embodiments,

the compositions and methods of the present invention include a cationic lipid of the following

formula:
: FE 0,
e PR A ¥
rkhs-s

>

wherein Ri is selected from the group consisting of imidazole, guamdinium, amino, imine,
enamine, an optionally-substituted alkyl amino {e.g., an alkyl amino such as dimethylamino) and

pyridyl; wherem Ra 15 selected from the group consisting of one of the following two formulas:

ok N :
E N N, E .
( ﬁi\w on
:%;: N Ry

and

and wherein Rz and R4 are each independently selected from the group consisting of an
optionally substituted, variably saturated or unsaturated Ce-Czo alky! and an optionally
substituted, variably saturated or unsaturated Cs-Coo acyl; and wherein n 1s zero or any positive
integer {(e.g., one, two, three, four, five, six, seven, eight, nine, ten, eleven, twelve, thirteen,

fourteen, fifteen, sixteen, seventeen, eighteen, nineteen, twenty or more}. In certain
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embodiments, the compositions and methods of the present invention include a cationic lipid,

“HGT4001”, having a compound structure of:

g

L
e

H
KR
T
N
(HGT4001)
and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and

methods of the present inveniion include a cationic lipid, “HGT4002”, having a compound

structure of’

§
./A\Ii el

./j/j‘* A~

NHs

(HGT4002)

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and
methods of the present invention include a cationic lipid, “HGT4003”, having a compound
structure of!

i i ) S ... Py P geeoonae N

(HGT4003)
and pharmaceutically acceptable salis thereof. In certain embodiments, the compositions and

methods of the present invention include a cationic lipid, “HGT4004”, having a compound

structure of’
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(HGT4004)

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and
methods of the present invention include a cationic lipid “HGT4005”, having a compound

structure of’

H O e s e S i
(HGT4005)
and pharmaceutically acceptable salts thereof.
{3138} Other suitable cationic lipids for use in the compositions and methods of the present

mvention include cleavable cationic lipids as described in U.S. Provisional Application No.
62/672,194, filed May 16, 2018, and incorporated herein by reference. In certain embodiments,
the compostiions and methods of the present invention include a cationic lipid that is any of general
formulas or any of structwres (1a)-(21a) and (1b)-(21b) and (22)-(237) described in U.S.
Provisional Application No. 62/672,194. 1n certain embodiments, the compositions and methods

of the present invention include a cationic lipid that has a structure according to Formula (T},

B—L*B-14A-0
L\ﬁome
o} O
! A p
3.1 3 2.2 B
RO-L LRy,

wherem RX is independently -H, -L1-Rl, or -LSA-LSB-B’; each of L1, L2, and L3 is
independently a covalent bond, -C(O)-, -C{0)Y0-, -C(0)S8-, or ~-C(O)NRL-; each L4A and LSA 15
mdependently -C(O)-, ~-C(O)Y3-, or -C{ONRL-~; each L4B and L5B 1s independently CI1-C20
alkylene; C2-C20 alkenylene; or C2-C20 alkynylene; each B and B’ 15 NR4RS5 or a 5- to 10-
membered nitrogen-contaiming heteroarvl; each R1, R2, and R3 15 mndependently Co-C30 alkyl,

C6-C30 alkenyl, or C6-C30 alkynyl; each R4 and RS is independently hydrogen, C1-C10 alkyl;
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C2-C10 alkenyl; or C2-C10 alkynyl; and each RL is independently hydrogen, C1-C20 alkyl, C2-
C20 alkenyl, or C2-C20 alkynyl
18139} In certain embodiments, the compositions and methods of the present invention

mclude a cationic lipid that is Compound (139) of 62/672,194, having a compound structure of’

E
S ™ /‘\\:
i J

E\j\ oy A R‘\\f’ I N S

(“18:1 Carbon tail-ribose Iipid™).

(8148} In some embodiments, the compositions and methods of the present invention
mclude the cationic lipid, N-[I-(2,3-dicleyloxy)propyl}-N, N, N-trimethylammonium chloride
{(“DOTMA™). (Feigner et al. (Proc. Nat'l Acad. Sci. 84, 7413 (1987); U.S. Pat. No. 4,897,355,
which s incorporated herein by reference). Other cationic lipids suitable for the compositions
and methods of the present invention include, for example, S-
carboxyspermylglycinedioctadecylanmide (“DOGS”); 2,3-diolevioxy-N-{2{spermine-
carboxamidojethyl]-N,N-dimethyl-I-propavaminium ("DOSPA”} (Behr et al. Proc. Nat'l Acad.
Sci. 86, 6982 (1989), .S, Pat. No. 5,171,678; U.S. Pat. No. 5,334,761); 1,2-Dioleoyi-3-
Dimethylammoniom-Propane (“DODAP”); 1,2-Dioleoyl-3-Trimethylammonium-Propane
{(“DOTAP”).

(8141} Additional exemplary cationic Hpids suitable for the compaositions and methods of
the present invention also include: |,2-distearyloxy-N,N-dimethyl-3-aminopropane {
“DSDMA”Y; 1,2-dioleyvioxy-N,N-dimethyl-3-aminopropane (“DODMA™); 1 ,2-dilinsleyloxy-
N, N-dimethyl-3-aminopropane (“DLinBMA”}; |, 2-dilinolenyloxy-N, N-dimethyl-3-
aminopropane (“DLenDMA”Y; N-dioleyl-N,N-dimethylammonium chloride ("BODAC”); N,N-
distearyl-N, N-dimethylarnrnonium bromide ("DDAB”); N-(1,2-dimyristyloxyprop-3-y1-N,N-
dimethyl-N-hydroxyethyl ammonium bromide (“"DMRIE”); 3-dimethylamino-2-(cholest-5-en-3-
beta-oxybutan-4-oxy ¥-1-(cis,cis-9,12-octadecadienoxypropane {(“CLinDMA™); 2-[5'~(cholest-5-
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en-3-beta-oxy}-3'-oxapentoxy }-3-dimethy I-i-{cis,cis-9', [-2'-octadecadienoxy)propane
{(“CpLinDMA”); N N-dimethyl-3 4-dioleyloxybenzylamine (“DMOBA™Y; 1 2-N N'-
dioleylcarbamyl-3-dimethylammopropane (“DOcarbDAP”); 2,3-Dilincleoyloxy-N N-
dimethylpropylamine (“DLinDAP”Y; 12-N N'-Dilinoleylcarbamyl-3-dimethylaminopropane
{(“DLincarbDAP”); 1 2-Dilinoleoylcarbamyl-3-dimethylaminopropane (“DLinCDAP”Y; 2,2-
dilinoleyi-4-dunethylaminomethyl-[1.3]-dioxolane (“DLin-K-DMA”), 2-((8-[(3P)-cholest-5-en-~
3-vloxvloctyDoxy)-N, N-dimethyl-3-[(9%, 12€)-octadeca-9, 12-dien-1 -yioxy]propane-1-amine
{“Octyi-CLInDMA”Y; (2R)-2-({8-[(3beta)-cholest-5-en-3-viloxyloctyljoxy)-N, N-dimethyl-3-
({97, 124)-octadeca-9, 12-dien-1-yloxylpropan-1 -amine (“Octyl-CLinDMA (2R)™); (25)-2-((8-
[(3P}-cholest-3-en-3-yloxyloctyDoxy)-N, fsl-dimnethyh3-[{97, 12€)-octadeca-9, 12-dien-1 -
vioxylpropan-1 -amine "Gty -CLinDMA (28Y); 2,2-dilinoleyl-4-dimethylamimoethyl-[1,3]-
dioxolane (“DLin-K-XTC2-DMA”); and 2-(2,2-di{(97,127}-octadeca-9 1 2-dien- 1-yh-1,3-
dioxolan-4-y1}-N N-dimethylethanamine (“"DLin-KC2-DMA”) {see, WO 2010/042877, which 1s
mcorporated herein by reference; Semple et al., Nature Biotech. 28: 172-176 (2010}). (Heves, 1.
et al, J Controlled Release 107: 276-287 (2005}, Mornissey, DV, et al., Nat. Biotechnol. Z3(8}):

1003-1007 (2005}, International Patent Publication WO 2005/121348). In some embodiments,

B

one or more of the cationic lipids comprise at least one of an imidazole, dialkylamino, or
guanmdinium moiety.

(8142} In some embodiments, one or more cationic ipids suitable for the compositions
and methods of the present invention include 2,2-Dilinoley1-4-dimethylaminoethy1-[1,3]-
dioxolane (“XTC™Y; (3aR,55,6a8}-N, N-dimethyl-2,2-di{({97,1 27 )-octadeca-9,12-
dienyitetrahydro-3aH-cyclopenta{d] [1 ,3]dioxol-5-amine (“ALNY-100"} and/or 4,7,13-tris(3~
oxo-3-(undecylaminojpropyl}-N1,N16-diundecyl-4,7,10,1 3tetraazahexadecane-1,16-diamide
(“NC98-57).
{8143} In some embodiments, the compositions of the present invention include one or
more cationic lipids that constitute at least about 5%, 10%, 20%, 30%, 35%, 40%, 45%, 50%,
55%, 60%, 65%, or 70%, measured by weight, of the total lipid content in the composition, e.g.,
a lipid nanoparticle. In some embediments, the compositions of the present invention include one
or more cationic lipids that constitute at least about 5%, 10%, 20%, 30%, 35%, 40%, 45%, 50%,

55%, 60%, 65%, 70%, or 80% measured as a mol %, of the total lipid content in the
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composition, e.2., a lipid nanoparticle. In some embodiments, the compositions of the present
mvention include one or more cationic lipids that constitute about 30-70 % (e.g., about 30-65%,
about 30-60%, about 30-35%, about 30-50%, about 30-45%, about 30-40%, about 35-50%,
about 35-45%, or about 35-40%), measured by weight, of the total lipid content in the
composition, e.g., a lipid nanoparticle. In some embodiments, the compositions of the present
mvention include one or more cationic lipids that constitute about 30-70 % (e.g., about 30-653%,
about 30-60%, about 30-55%, about 30-50%, about 30-45%, about 30-40%, about 35-50%,
about 35-45%, or about 35-40%}, measured as mol %, of the total lipid content in the

composition, e.g., a lipid nanoparticle.

[8144] In some embodiments, sterol-based cationic lipids may be use instead or in addition
to cationic lipids described herein.  Suitable sterol-based cationic lipids are dialkylanuno-,
midazole-, and guanidinium-containing sterol-based cationic lipids. For example, certain
embodiments are directed to a composition comprising one or more sterol-based cationic lipids
comprising an imidazole, for example, the tmidazole cholesterol ester or “ICE” lipid (385, 10R,
13R, 17R)-10, 13-dimethyl-17-{(R)-6-methytheptan-2-v}-2, 3, 4, 7,8, 9, 10, 11, 12, 13, 14, 15,
16, 17-tetradecahydro-1H-cyclopentalajphenanthren-3-yi  3-(1H-imudazol-4-yl)propanocate, as
represented by structure (1) below. In certain embodiments, a lipid nanoparticle for delivery of
RNA (e.g, mRNA} encoding a functional protein may comprise one or more imidazole-based
cationic hipids, for example, the imidazole cholesterol ester or “ICE” lipid (38, 10R, 13R, 17R)-
10, 13-dimethyl-17-((R)-6-methytheptan-2-y1}-2, 3, 4, 7, 8, 9, 106, 11, 12, 13, 14, 15, 16, 17-
tetradecahvdro~-1H-cyclopentalajphenanthren-3-yl 3-(1H-imidazol-4-yl}propanocate, as

represented by the following structure:

(ICE)

[8145] In some embodiments, the percentage of cationic lipid in a liposome may be greater

than 10%, greater than 20%, greater than 30%, greater than 40%, greater than 50%, greater than

W
L
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60%, or greater than 70%. In some embodiments, cationic lipid(s} constitute(s} about 30-50 %
{e.g., about 30-45%, about 30-40%, about 35-50%, about 35-45%, or about 35-40%) of the
liposome by weight. In some embodiments, the cationic lipid (e.g., ICE lipid) constitutes about
30%, about 35%, about 40 %, about 45%, about 50%, about 60%, about 70% or about 80% of the

liposome by molar ratio.
Non-cationic/Helper Lipids

[6146] In some embodiments, mRNA-LNPs described herein include non-cationic/helper
lipids. As used herein, the phrase “non-cationic lipid” refers to any neutral, zwitterionic or
anionic lipid. As used herein, the phrase “anionic lipid” refers to any of a number of lipid
species that carry a net negative charge at a selected pH, such as physiological pH. Non-cationic
liptds include, but are not limited to, distearoylphosphatidylcholine (DSPC),
dioleoylphosphatidylcholine (DOPC), dipalmitoylphosphatidyvicholine (DPPC),
dioleoylphosphatidyiglycerol (DOPG), dipalmitoylphosphatidyiglveerol (DPPG),
dioleoylphosphatidylethanolamine (DOPE), palmitovloleoyiphosphatidylcholine (POPC),
palmitoyloleovl-phosphatidylethanolamine (POPE), dioleovl-phosphatidylethanolamine 4-(N-
maleimidomethyl}-cyclohexane-l-carboxylate (DOPE-mal), dipaloutoyl phosphatidyl
ethanolanune (DPPE), dimyristoylphosphoethanolamine (DMPE), distearoyl-phosphatidyl-
ethanolamine {(BSPE), 16-O-monomethy! PE, 16-O-dimethy! PE, 18-1-trans PE, I-stearoyl-2-

oieoyl-phosphatidyethanclamine (SOPE}, or a mixture thereof

[8147] In some embodiments, non-cationic liptds may constitute at least about 5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 653% or 70% of the total hipids by
weight or by molar. In some embodiments, non-cationic lipid{(s) constitute(s) about 30-50 %
{e.g., about 30-45%, about 30-40%, about 35-50%, about 35-45%, or about 35-40%) of the total
fiprds by weight or by molar.

Cholesterol-based Lipids
{3148} In some embodiments, mRNA-LNPs described herein include one or more
cholesterol-based lipids. For example, suitable cholesterol-based cationic ipids include, for
example, DC-Choi (N,N-dimethyl-N-ethylcarboxamidocholesterol}, 1,4-bis(3-N-oleylamino-

propylpiperazine (Gao, et al. Biochem. Biophys. Res. Comim. 179, 280 {1991); Wolf et al.
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BioTechniques 23, 139 (1997); U.S. Pat. No. 5,744,335), or ICE. In some embodiments,
cholesterol-based lipid(s) constitute(s) at least about 5%, 10%, 20%, 30%, 40%, 50%, 60%, or
70% of the total lipids by weight or by molar. In some embodiments, cholesterol-based lipid(s)
constitute(s) about 30-50 % (e.g., about 30-45%, about 30-40%, about 35-50%, about 35-45%, or
about 35-40%) of the total lipids by weight or by molar. In some embodiments, cholesterol-
based hipud(s) constitute(s) less than about 5%, 10%, 20%, 30%, 40%, 50%, 60%, or 70% of the
total lipids by weight or by molar. In some embodiments, mRNA-LNPs described herein do not
melude cholesterol-based hipids.

PEG-modified Lipids
[81.49) In some embodiments, mRNA-LNPs described herein include a low amount (e g,
< 0.5% by molar or by weight) of one or more PEG-modified lipids {(also known as “PEGylated
lipids™) or PEG. For example, the use of polyethylene glycol (PEG)-modified phospholipids and
derivatized lipids such as derivatized ceramides (PEG-CER), including N-Octanoyl-
Sphingosine-i-[Succinyli{Methoxy Polyethylene Glycol)}-2000] (C8 PEG-2000 ceranude) 1s also
conternplated by the present invention. Contemplated PEG-modified lipids include, but are not
limited to, a polyethyvlene glveol chain of up to 2kDa, upto 3 kDa, up to 4kDa orupto SkDam
length covalently attached to a ipid with alky] chain(s) of Ce-Cao length. In some emabodiments,
a PEG-modified or PEGylated lipid 1s PEGylated cholesterol or PEG-2K. In some
embodiments, particularly useful exchangeable lipids are PEG-ceramides having shorter acyl

chains {e.g., C1a or Cis).

{8156} In some embodiments, mRNA-LNPs described herein contain less than 0.5%, less
than 0.4%, less than 0.3%, less than 0.2% or less than 0.1% of PEG-modified hipids or PEG of
the total hipids by molar. In some embodiments, mRNA-LNPs described herein contain less than
0.5%, less than 0.4%, less than 0.3%, less than 0.2% or less than 0.1% of PEG-modified ipids or
PEG of the total lipids by weight. In some ermabodiments, mRNA-LNPs described herein contain
0.4% or less of PEG-modified lipids or PEG, 0.3% or less of PEG-modified lipids or PEG, 0.2%
or less of PEG-modified lipids or PEG, or 0.1% or less of PEG-modified lipids or PEG of the
total lipids by molar or by weight. In some embodiments, mRNA-LNPs described herein contain
0.09% or less of PEG-modified lipids or PEG of the total lipids by molar or by weight. In some

embodiments, mRNA-LNPs described herein contain 0.08% or less of PEG-modified lipids or
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PEG of the total lipids by molar or by weight. In some embediments, mRNA-LNPs described
herein contam 0.07% or less of PEG-modified lipids or PEG of the total lipids by molar or by
weight. In some embodiments, mRNA-LNPs described herein contain 0.06% or less of PEG-
modified lipids or PEG of the total lipids by molar or by weight. In some embodiments, mRNA-
LINPs described herein contain 0.05% or less of PEG-modified lipids or PEG of the total lipids
by molar or by weight. In some embodiments, mRNA-LNPs described herein contain 0.04% or
less of PEG-modified lipids or PEG of the total lipids by molar or by weight. In some
embodiments, mRNA-LNPs described herein contain 0.03% or less of PEG-modified lipids or
PEG of the total lipids by molar or by weight. In some embodiments, mRNA-LNPs described
herein contain 0.02% or less of PEG-modified lipids or PEG of the total lipids by molar or by
weight. In some embodiments, mRNA-LNPs described herein contain 0.01% or less of PEG-

modified hipids or PEG of the total lipids by molar or by weight.

(8151} In some embodiments, mRNA-LNPs described herein are substantially free of

PEG-modified lipids or PEG.
Amphiphilic block copalymers

{8152} In some embodiments, mRMNA-LNPs described herein contain amphiphtilic block
copolymers {e.g., poloxamers). In some embodiments, mRNA-LNPs comprise less than 5%
araphiphilic block copolymers (e g, poloxamers). In some embodiments, mRNA-LNPs
comprise less than 3% amphiphific block copolymers (e.g , poloxamers). In sorme embodiments,
MmRNA-LNPs comprise less than 2.5% amphiphilic block copolymers {e.g., poloxamers). In
some embodiments, mRNA-LNPs comprise less than 2% amphiphilic block copolymers (e.g.,
poloxamers). In some embodiments, mRNA-LNPs comprise less than 1.5% amphiphalic block
copolymers {e.g., poloxamers). In some embodiments, mRNA-LNPs comprises less than 1%
amphiphilic block copolymers (e.g., poloxamers). In some embodiments, mRNA-LNPs
comprise less than 0.5% {e.g., less than 0.4%, 0.3%, 0.2%, 0.1%) amphiphilic block copolymers
{e.g., poloxamers). In some embodiments, mRNA-LNPs comprise less than 0.09%, 0.08%,
0.07%, 0.06%, 0.05%, 0.04%, 0.03%, (.02%, or 0.01% amphiphilic block copolymers {e.g.,
poloxamers). In some embodiments, mRNA-LNPs comprise less than 0.01% amphiphilic block
copolymers {e.g., poloxamers). In some embodiments, mRNA-LNPs contain a residual amount

of amphiphilic polymers (&.g., poloxamers). As used herein, a residual amount means a
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remaining amount after substantially all of the substance (an amphiphilic polymer described
herein such as a poloxamer) in a composition is removed. A residual amount may be detectable
using a known technique qualitatively or quantitatively. A residual amount may not be

detectable using a known technique.

Messenger RNA (mRNA)

{81583} The present invention may be used to encapsulate any mRNA. mRNA 13 typically
thought of as the type of RNA that carries information from DNA to the ribosome. Typically, in
eukaryotic organisms, mRNA processing comprises the addition of a “cap” on the 5" end, and a
“tail” on the 3” end. A typical cap is a 7-methylguanosine cap, which is a guanosine that is linked
through a 5°-5 -triphosphate bond to the first transcribed nucleotide. The presence of the cap is
important in providing resistance to nucleases found in most eukaryotic cells. The additional of a
tatl s typically a polvadenylation event whereby a polyadenylyl motety is added to the 37 end of
the mRNA molecule. The presence of this “tail” serves to protect the mRNA from exonuclease
degradation. Messenger RNA is translated by the ribosomes 1nto a series of amino acids that make

up a protein.

{8154} mRNAs may be synthesized according to any of a variety of known methods. For
example, mRNAs according to the present invention may be synthesized via in vitro transcription
(IVT). Briefly, IVT s typically performed with a linear or circular DNA template contaiming a
promoter, a pool of ribonucleotide triphosphates, a buffer system that may include DTT and
magnesium ions, and an appropriate RNA polymerase (e.g., T3, T7 or SP6 RNA polymerase),
DiNase 1, pyrophosphatase, and/or RNAse mhibitor. The exact conditions will vary according to
the specific application.

[8155] In some embodiments, /n vifro synthesized mRNA may be purified before
formulation and encapsulation to remove undesirable tmpurities includimg various enzymes and
other reagents used during mRNA synthesis.

(IR The present mvention may be used to formulate and encapsulate mRNAsg of a
variety of lengths. In some embodiments, the present invention may be used to formulate and

encapsulate in vifro synthesized mRNA of or greater than about 1 kb, 1.5 kb, 2 kb, 2.5 kb, 3 kb,
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35kb,dkb, 45kb, 5kb6kb, 7kb, 8kb, Okb, 10 kb, 11 kb, 12 kb, 13 kb, 14 kb, 15 kb, or 20 kb
in length. In some embodiments, the present invention may be used to formulate and encapsulate
in vitro synthesized mRINA ranging from about 1-20 kb, about 1-15 kb, about 1-10 kb, about 5-20

kb, about $-15 kb, about 5-12 kb, about 5-10 kb, about 8-20 kb, or about 8-15 kb in length.

[8157} The present invention may be used to formulate and encapsulate mRNA that is
unmodified or mRNA containing one or more modifications that typically enhance stability. In
some embodiments, modifications are selected from modified nucleotides, modified sugar

phosphate backbones, and 5™ and/or 37 untranslated region.

RN In some embodiments, modifications of mRNA may include modifications of the
nucleotides of the RNA. A modified mRNA according to the invention can include, for example,
backbone modifications, sugar modifications or base modifications. In some embodiments,
mRNAs may be synthesized from naturally occurring nucleotides and/or nucleotide analogues
{modified nucleotides) including, but not limited to, purines (adenine (A), guanine (G)) or
pyrimidines {thymine (T}, cytosine (C), uracil (U)), and as modified nucleotides analogues or
derivatives of purines and pyrimidines, such as eg l-methyi-adenine, Z-methyl-adenine, 2-
methylthio-N-6-1sopentenyl-adenine, N6-methyl-adenine, No6-isopentenyl-adenine,  2-thio-
cytosing, 3-methyl-cytosine, 4-acetyl-cytosine, S-methyl-cytosme, 2,6-diaminopurine, 1-methyl-
guamne, Z-methyl-guanine, 2,2-dimethyl-guanine, 7-methyl-guanine, nosine, 1-methyl-inosine,
pseudouracit (S-uracily, dihydrouracil, 2-thio~-uracil, 4-thio-uracil, S-carboxymethylaminomethyl-
2-thio-uracil,  S-(carboxyhydroxymethylj-uracil,  S-fluoro-uracil,  S-bromo-uraci,  5-
carboxymethylaminomethyl-uracil, S-methyl-2-thio~-uracil, S-methyi-uracil, N-uracil-5-oxyacetic
actd methyl ester, S-methvlammmomethyl-uracl, S-methoxyammomethyl-2-thig-uracil, 5'-
methoxycarbonylmethyl-uracil, S-methoxy-uracil, uracil-5-oxyacetic acid methy! ester, uracil-3-
oxyacetic acid {v), 1-methyl-pseudouraci, queosine, .beta -D-mannosyl-queosine, wybutoxosine,
and phosphoramidates, phosphorothioates, peptide nucleotides, methyiphosphonates, 7-
deazaguanosine, 5-methyleytosing, pseudouridine, S-methvicytidine and inosine. The preparation
of such analogues is known to a person skilled in the art e g. from the U.S. Pat. No. 4,373,071,
U.8. Pat. No. 4,401,796, 1.8, Pat. No. 4,415,732, U.S. Pat. No. 4,458,066, U.S. Pat. No. 4,500,707,
11.S. Pat. No. 4,668,777, U.8. Pat. No. 4,973,679, 1.8, Pat. No. 5,047,524, U.5. Pat. No. 5,132 418,
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U.S. Pat. No. 5,153,319, US. Pat. Nes. 5,262,530 and 5,700,642, the disclosure of which is

mcluded here 1n its full scope by reference.

18159} Typically, mRNA synthests includes the addition of a “cap” on the 5" end, and a
“tail” on the 3° end. The presence of the cap is important in providing resistance to nucleases
found in most eukaryotic cells. The presence of a “tail” serves to protect the mRNA from

exonuclease degradation.

[8168] Thus, in some embodiments, mRNAs include a $7 cap structure. A 57 cap 1
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) 15 then added to the ternunal phosphates via a guanylyl transferase, producing a 5’5’5
triphosphate linkage; and the 7-uitrogen of guanine is then methylated by a methyltransferase. 2°-
O-methylation may also occur at the first base and/or second base following the 7-methyl
guanosine triphosphate residues. Examples of cap structures include, but are not himited to,
m7GpppNp-RNA, m7GpppNmp-RNA and m7GpppNropNmp-RNA (where m indicates 2’-
Omethyl residues).

j8is1} In some embodiments, mRNAs include a 5™ and/or 3 untranslated region. In some
embodiments, a 57 untranslated region includes one or more elements that affect an mRNA’s
stability or translation, for example, an tron responsive element. In some embodiments, a §°

untransiated region may be between about 50 and 500 nucleotides 1n length.

{163} In some embodiments, a 3° uniranslated region includes one or more of a
polyadenylation signal, a binding site for proteins that affect an mRNA’s stability of location in a
celi, or one or more binding sites for miRNAs. In some embodiments, a 37 untranslated region
may be between 50 and 500 nucleotides 1n length or longer.

[HEERT While mRNA provided from in vitro transcription reactions may be desirable n
some embodiments, other sources of mRNA are conternplated as within the scope of the invention
mchuding mRNA produced from bacteria, fungt, plants, and/or animals.

(8164} The present invention may be used to formulate and encapsulate mRNAs encoding
avariety of protems. Non-hmiting examples of mRNAs suitable for the present nvention include
mRNAs encoding ervthropoietin (EPO) and firefly luociferase (FFL}.
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Formulations
[8165] Various formulations may be used in connection with the present invention.

In some embodiments, a suitable formulation solution may include a buffering agent or salt.
Exemplary buffering agent may include HEPES, ammonium suifate, sodium bicarbonate,
sodium citrate, sodium acetate, potassium phosphate and sodium phosphate. Exemplary salt may

mnctude sodium chioride, magnesium chloride, and potassium chioride.

183166} In some embodiments, a suitable formulation solution 1s an aqueous solution
comprising pharmaceutically acceptable excipients, including, but not imited to, a
cryoprotectant. In some embodiments, a suitable formulation solution is an aqueous solution
comprising pharmaceutically acceptable excipients, including, but not limited to, sugar, such as
one or more of trehalose, sucrose, mannose, lactose, and manniiol. In some embodiments, a
suitable formulation solution comprises trehalose. In some embodiments, a suitable formulation
solution comprises sucrose. In some embodiments, a suitable formulation solution comprises
mannose. In some embodiments, a suitable formulation solution comprises lactose. In some

embodiments, a suitable formulation solution comprises mannitol.

(8167} In some embodiments, a suitable formulation solution i1s an aqueous solution
comprising 5% to 20% weight to volume of a sugar, such as of trehalose, sucrose, mannose,
lactose, and mannitol. In some embodiments, a suitable formulation solution 1s an aqueous
solution comprising 3% to 20% weight to volume of trehalose. In some embodiments, a suitable
formulation solution is an aqueous solution comprising 5% to 20% weight to volume of sucrose.
In some embodiments, a suttable formulation solution 1s an aqueous solution comprising 5% to
20% weight to volume of mannose. In some embodiments, a suitable formulation solution 1s an
aqueous solution comprising 5% to 20% weight to volume of lactose. In some embodiments, a
suitable formulation solution is an aqueous solution comprising 5% to 20% weight to volume of

mannitol.

jFie8] In some embodiments, a suttable formulation solution 1s an aqueous solution
comprising about 10% weight to volume of a sugar, such as of trehalose, sucrose, mannose,

lactose, and mannitol. In some embodiments, a suitable formulation solution 1s an agueous
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solution comprising about 10% weight to volume of trehalose. In some embodiments, a suitable
formulation solution is an aqueous solution comprising about 10% weight to volume of sucrose.
In some embodiments, a suttable formulation solution is an aqueous solution comprising about
10% weight to volume of mannose. In some embodiments, a suitable formulation solution is an
aqueous solution comprising about 10% weight to volume of lactose. In some embodiments, a
suitable formulation solution 1s an aqueous solution comprising about 10% weight to volume of

mannitol.

[#1569] In some embodiments, one or both of a non-agueous solvent, such as ethanol, and
citrate are absent from the drug product formulation solution. In some ernbodiments, a suitable
formulation solution includes only residual citrate. In some embodiments, a suitable formulation
solution mncludes only residual non-aqueous solvent, such as ethanol. In some embodiments, a
suitable formulation solution contains less than about 10mM (e.g., less than about 9mM, about
8mM, about 7mM, about 6mM, about SmM, about 4mM, about 3mM, about 2mM, or
about!mM) of citrate. In some embodiments, a suttable formulation solution contains less than
about 25% (e.g., less than about 20%, about 15%, about 10%, about 5%, about 4%, about 3%,
about 2%, or about 1%) of non-aqueous solvents, such as ethanol. In some embodiments, a
suitable formulation solution does not require any further downstream processing {e.g., buffer
exchange and/or further purification steps and/or additional excipients) prior to lyophilization,

In some embodiments, a suitable formulation solution does not require any further downstream
processing {e.g., buffer exchange and/or further purification steps and/or additional excipients)
prior to administration to a sterile fill into a vial, syringe or other vessel. In some embodiments, a
suitable formulation solution dees not require any further downstream processing {(e.g., buffer
exchange and/or further purification steps and/or additional excipients} prior to adminisiration to

a subject.

{81761 In some embodiments, a suitable formulation sofution has a pH between pH 4.5
and pH 7.5, In some embodiments, a suitable formulation solution has a pH between pH 5.0 and
pH 7.0, In some embodiments, a suttable formulation solution has a pH between pH 5.5 and pH
7.0. In some embodiments, a suitable formulation solution has a pH above pH 4.5, In some
embodiments, a suntable formulation solution has a pH above pH 5.0, In some embodiments, a

suitable formulation solution has a pH above pH 5.5, In some embodiments, a suitable
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formulation solution has a pH above pH 6.0. In some embodiments, a suitable formulation

solution has a pH above pH 6.5.

18171} Inn some embodiments, the improved or enhanced amount of encapsulation of
mRNA-LNPs n a suttable formulation solution following heating is retained after subsequent
freeze-thaw of the drug product formulation solution. In some embodiments, a suitable

formulation solution is 10% trehalose and can be stably frozen.

{8172} In some embodiments, mRNA-LNPs in a suitable formulation solution following
heating can be stably frozen (e.g., retain enhanced encapsulation) in about 5%, about 10%, about
15%, about 20%, about 25%, about 30%, about 35%, about 40%, about 45%, or about 50%
trehalose solution. In some embodiments, a suitable formulation solution does not require any

downstream purification or processing and can be stably stored in frozen form.

Therapeutic Uses

{8173} In certain embodiments the present ivention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that encode a peptide or
polypeptide for use in the delivery to or treatment of a human subject. 1n some embodiments, a
therapeutic composition comprising mRNA-LNPs described herein is used for delivery in the
lung of a subject or a lung cell. In certain embodiments, the present invention provides a method
for producing a therapeutic composition comprising mRNA-LNPs described herein that deliver

an endogenous protein which may be deficient or non-functional in a subject.

{8174} In certain embodiments, the present mvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
polypeptide for use in the treatment of a fung disease. In certain emboduments, the present
mvention is useful in a method for manufacturing mRNA encoding cystic fibrosis
transmembrane conductance regulator, CFTR. The CFTR mRNA is delivered to the lung of a
subject in need in a therapeutic composition for treating cystic fibrosis. In certain embodiments,
the present invention provides a method for producing a therapeutic composition comprising
mMmRNA-LNPs described herewn that deliver a peptide or polypeptide for use in the treatment of a

fiver disease or metabolic disease. Such peptides and polypeptides can in¢lude those associated
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with a urea cycle disorder, associated with a lysosomal storage disorder, with a glycogen storage
disorder, associated with an amuino acid metabolism disorder, associated with a lipid metabolism
or fibrotic disorder, associated with methyl malonic acidemia, or associated with any other
metabolic disorder for which delivery to or treatment of the liver or a liver cell with enriched

full-length mRNA provides therapeutic benefit.

[3175] In certain embodiments the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a protein
associated with a urea cycle disorder. In certain embodiments, the present invention provides a
method for producing a therapeutic composition corprising mRNA-LNPs described herein that
deliver an ornithine transcarbamylase (OTC) protein. In certain embodiments, the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver an arginosuccinate synthetase 1 protein. In certain embodiments the
present invention provides a methed for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver carbamoyl] phosphate synthetase T protein. In certain
embodiments the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herem that deliver an arginosuccinate lyase protein. In
certain embodiments, the present invention provides a method for producing a therapeutic

composttion comprising mRNA-LNPs described herein that deliver an arginase protein.

{8176} In certaim embodiments the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a protein
associated with a lysosomal storage disorder. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver an alpha galactosidase protein. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver a glucocerebrosidase protein. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver iduronate-2-sulfatase protein. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver iduronidase protein. In certain embodimenis the present invention provides a

method for producing a therapeutic composition comprising mRNA-LNPs described herein that
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deliver N-acetyl-alpha-D-glucosaminidase protein. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver heparan N-sulfatase protein. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver galactosamine-6 sulfatase protein. In certain embodiments the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver beta-galactosidase protein. In certain embodiments the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver lvsosomal lipase protein. In certain embodiments, the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver an arylsulfatase B (N-acetvigalactosamine-d-sulfatase} protein. In
certain embodiments, the present invention provides a method for producing a therapeutic
composition comprising mRNA-LNPs described herein that deliver transcription factor EB

(TFEB).

(81771 In certain embodiments the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a protein
associated with a glycogen storage disorder. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver acid alpha-glucosidase protemn. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver ghicose-6-phosphatase (GOPC) protein. In certain embodiments the present
invention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver liver glvcogen phosphorylase protein. In certain embodiments the
present invention provides a method for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver muscle phosphoglycerate mutase protein. In certain
embodiments the present invention provides a method for producing a therapeutic composition

comprising mRNA-LNPs described herein that deliver glycogen debranching enzyme.

13178} In certain embodiments the present imvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a protein

associated with amino acid metabolism. In certain embodiments the present invention provides a
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method for producing a therapeutic composition comprising mRNA-LNPs described herein that
deliver phenylalanine hydroxylase enzyme. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver glutary-CoA dehvdrogenase enzyme. In certain embodiments the present
invention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver propionyl-CoA caboxvlase enzyme. In certain embodiments, the
present invention provides a method for producing a therapeutic composition comprising

mRNA-LNPs described herein that deliver oxalase alanine-glyoxylate aminotransferase enzyme.

{8179} In certain embodiments, the present mnvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a protein
associated with a lipid metabolism or fibrotic disorder. In certain embodiments the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver an mTOR inhibitor. In certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver ATPase phospholipid transporting 8B1 (ATP8B1} protein. In certain
embodiments the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver one or more NF-kappa B mhibitors, such
as one or more of I-kappa B alpha, mterferon-related development regulator 1 (IFRD1), and
Situin 1 (BIRT1). Iu certain embodiments, the present invention provides a method for
producing a therapeutic composttion comprising mRNA-LNPs described herein that deliver

PPAR-gamma protein or an active variant.

1188} In certain embodiments, the present mmvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a protein
associated with methyt malonic acidenmia. For example, in certain embodiments the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver methyl malonyl CoA mutase protein. In certain embodiments, the
present invention provides a method for producing a therapeutic composttion comprising

mRNA-LNPs described herein that deliver methyimalonyl CoA epimerase protein.

(8181} In certain embodiments, the present invention provides a method for producing a

therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
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polypeptide for use in the delivery to or treatment of the liver. In certain embodiments, the
present invention provides a method for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver ATP7B protein, also known as Wilson disease
protein. In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver porphobilinogen
deaminase enzyme. In certain embodiments, the present invention provides a method for
producing a therapeutic composition comprising mRNA-LNPs described herein that deliver one
or clotting enzymes, such as Factor VIII, Factor IX, Factor VI, and Factor X, In certain
embodiments, the present invention provides a method for producing a therapeutic composition

comprising mRNA-LNPs described herein that deliver human hemochromatosis (HFE) protein.

(8182} In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
polypeptide for use in the delivery to or treatment of the cardiovascular conditions of a subject or
a cardiovascular cell. In certain emboduments, the present invention provides a method for
producing a therapeutic composition comprising mRNA-LNPs described herein that deliver
vascular endothehial growth factor A protein. In certain embodiments, the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
hereim that deliver relaxin protein. In certain embodiments, the present imvention provides a
method for producing a therapeutic composition corprising mRNA-LNPs described herein that
deliver bone morphogenetic protein-9 protein. In certain embodiments, the present invention
provides a method for producing a therapeutic composition comprising p mRNA-LNPs

described herein that deliver bone morphogenetic protein-2 receptor protein.

(8183} In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
polypeptide for use in the delivery to or treatment of the muscle of a subject or a muscle cell. In
certain embodiments, the present invention provides a method for producing a therapeutic
composition comprising mRNA-LNPs described herein that deliver dystrophin protein. In
certain embodiments, the present invention provides a method for producing a therapeutic
composition comprising mRNA-LNPs described herein that deliver frataxin protein. In certain

embodiments, the present invention provides a method for producing a therapeutic composition
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comprising mRNA-LNPs described herein that deliver a peptide or polypeptide for use in the
delivery to or treatment of the cardiac muscle of a subject or a cardiac muscle cell. In certan
embodiments, the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver a protein that modulates one or both of a
potassium channel and a sodium channel in muscle tissue or in a muscle cell. In certain
embodiments the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver a protein that modulates a Kv7.1 channel
m muscle tissue or in a muscle cell. In certain embodiments, the present invention provides a
method for producing a therapeutic composition corprising mBRNA-LNPs described herein that

deliver a protein that modulates a Navi.5 channel in muscle tissue or in a muscle cell.

(8184} In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
polypeptide for use in the delivery to or treatment of the nervous system of a subject or a nervous
system cell. For exaraple, in certain embodiments the present invention provides a method for
producing a therapeutic composition comprising mRNA-LNPs described herein that deliver
survival motor neuron 1 protein. For example, in certain embodiments the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver survival motor neuron 2 protein. In certain embodiments, the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herern that deliver frataxin protein. In certain embodiments, the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver ATP binding cassette subfamily D member 1 (ABCD1) protein. In certain
embodiments, the present invention provides a method for producing a therapeutic composition

comprising mRNA-LNPs described herein that deliver CLN3 protein.

[6185] In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
polypeptide for use in the delivery to or treatment of the blood or bone marrow of a subject or a
bicod or bone marrow cell. In certain embodiments, the present ivention provides a method for
producing a therapeutic composition comprising mRNA-LNPs described herein that deliver beta

zlobin protein. In certain embodiments, the present invention provides a method for producing a
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therapeutic composition comprising mRNA-LNPs described herein that deliver Bruton’s tyrosine
kinase protein. In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver one or clotting

enzymes, such as Factor VI, Factor IX, Factor VII, and Factor X

8186} In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
polypeptide for use in the delivery to or treatment of the kidney of a subject or a kidney cell. In
certain embodiments, the present invention provides a method for producing a therapeutic
composition comprising mRINA-LNPs described herein that deliver collagen type IV alpha S

chain {COL4AS) protein.

{8187} In certain embodiments, the present mvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
polypeptide for use in the delivery to or treatment of the eve of a subject or an eve cell. In
certain embodiments, the present invention provides a method for producing a therapeutic
composition comprising mMRNA-LNPs described herein that deliver ATP-binding cassette sub-
famuly A member 4 (ABCA4) protein. In certain emboduments, the present invention provides a
method for producing a therapeutic composition comprising mRNA-LNPs described herein that
deliver retinoschisin protein. In certain embodiments, the present invention provides a method
for producing a therapeutic composition comprising mRNA-LNPs described herein that deliver
retinal pigment epithelium-specific 65 kDa (RPE6S) protein. In certain embodiments, the
present invention provides a method for producing a therapeutic composttion comprising

mRNA-LNPs described herein that deliver centrosomal protein of 290 ka (CEP290).

{8188} In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver s a peptide or
polypeptide for use in the delivery of or treatment with a vaccine for a subject or a cell of a
subject. For example, in certain embodiments the present invention provides a method for
producing a therapeutic composition comprising mRNA-LNPs described herein that deliver an
antigen from an infectious agent, such as a virus. In certain embodiments, the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that defiver an antigen from influenza virus. In certain embodiments, the present
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mvention provides a methed for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver an antigen from respiratory syncytial virus. In certain embodiments,
the present invention provides a method for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver an antigen from rabies virus. In certain embodiments,
the present invention provides a method for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver an antigen from cytomegalovirus. In certain
embodiments, the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver an antigen from rotavirus. In certain
embodiments, the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver an antigen from a hepatitis virus, such as
hepatitis A virus, hepatitis B virus, or hepatitis C virus. In certain embodiments, the present
mvention provides a method for producing a therapeutic composition comprising mRNA-LNPs
described herein that deliver an antigen from human papillomavirus. In cerfain embodiments,
the present invention provides a method for producing a therapeutic composition comprising
mRMNA-LINPs described herein that deliver an antigen from a herpes simplex virus, such as
herpes simplex virus 1 or herpes simplex virus 2. In certain embodiments, the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver an antigen from a human immunodeficiency virus, such as human
immunodeficiency virus type 1 or human immunodeficiency virus type 2. In certain
embodiments, the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described hersin that deliver an antigen from a human
metapneumovirus. In certain embodiments, the present invention provides a method for
producing a therapeutic composition comprising mRNA-LNPs described herein that deliver an
antigen from a human parainfluenza virus, such as human parainfluenza virus type 1, human
parainfluenza virus type 2, or human parainfluenza virus type 3. In certain embodiments, the
present invention provides a method for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver an antigen from malarna virus. In certain
embodiments, the present invention provides a method for producing a therapeutic composition

comprising mRNA-LNPs described herein that deliver an antigen from zika virus. In certain
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embodiments, the present invention provides a method for producing a therapeutic composition

comprising mRNA-LNPs described herein that deliver an antigen from chikungunya virus.

{3189} In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver an antigen
associated with a cancer of a subject or identified from a cancer cell of a subject. In certain
embodiments, the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver an antigen determined from a subject’s
own cancer cell, 1.e., to provide a personalized cancer vaccine. In certain embodiments, the
present invention provides a method for producing a therapeutic composttion comprising

mRNA-LNPs described herein that deliver an antigen expressed from a mutant KRAS gene.

[8198] In certain embodiments, the present mvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver an antibody. In
certain embodiments, the antibody can be a bi-specific antibody. In certain embodiments, the
antibody can be part of a fusion protein. In some embodiments, two separate mRNA-LNPs in
step (b) of the process comprise mRNA encoding a light chain and heavy chain of an antibody.
In some embodiments, the mRNA-LNP composition of the invention may comprise a
combination of non-1dentical LNPs comprising different lipid composition, and encapsulating
mRNA encoding a light chain or a heavy chain of an antibody. In certain embodiments, the
present invention provides a method for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver an antibody to OX40. In certain embodiments, the
present invention provides a method for producing a therapeutic composttion comprising
mRNA-LNPs described herein that deliver an antibody to VEGF. In certain embodiments, the
present invention provides a method for producing a therapeutic composition comprising
mRNA-LNPs described herein that deliver an antibody to tissue necrosis factor alpha. In certain
embodiments the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver an antibody to CD3. In certain
embodiments the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver an antibody to CD19.

{8181} In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver an
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immunomodulator. In certain embodiments, the present invention provides a method for
producing a therapeutic composition comprising mRNA-LNPs described herein that deliver
Interleukin 12. In certain embodiments, the present invention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver Interleukin 23,
In certain embodiments, the present invention provides a method for producing a therapeutic
composttion comprising mRNA-LNPs described herein that deliver Interleukin 36 gamma. In
certain embodiments, the present invention provides a method for producing a therapeutic
composition comprising mRNA-LNPs described herein that deliver a constitutively active

variant of one or more stimulator of interferon genes (STING) proteins.

LR In certain embodiments, the present nvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver an endonuclease.
In certain embodiments, the present invention provides a method for producing a therapeutic
composttion comprising mRNA-LNPs described herein that deliver an RNA-guided DNA
endonuciease protemn, such as Cas 9 protein. In certain embodiments, the present invention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver a meganuclease protein. In certan embodiments, the present nvention
provides a method for producing a therapeutic composition comprising mRNA-LNPs described
herein that deliver a transcription activator-like effector nuclease protein. In certain
embodiments, the present invention provides a method for producing a therapeutic composition
comprising mRNA-LNPs described herein that deliver a zinc finger nuclease protein,

{61931 In certain embodiments, the present mvention provides a method for producing a
therapeutic composition comprising mRNA-LNPs described herein that deliver a peptide or
protein to treat an ocular disease. In some embodiments, the method s used for producing a

therapeutic composition comprising mRNA-LNPs described herein that deliver retinoschisin.
) =3

EXAMPLES

194 While certain compounds, composttions and methods of the present invention
have been described with specificity in accordance with certain embodiments, the following

example serve only to 1llustrate the invention and are not intended to limit the same.
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Example 1. Encapsulation of mRNA within Lipid Nanoparticles comprising Low or No PEG-
madified lipids using Poloxamer

{8195 This example lustrates an exemplary process of encapsulating mRNA within a
lipid nanoparticles with low or no PEG-modified lipids by applying Process A. As used herein,
Process A refers to a conventional method of encapsulating mRNA by mixing mRNA with a
mixture of lipids, e g., without first pre-forming the lipids into lipid nanoparticles, as described in
Published U.S. Patent Application Serial No. US2018/0008680, the entirety of which is

mcorporated by reference.

{6185 An exemplary formulation Process is shown in Figure 1. In this process, a lipid
solution {e.g ., in ethanol} and an aquecus solution comprising mRNA and poloxamer were
prepared separately. In particular, the lipid solution {cationic lipid, helper lipids, zwitterionic
lipids, PEG-modified lipids ete.) was prepared by dissolving lipids in ethanol. The agueous
solution was prepared by dissolving the mRNA and poloxamer in citrate buffer. Then, these two
solutions were mixed using a pump system to provide mRNA-encapsulated LNPs. It is worth-
noting that it is desirable to keep the amount of poloxamer in the mixture below its critical
micelle concentration {CMC) to prevent precipiiation. The LNP formation solution comprising
mRNA-LNPs was then dialyzed against solution comprising 10% trehalose to remove extra
mRNA and poloxamer at room temperature for few hours and then at 4 'C overnight. Following
the dialysis, the mRNA-loaded formulation solution was concentrated and stored for subsequent

analysis.

i197] Five different LNP formulations were made by the above-described encapsulation

process and analyzed as shown in Table 1 below,

Table 1. mRNA-LNPs with various amount of PEG-modified lipid and Poloxamer

Formulation PEG- Poloxamer Nize PDI Encapsulation
modified included {nm} Efficiency %
Lipid during
encapsulation
process
i 0.0% 0.5% 124 0177 54
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2 0.2% 0.5% 123 (.186 58
3 0.4% 0.5% 109 0.165 59
4 0.0% 0.0% n/a n'a n/a
5 0.4% 0.0% 337 0.069 92
[8198] The stable LNPs without both PEG-modified lipids and poloxamer could not be

formed as the formulation solution crashed and precipitated {Table 1, Formulation 4). In the
absence of poloxamer, the LNP with low PEG-modified lipids (e.g., 0.4%) had a large particle
size of 337 nm {Table 1, Formulation S). When 0.5% peloxamer was used during the
encapsulation process as described above, surprisingly, the size of LNPs decreased significantly,
by factor of 3. (Table 1, Formulations 1-3). Furthermore, the stable LNPs could be formed even

m the absence of PEG-modified lipid {Table 1, Formulation 1).

{6199} This example demonstrates that inclusion of poloxamer during an encapsulation
process resulted in stable mRNA-LNPs containing low or no PEG-modified lipids.
Significantly, poloxamer shielding significantly reduced the sizes of LNPs, resulting in mRNA-
LNPs with low or no PEG-modified hipids with sizes less than 200 nm particularly suitable for

therapeutic use.

Example 2. Post L.NP formation Heating increased encapsulation efficiency of LNFs

162080} This example illustrates that an additional step of heating mRNA-LNPs post-

formation increases the encapsulation efficiency.

{8281} Specifically, following the encapsulation of mRNA into LNPs by Process A as
described above, the resuliant mRNA-LNPs formulation solution was heated to above ambient
temperature. Following heating, the mRINA-LNPs solution was cooled and stored for subsequent
analysis. For each formulation, the size, PDI, and encapsulation efficiency were measured before

and after heating,

Table 2. Effect of the heating step post mRNA-LNP formation

-3
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Formulation | PEG- Poloxamer No Heating after Heating after mRNA-LNP
modified meluded mRNA-LNP formation | formation
Lipid during Size | PDI | EE% | Size | PDI | EE%
encapsulation
process {nm) {rin)
1 0.0% 0.5% 121 0.202 66 124 0.177 54
2 0.2% 0.5% 122 0.195 32 123 0.186 58
3 0.4% 0.5% 110 0.180 47 109 0.163 59
{82621 As shown in Table 2, the encapsulation efficiency (EE%) of formulations 2 and 3,

which comprise 0.2% and 0.4% of PEG-modified hipid, respectively, were significantly
mereased following a post-formation heating step as compared to the encapsulation efficiency of
the same formulation prior to the heating. The PDI of all formulations tested decreased slightly,

and the particle size remained refatively constant.

Example 3. mRNA-LNPs are stable after multiple freeze/thaw cycies

[8263] This example iflostrates that the mRNA-loaded LNPs made according to the

present invention are stable after multiple freeze/thaw cycles.
{8204} Specifically, three different LNP formuldations with varying PEG-modified fipid

and poloxamer were made by the above-described encapsulation process. For each formulation,

the size and encapsulation efficiency were measured before and after freeze/thaw cycles.

Table 3. Stable mRNA-LNPs after Freeze/Thaw Cycles

Formulation PEG-modified Lipid Poloxamer included during
encapsulation process
6 0.4 % 0.0%
7 0.4% 2%
& 0.0% 2 %
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162835} As shown in Figure 2, ENP Formulations 7 and 8 containing 0.4% and 0% PEG,
respectively, and formed in the presence of 2% poloxamer maintained their average particle sizes
of around 100 nm after 2 freeze/thaw cycles. More specifically, the increases of the particle
sizes after one and two freeze/thaw cycles appeared to be within 10% of their respective original
average sizes. Formulation 6 contains 0.4% PEG and was formed without poloxamer. It had an
average particle size of about 370 nm before the freeze/thaw and the average size increased to
above 400 nm after two freeze/thaw cycles. More surprisingly, the encapsulation efficiency
significantly increased after the first freeze/thaw cycle for Formulations 7 and 8, which mcluded

2% poloxamer during the mRNA-LNP encapsulation process.

Example 4. Formation of mRNA-LNPs with low or no PEG-modified lipid in the presence of
Poloxamer

[8286] This example further illustrates that mRNA-LNPs with low or no PEG-modified
fipids made in the presence of Poloxamer have average sizes and size distributions suitable for
therapeutic uses.

(82871 Diafferent LNP formulations with varying amounts of PEG-modified lipids and
poloxarmers, as shown in Table 4, were made by the above-described encapsulation process and
analyzed. Notably, same cationic lipid, helper lipid, cholesterol, cholesterol, and mRNA were

used to prepare the LNP formulations m this example.

Table 4. Exemplary mRNA-LNPs with various amount of PEG-modified lipid and

Poloxamer
Formulation PEG-modified Lipid Poloxamer included during
encapsulation process
9 0.0% 0.5%
10 0.0 % 1.6 %
i1 0.0 % 2.0%
12 0.4% 0.5%
13 0.4 % 1.0%
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14 0.4% 20%

[B208] mRNA-loaded LNPs were formed in the absence of PEG-modified lipids
(Formulations 9-11}. This was achieved by adding poloxamer during the encapsulation process
as described above. Notably, mRNA- LNPs without PEG-modified lipids were made with a low
percent {e.g., 0.5%) of poloxamer (Formulation 9. As shown in Figure 3, the average sizes of
all LNPs containing 0.4% PEG-modified lipids made with varying amount of poloxamer were
below 100 nm. The average sizes of all LNPs with no PEG-modified lipids made with varying
amount of poloxamer were below 130 nm. The PDIs for all LNPs with or without PEG-

modified lipids made with varying amounts of poloxamer were around or below 0.25.

18309 The effect of % PEG-modified lipids was also tested, as shown in Figure 4.
Figure 4 shows that mRNA-LNPs were made with very low or no PEG-modified lipids in the
presence of poloxamer with average sizes below 100 nm and PDIs below 0.25. As the same
lipid components {e g., cationic hipids, helper lipids, and cholesterol} and the same mRNA were
used to prepare the mRNA-LNPs, the changes observed in this example are due to percent

changes in the PEG-modified lipids and/or poloxamer.

Example 5. Poloxamer stabilizes LNPs with lower component systems

[6218] This example illustrates that mRNA-LNPs with less than four components can be

made according to the present invention and have average sizes suitable for therapeutic uses.

{8211} Specifically, mRNA-LNPs with different components (e.g., four, three and two)
were made in the presence of poloxamer as described above and characterized. Specific
components, average particle sizes, PDIs and encapsulation efficiencies for different
formulations were shown in Table 5. Notably, the same lipid components {e.g., cationic lipid,
helper lipid, and/or cholesterol), and the same mRNA were used to prepare the LNP formulations

m this example.

Table 5, LNPs with different components

Formudation | Number of Components Size PDI | Encapsulation
components {nm} Efficiency %
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16 Four Cationic lipid, helper lipid, 87 0.184 87
cholesterol, PEG-modified
fipid (No poloxamer)
1 Three Cationic lipid, helper lipid, 124 0.177 54
cholesterol (+Poloxamer)
17 Two Cationic hipid, helper limd 13 0.185 75
{50:50) (+Poloxamer)
18 Two Cationic hipid, helper ipid 112 0.188 95
{25:75) (+Poloxamer}
(8213} As shown in Table 5, mRNA-LNPs were made with three- or two-components

when poloxamer was included during the encapsulation process. All have small sizes (e.g,
below 125 mm) with acceptable PDI (e g., below 0.20) and encapsulation efficiency.

Remarkably, the two-component LNPs (Formulations 17 and 18), with different cationic to
helper lipids ratios, both had small average sizes (Jess than 120 nm} and high encapsulation

efficiency {e.g., > 75%).

Example 6. Stable LNPs substantially free of PEG-modified lipids can be formed with
different cationic lipids and various poloxamers

(8213} This example 1llustrates that the present invention can be used to produce stable
mRNA-LNPs containing various cationic lipuds and different mRNAs and substantially free of

PEG-modified lipids.

8214} Specifically, as shown in Table 6, mRNA encoding an EPO or FFL protein was
encapsulated into LNPs containing different cationic fipids at N/P ratio of 4 in the presence of

Poloxamer 407,

Table 6. mRMNA-LINPs comprising Poloxamer 407 are formed with different cationic lipids

and mRNA constructs

Cationic Lipid mRNA Size (nm) PDI EE%
CCBene EPO 97 (.143 60
FFL 92 0.164 41
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MIL-7 EPO 114 0.166 58
FFL 108 0.155 94
MC-3 EPO 93 0.156 32
FFL 92 0178
ML-2 EPO 140 0.094 86
FFL 280 0.091
[8215] The results show that stable mRNA-LNPs substantially free of PEG-modified

ipids can be formed with various cationic lipids and mRNA constructs. LNPs comprising

CCBene, ML-7, and MC3 showed particularly small-sized LNPs of less than 120 nm.

3

Example 7. Successful in vivo expression by delivery of mRNA-LNPs formed using poloxamer

(8216} This example demonstrates that administration of mRNA-LNPs formed with
poloxamer resulted in successful in vivo protem expression. Particularly, EPO mRNA-loaded
LNPs were adminstered via subcutaneous {SC) and intravenous {IV) routes to CD-1 mice, and
the EPQO protein expression level was detected in mice liver and serum at 6 and 24 hours post-
adminisiration. Four different LNPs with varying amount of PEG-modified lipids and formed
with 0.5% poloxamer were tested as shown in Table 7 below. Conventional LNPs with 5%

PEG-modified lipids were also administered as controls (Groups B and F shown in Table 7).

Table 7. Animal study of mRNA-LNPs comprising poloxamer

Group | ROA No. of Formulation | PEG- Poloxamer Dose Level
Animals modified | mncluded during {mg/ke)
Lipid encapsulation
process
A SC 4 Saline 0.0
B SC 4 16 5.0% 0.0 % 0.8
C SC 4 3 0.4 % 0.5% 08
D 8C 4 2 0.2% 0.5 % 0.8
E sSC 4 1 0.0% 0.5 % 0.8
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F v 4 16 5.0% 0.0% 0.4

G v 4 3 0.4% 0.5% 0.4

H v 4 2 02% 0.5% 0.4

I Y 4 1 0.0 % 0.5% 0.4
{8217} As shown in Figure 5, poloxamer shielded LNPs with low or no PEG-modified

fipids achieved in vivo protein expression profile similar to conventional LNPs (e.g., those with
5% PEG-modified lipids). These data demonstrate that mRNA-LNPs made using poloxamer
according to the invention, comprising low (e.g., <0.5%) or no PEG-modified lipids or PEG, can

be used successfully for in vivo protein expression for therapeutic purposes.

Example 8. Quantification of poloxamer in mRNA-LNP formulations

{8218} This example illustrates an exemplary method of quantifying the final

concentration of poloxamer in mRNA-LNPs made according to the present invention.

(8219} Specifically, this method takes an advantage of the fact that poloxamer competes
with cobalt thiocvanate, and forms a blue precipitate as shown in Figure 6A. After the
precipitate is formed, the blue precipitate is dissolved in acetone, and the color intensity, which is
directly proportional to poloxamer, is measured at 624nm wavelength, A standard curve with
known concentrations of poloxamer was plotted as shown in Figure 6B. This standard curve can

be used to determine the amount of poloxamer in a given sample.

Example 8. Successfui in vivo expression of mRNA-LNPs with various poloxamers and non-
cationic lipids

18220} This example itlustrates that various poloxamers and non-cationic lipids can be
used to produce stable mRNA-L NPs that are substantially free of PEG-modified lipids. This
example further demonstrates that administration of mRNA-LNPs formed with poloxamer

resulted in successful in vivo protein expression.

81



WO 2021/016430 PCT/US2020/043223

18221} Different LNP formulations with various poloxamer and non-cationic lipids, and
varying amounts of PEG-modified lipids, as shown in Table 8, were made with cationic lipid
cDD-TE4-E12 by the above-described encapsulation process and analyzed. In this particular

experiment, mRNA encoding OTC {ornithine transcarbamylase) was encapsulated.

Table 8. Exemplary mRNA-LNPs with various components

Formulat: | Poloxamer Ratio Non-cationic Size PDI EE%
on {(Pluromie} | (PEG: Cationic hipid: tipid {nm)
cholesterol: non-
cationic lipid}
A }3_234 0.5:40:27.5:32 DOPE 95 0.075 100
/ (P-84) .5:40:27.5: “ .07
B P-407 0.5:40:27.5:32 DOPE 87 0.134 &7
(F127) O 0e '
P-234
t O A0 7R3 " T
C (P-84) (0:40:28:32 DOPE Crashed
P-407 . -
A0 32 y 5 R
D (F127) 0:40:28:3 DOPE 92 0.152 39
P-338 e, . - ) )
E (P108) 0:40:28:32 DOPE 97 0.146 Low
F P-234 0.5:40:27.5:32 DEPE 125 0.080 100
(P-84) LIl NSRS B V4 .
P-407 o ‘ v ‘
G P, 0.5:40:27.5:32 DEPE 133 (.140 99
(F127)
H P"338 0.540:27.5:32 DEPE 126 0.090 99
(P108) T ’
I No 3:40:25:32 DEPE
Poloxamer
I No 2:40:26:32 DEPE
Poloxamer
K No 1.5:40:26.5:32 DOPE
Poloxamer
{6222} mRNA-loaded LNPs were formed m the absence or with very low {e.g. 0.5%) of

PEG-modified lipids (Formulations A-H). This was achieved by adding poloxamer during the
encapsulation process as described above. Various poloxamers and non-cationic lipids can be
used to optimize the encapsulation process. The average sizes of all LNPs made in this example
were about or below 130 nm, with PI of about or less than 0.15 and encapsulation efficiency of
about or greater than 90%. As controls, mRNA-loaded LNPs were prepared without poloxamers

with varying ratios of PEG-modified hipids (Formulations I-K).
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18223} mRNA-LNP formulations comprising OTC mRNA in Table 8 were administered
via intravencus {1V} route to mice, and the OTC protein expression level was measured. As
shown i Figure 7, poloxamer shielded LNPs with low PEG-modified lipids achieved in vivo
protein expression of about or higher the target expression level. These data demonsirate that
mRNA-LNPs with low or no PEG-modified lipids, made using various poloxamers and non-
cationic lipids, can be used successfully for in vivo protein expression for therapeutic purposes.

Formulations I and J achieved higher potency than Formulations A-H with poloxamers.

EQUIVALENTS
[8224] Those skilled in the art will recognize or be able to ascertain using no
more than routine experimentation, many equivalents to the specific embodiments of the

mvention described herein. The scope of the present invention 1s not intended to be limited to

the above Description, but rather ts as set forth in the following claims:

83



