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IMPROVED PROCESS OF PREPARING MENA-LOADYED LIPID NANOPARTICLES

CROSS-REFERENCE TO RELATED APPLICATIONS

RHE Thus application claims priority to U S, provisional patent application Serial
No. 62/847.837, filed May 14, 2019, which 1s hereby incorporated by reference in their entirety

for all purposes.

BACKGROUND

3083} Messenger RNA therapy (MRT) is becoming an increasingly important approach
for the treatment of a variety of diseases. MRT involves 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 mRNA for

efficient in vivo dehivery of mRNA.

18083} To improve lipid nanoparticle delivery, much effort has focused on wdentifying
novel lipids or particular lipid compositions that can affect intracellular delivery and/or
expression of mRNA, e g., in various types of mammalian tissue, organs and/or cells (e.g.,

mammalian liver cells). However, these existing approaches are costly, time consunung and

unpredictable.
SUMMARY OF INVENTION
18084} The present invention provides, among other things, further improved processes

for preparing mRNA-loaded lipid nanoparticles (mRNA-LNPs). The invention s based on the
surprising discovery that following a process of encapsulating messenger RNA (mRBRNA) in LNPs
comprising mixing one or more liptds in a ipid solution with one or more mRNAs 1 an mRNA
solution to form mRNA encapsulated within LNPs (mRNA-LNPs) in a LNP formation solution
{e.g., Process A as further described belows}, the further steps of exchanging the LNP formation

solution for a drug product formulation solation and heating the mRNA-LNPs i the drug
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product formulation soletion provide an unexpected benefit of significantly increasing the
encapsuiation efficiency of the mRNA-LNPs, 1.e., the amount or percent of mRNA encapsulated
within the LNPs (Le., encapsulation rate or efficiency). The present invention is particularly
useful for manufacturing mRNA-LNPs to have a higher encapsulation rate or efficiency as

compared to conventional approaches.

{80651 As compared to conventional approaches, the inventive process described herein
provides higher encapsulation efficiency and accordingly may provide higher potency and better
efficacy of lipid nanoparticle delivered mRNA, thereby shifting the therapeutic mdex in a
positive direction and providing additional advantages, such as lower cost, better patient
comphiance, and more patient friendly dosing regimens. mRNA-loaded lipid nanoparticle
formulations provided by the present invention may be successfully delivered in vivo for more
potent and efficacious protein expression via different routes of administration such as
ntravenous, mtramuscular, intra-articular, intrathecal, inhalation (respiratory}, subcutaneous,

intravitreal, and ophthalmic.

3006} This inventive process can be performed using a pump system and is therefore
scalable, allowing for improved particle formation/formulation in amounts sufficient for, e.g. |
performance of clinical trials and/or cormomercial sale. Various pump systems may be used to
practice the present mvention including, but not himited to, pulse-less flow pumps, gear pumps,

peristaltic pumps, and centrifugal pumps.

88871 This mventive process resulis 1n superior encapsulation efficiency and

homogeneous particle sizes.

{3088} Thus, in one aspect, the present invention provides a process of encapsulating
messenger RNA (mRNA) in lipid nanoparticles (LNPs) comprising the steps of (a) mixing one
or more lipids in a lipid solution with one or more mRNAs in an mRNA solution to form mRNA
encapsulated within the LNPs (mRNA-LNPs}) in a LNP formation solution; {(b) exchanging the
LNP formation solution for a drug product formulation solution to provide mRNA-LNP ina drug

product formulation sohution; and (¢} heating the mRNA-LNP 1n the drug product formulation
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solution, wherein the encapsulation efficiency of the mRNA-LNPs resulting from step (¢} 18

greater than the encapsulation efficiency of the mRNA-LNPs resuiting from step (b).

18089} In some embodiments, in step (¢) the drug product formulation solution is heated

by applyving heat from a heat source to the solution.

18818} In some embodiments, in step (¢) the drug product formulation solution is heated
by applying heat from a heat source to the solution and the solution 1s maintained at a
temperature greater than ambient temperature for 5 seconds or more, 10 seconds or more, 20
seconds or more, 30 seconds or more, 40 seconds or more, 50 seconds or more, 1 nunute or
more, 2 minutes or more, 3 minutes or more 4 minute or more, 5 minutes or more, 10 minutes or
more, 15 minutes or more, 20 minutes or more, 25 minutes or more, 30 minutes or more, 35
minutes or more, 40 minutes or more, 45 minutes or more, 50 minutes or more, 60 minutes or
more, 70 minutes or more, 80 minutes or more, 90 minutes or more, 100 minutes or more or 120
minutes or more. In some embaodiments, in step {¢) the drug product formulation solution is
heated by applying heat from a heat source to the solution and the solution 1s maintained at a
temperature greater than ambient temperature for 120 minutes or less, 100 minutes or less, 90
minutes or less, 60 minutes or less, 45 minutes or less, 30 minutes or less, 25 minutes or less, 20
ninutes or less, 15 minutes or less, 10 minutes or less, S nunutes or less, 4 minutes or less, 3
minutes or less, 2 minutes or less, 1 munute or less, 5O seconds or less, 40 seconds or less, 30
seconds or less, 20 seconds or less, 10 seconds or less or S seconds or less. In some
embodiments, n step {¢) the drug product formulation solution 15 heated by applying heat from a
heat source to the solution and the solution is maintained at a temperature greater than ambient
temperature for between 10 and 20 minutes. In some embodiments, in step (¢) the drug product
formulation solution 1s heated by applying heat from a heat source to the solution and the
solution 1s maintained at a temperature greater than ambient temperature for between 26 and 90
mimites. In some embodiments, in step {¢} the drug product formulation solution is heated by
applying heat from a heat source to the solution and the solution 1s maimntained at a temperature
greater than ambient temperature for between 30 and 60 munutes. In some embodiments, in step
(c) the drug product formulation solution is heated by applying heat from a heat source to the

solution and the solution ts maintained at a temperature greater than ambient temperature for
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about 15 minutes. In some embodiments, the temperature to which the drug product formulation
is heated {or at which the drug product formulation solution is maintained) s or is greater than
about 30°C, 37 °C, 40 °C, 45 °C, 530 °C, 55°C, 60 °C, 65 °C, or 70 °C. In some embodiments,
the temperature to which the drug product formulation solution 15 heated ranges from about 25-
70 °C, about 30-70°C, about 35-70 °C, about 40-70 °C, about 45-70 °C, about 50-70 °C, or
about 60-70 °C. In some embodiments, the temperature greater than ambient temperature to

which the drug product formulation solution s heated 1s about 65 °C.

8011 In some embodiments, in step (a) the lipid nanoparticles are formed by mixing
lipids dissolved in the lipid solution comprising ethanol with mRNA dissolved in an aqueous
mRNA solution. In some embodiments, in step (a) the one or more lipids include one or more
cationic lipids, one or more helper lipids, and one or more PEG-modified lipids {(also referred to
as PEG lipids). In some embodiments, the lipids also contain one or more cholesterol lipids.
The mRNA-LNPs are formed by the mixing of the lipid solution and the mRNA solution.
Accordingly, in some embodiments, the LNPs comprise one or more cationic lipids, one or more
helper lipids, and one or more PEG lipids. In some embodiments, the LNPs also contain one or

more cholesterol Lipids.

18012} In some embodiments, the one or more cationic lipids are selected from the group
consisting of cKK-E12, OF-02, C12-200, MC3, DLinDMA, DLinkC2DMA, ICE (Imidazol-
based), HGTS000, HGTS5001, HGT4003, DODAC, DDAR, DMRIE, DOSPA, DOGS, DODAP,
DODMA and DMDMA, DODAC, DLenDMA, DMRIE, CLimDMA, CpLinDMA, DMOBA,
DOcarbDAP, DLInDAP, BLincarbDAP, DLInCDAPR, KLin-K-DMA, DLin-K-XTC2-DMA, 3-
{4-(bis(2-hydroxydodecyDamino)buty -6-{4-{{2-hydroxydodecyl}(2-
hydroxyundecyllanmunobutyD-1,4-dioxane-2,5-dione (Target 23), 3-(5-(bis(2-
hydroxydodecylamino)pentan-2-y1}-6-(5-({ 2-hydroxydodecyl}{2-
hydroxyundecyljanunojpentan-2-y1}-1,4-dioxane-2,5~-dione (Target 24}, N1GL, N2GL, VIGL

and combinations thereof.

8613 In some embodiments, the one or more cationic lipids are amino lipids. Amino
R 9

fipids sustable for use in the invention include those described m WO2017180917, which 1s
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hereby incorporated by reference. Exemplary aminolipids in WO2017180917 include those
described at paragraph [0744] such as DLin-MC3-DMA (M(C3), (137,16Z)-N N-dimethyi-3-
nonyldocosa-13,16-dien-1-amine (L6083}, and Compound 18, Other amino lipids mclude
Compound 2, Compound 23, Compound 27, Compound 10, and Compound 20. Further amino
lipids suitable for use in the invention include those described in WQO2017112865, which 1
hereby incorporated by reference. Exemplary amino lipids in W(32017112865 include a
compound according to one of formulae (1), (fal}-(Ia6), (1b), (I), (Ila), (111}, (Tkia}, AV}, (17-1},
{19-1), (19-11}, and (20-1), and compounds of paragraphs [00185], {00201}, [0276]. In some
embodiments, cationic lipids suitable for use in the mmvention include those described in
WO2016118725, which is hereby incorporated by reference. Exemplary cationic lipids in
W02016118725 include those such as KL22 and KL25. In some embodiments, cationic lipids
suitable for use mn the invention include those described in WO2016118724, whuch is hereby
incorporated by reference. Exemplary cationic hipids in WO201611872S include those such as

KL16, 1 2-dilinoleyloxy-N,N-dimethylaminopropane (DLin-DMA), and KL25.

(6814} In some embodiments, the one or more non-cationic lipids are selected from
DSPC (1,2-distearovi-sn-glycero-3-phosphocholine), DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine), DOPE (1,2-dioleyl-sn~glycero-3-phosphoethanolamine), DOPC (1,2-dioleyl-
sn~glycero-3-phosphotidylcholine) DPPE (1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine),
DMPE (1,2-dimyristoyvi-sn-glycero-3-phosphoethanolanune), DOPG (1,2-dioleoyl-sn-glycero-3-

phospho-{1'-rac-glycerol)).

{8613} In some embodiments, the one or more PEG-modified hpids comprise a
poly{ethylene) glycol chain of up to 5 kDa in length covalently attached to a lipid with alkyl

chain{s) of Ce-Cao length.

sl In some embodiments, following step {(a} the mRNA-LNPs are purified by a
Tangential Flow Filtration (TFF) process. In some embodiments, greater than about 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 35%, 96%, 97%, 98%, or 99% of the purified mRNA-
LNPs have a size less than about 150 nm {e.g., less than about 145 nm, about 140 nm, about 135

nrmn, about 130 nm, about 125 am, about 120 nm, about 115 om, about 110 nm, about 105 nm,
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about 100 nm, about 95 nm, about 90 nm, about 85 nm, about 80 nm, about 75 nm, about 70 nm,
about 65 nm, about 60 nm, about 55 nm, or about 50 nm}. In some embodiments, substantially

all of the purified mRINA-LNPs have a size less than 150 nm {e.g, less than about 145 nm, about

140 nm, about 135 nm, about 130 nm, about 125 nm, about 120 nm, about 115 nm, about 110
nm, about 105 nm, about 100 nm, about 95 nm, about 90 nm, about 85 nm, about 80 nm, about
75 nm, about 70 nm, about 65 nm, about 60 nm, about 55 nm, or about 50 nm). In some
embodiments, greater than about 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99% of the
purified mRNA-LNPs have a size ranging from 50-150 nm. In some embodiments, substantially
all of the purified mRNA-LNPs have a size ranging from 50-150 nm. In some embodiments,
ereater than about 70%, 75%, 80%, 83%, 90%, 95%, 96%, 97%, 98%, 99% of the purified
mRNA-LNPs have a size ranging from 80-150 nm. In some embodiments, substantially all of

the purified nanoparticles have a size ranging from 80-150 nm.

18817} In some embodiments, a process according to the present invention results in an
encapsulation efficiency following step (¢) that 1s improved by at least 3% or more over the
encapsulation efficiency following step (b). In some embodiments, a process according to the
present invention resulis in an encapsulation efficiency following step (¢} that 1s improved by at
least 10% or more over the encapsulation efficiency following step (b). In some embodiments, a
process according to the present invention results in an encapsulation efficiency following step
{c) that 13 improved by at least 15% or more over the encapsulation efficiency following step (b).
In some embodiments, a process according to the present imvention results in an encapsulation
efficiency following step (¢} that 15 improved by at least 20% or more over the encapsulation
efficiency following step (b}. In some embodiments, a process according to the present
mvention results in an encapsulation efficiency following step (¢} that 1s improved by at least

25% or more over the encapsulation efficiency following step (b).

(8318} In some embodiments, a process according to the present imvention umproves the
encapsulation amount by 5% encapsulation or more from the encapsulation following step (b} to
the encapsulation following step (¢). In some embodiments, a process according to the present
mvention improves the encapsulation amount by 10% encapsulation or more from the

encapsuiation following step (b) to the encapsulation following step (¢). In some embodiments,
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a process according to the present invention improves the encapsulation amount by 15%
encapsuiation or more from the encapsulation following step (b} to the encapsulation following
step {c). In some embodiments, a process according to the present invention improves the
encapsuiation amount by 20% encapsulation or more from the encapsulation following step (b)
to the encapsulation following step {c¢}. In some embodiments, a process according to the present
mvention improves the encapsulation amount by 25% encapsulation or more from the

encapsulation following step (b} to the encapsulation following step {(c}.

G010 In some embodiments, 4 process according to the presem invention resulis in
sreater than about ()OQ/Q, 65\}/\}, /G(?/O, 759/0, 800/6, SSO/E), 900/0, 95\}/\}, 96% 979/0, 980/6, or 99%
23 > E E

recovery of mRNA following step {c¢}.

{3020} In some embodiments, a process according to the present invention results in an
encapsulation rate following step {c} of greater than about 90%, 95%, 96%, 97%, 98%, or 99%.
In some embodiments, a process according to the present invention results in greater than about
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% recovery of mRINA

following step {(c}).

[0 In some embodiments, the lipid solution and the mRNA solution are mixed using
a pump system. In some embodiments, the pump system comprises a pulse-less flow pump. In
some embodiments, the pump system s a gear pump. In some embodiments, a suitable pump 15
a peristaltic pump. In some ernbodiments, a suitable pump 1s a centrifugal pump. In some
embodiments, the process using a pump system 1s performed at large scale. For example, in
some embodiments, the process includes using pumps as described herein to mix a solution of at

least about I mg, S mg, 10 mg, 50 mg, 100 mg, 500 mg

O &

or 1000 mg of mRNA with a lipid
solution comprising one or more cationic lipids, one or more helper lipids and one or more PEG-
modified lipids. In some embodiments, the process of mixing the lipid solution and the mRNA
solution provides a composition according to the present invention that contains at least about 1
mg, Smg, 10 mg, S0 mg, 100 mg, 500 mg, or 1000 mg of encapsulated mRNA following step

{c}.
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18822} In some embodiments, the lipid solution 1s mixed at a flow rate ranging from
about 25-75 mi/mimute, about 75-200 mi/minute, about 200-350 mi/minute, about 350-500
mi/minute, about 500-650 mi/minute, about 650-850 ml/minute, or about 850-1000 mi/minute.
In some embodiments, the lipid solution 1s mixed at a flow rate of about 50 mi/minute, about 100
ml/minute, about 150 mi/minute, about 200 m/minute, about 230 ml/minute, about 300
ml/minute, about 350 mi/minute, about 400 mi/minute, about 450 mi/minute, about 500
ml/minute, about 550 mi/minute, about 600 mi/minute, about 630 ml/minute, about 700
ml/minute, about 750 mi/minute, about 800 mi/minute, about 850 mi/minute, about 900

mi/minute, about 950 mi/minute, or about 1000 mi/minute.

{8023} In some embodiments, the mRNA solution 1s mixed at a flow rate ranging from
about 25-75 mi/minute, about 75-200 mi/minute, about 200-350 mi/minute, about 350-500
ml/minute, about S00-650 mi/minute, about 650-850 ml/minute, or about 850-1000 ml/minute.
In some embodiments, the mRNA solution is mixed at a flow rate of about 50 ml/minute, about
100 ml/minute, about 150 ml/munute, about 200 m/minute, about 250 ml/minute, about 300
ml/minute, about 350 mi/minute, about 400 mi/minute, about 430 ml/nunute, about 500
ml/minute, about S5O mi/minute, about 600 mli/minute, about 650 mi/minute, about 700
ml/minute, about 750 mi/minute, about 800 mi/minute, about 830 ml/nunute, about 900

ml/minute, about 950 ml/minute, or about 1000 mV/minute.

(8024} In some embodiments, the lipid solution mcludes a non-aqueous solvent such as
an organic solvent. In some embodiments, the lipid solution includes an alcohol. In some
embodiments, the hipid solution includes ethanol  In some embodiments, a process according to
the present invention includes a step of first dissolving the one or hipids 1n the lipid solution. In
some embodiments, a process according to the present invention includes a step of first

dissolving the one or lipids in the ipid solution comprising ethanol.

{8623} In some embodiments, the mRNA solution s an aqueous solution. In some
embodiments, the mRNA solution comprises citrate. In some embodiments, the mRNA sclution
18 a citrate buffer. In some embodiments, a process according to the present invention includes a

step of first dissolving the mRNA n the aqueous solution. In some embodiments, a process
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according to the present invention includes a step of first dissolving the mRNA 0 the agueous

solution comprising citrate.

18826} In some embodiments, a process according to the present invention includes a
step of mixing a lipid solution comprising hipids in ethanol with a mRNA buffer comprising
mRNA dissolved in citrate buffer. In some embodiments, the LNP formation solution comprises

ethanol and citrate.

18827} In some embodiments, a process according to the present invention includes a
step of first generating an mRNA solution by mixing a citrate buffer with an mRNA stock
solution. In certain embodiments, a suitable citrate buffer contains about 10 mM citrate, about
150 mM NaCl, pH of about 4.5, In some embodiments, a suitable mRNA stock solution contains
the mRINA at a concentration at or greater than about 1 mg/ml, about 10 mg/mli, about 50 mg/ml,

or about 100 mg/mi.

028} In some embodiments, the citrate buffer 1s mixed at a flow rate ranging between
about 100-300 mi/minute, 300-600 ml/minute, 600-1200 ml/minute, 1200-2400 ml/minute,
2400-3600 ml/minute, 3600-4800 ml/minute, or 4800-6000 mi/minute. In some embodiments,
the citrate bufter is mixed at a flow rate of aboui 220 ml/minute, about 600 mi/minuie, about
1200 mi/minute, about 2400 ml/minute, about 3600 ml/minute, about 4800 mi/minute, or about

6000 ml/minute.

18029} In some embodiments, the mRNA stock solution 1s nmixed at a flow rate ranging
between about 10-30 ml/minute, about 30-60 ml/minute, about 60-120 ml/minute, about 120-240
ml/minute, about 240-360 mli/minute, about 360-480 ml/minute, or about 480-600 mi/munute. In
some embodiments, the mRNA stock solution 15 mixed at a flow rate of about 20 mi/munute,
about 40 ml/minute, about 60 ml/minute, about 80 mi/minute, about 100 mi/muinute, about 200
ml/minute, about 300 mi/minute, about 400 ml/minute, about 500 mi/minute, or about 600

mil/minute.

88381 In some embodiments, in step (b) the drug product formulation solution s an
aqueous solution comprising pharmaceutically acceptable excipients, including, but not limited

to, a cryoprotectant. In some embodiments, in step (b) the drug product formulation solution 13
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an agueous solution comprising pharmaceutically acceptable excipients, mncluding, but not
himited to, a sugar. In some embodiments, in step (b) the drug product formulation solution is an
aqueous solution comprising pharmaceutically acceptable excipients, including, but not himited
to, one or more of trehalose, sucrose, mannose, lactose, and mannitol. In some embodiments, in
step (b) the drug product formulation solution comprises trehalose. In some embodiments, in
step (b} the drug product formulation solution comprises sucrose. In some embodiments, in step
(b} the drug product formulation solution comprises mannose. In some embodiments, in step (b}
the drug product formulation solution comprises lactose. In some embodiments, in step {b) the
drug product formulation solution comprises mannitol. In some embodiments, in step (b) the
drug product formulation solution is 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, 1n step (b) the drug product formulation solution 1s an agueous solution
comprising 5% to 20% weight to volume of trehalose. In some embodiments, in step (b) the
drug product formulation solution 1s an aqueous solution comprising 5% to 20% weight to
volume of sucrose. In some embodiments, n step (b} the drug product formulation solution ts an
aqueous solution comprising 5% to 20% weight to volume of mannose. In some embodiments,
in step (b) the drug product formulation solution 15 an aqueous solution comprising 5% to 20%
weight to volume of lactose. Tn some embodiments, i step (b) the drug product formulation
solution 15 an aqueous solution comprising 5% to 20% weight to volume of mannitol. In some
embodiments, in step (b} the drug product formulation solution 1s an agueous solution
comprising about 10% weight to volume of a sugar, such as of trehalose, sucrose, mannose,
lactose, and mannitol. In some embodiments, 1n step {(b) the drug product formulation solution 1s
an agueous solution comprising about 10% weight to volume of trehalose. Tn some
embodiments, in step (b} the drug product formulation solution is an aqueous solution
comprising about 10% weight to volume of sucrose. In some embodiments, in step (b) the drug
product formulation soletion s an aqueous solution comprising about 10% weight to volume of
mannose. In some embodiments, in step (b} the drug product formulation solution is an aquecus

solution comprising about 10% weight to volume of lactose. In some embodiments, in step {b)

10
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the drug product formulation solution is an aqueous solution comprising about 10% weight to

volume of mannitol.

8831} In some embodiments, one or both of a non-aqueous solvent, such as ethanol, and
citrate are absent (i.e., below detectable levels) from the drug product formulation solution. In
some embodiments, citrate 1s absent {1.e., below detectable levels) from the drug product
formulation solution. In some embodiments, ethanol is absent {i.e., below detectable levels)
from the drug product formulation solution. In some embodiments, the drug product formulation
solution comprises ethanol, but not citrate (i.e., below detectable levels). In some embodiments,
the drug product formulation solution comprises citrate, but not ethanol {1.e, below detectable
levels). In some embodiments, the drug product formulation solution includes only residual
citrate. In some embodiments, the drug product formulation solution includes only residual non-
aqueous solvent, such as ethanol. In some embodiments, the drug product formulation solution
contains less than about 10mM (e.g., less than about 9ImM, about 8mM, about 7mM, about 6mM,
about SmM, about 4mM, about 3mM, about 2mM, or aboutlmM) of citrate. In some
embodiments, the drug product formulation solution contains less than about 253% (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, the drug product formulation
solution does not require any further downstream processing {e.g., butfer exchange and/or
further purification steps) prior to lyophilization. In some embodiments, the drug product
formulation solution does not require any further downstream processing {e.g., buffer exchange

and/or further purification steps) prior to admimstration to a subject.

8331 In some embodiments, the drug product formulation solution has a pH between
pH 4.5 and pH 7.5, In some embodiments, the drug product formulation solution has a pH
between pH 5.0 and pH 7.0, In some embodiments, the drug product formulation solution has a
pH between pH 5.5 and pH 7.0, In some embodiments, the drug product formulation solation
has a pH above pH 4.5, In some embodiments, the drug product formulation solution has a pH
above pH 5.0. In some embodiments, the drug product formulation solution has a pH above pH
5.5. In some embodiments, the drug product formulation solution has a pH above pH 6.0, In

some embodiments, the drug product formulation solution has a pH above pH 6.5
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18833} In some embodiments, the present invention 18 used to encapsulate mRNA

containing one or more modified nucleotides. In some embodiments, one or more nucleotides 1s
modified to a pseudouridine. In some embodiments, one or more nucleotides 1s modified to a 5-
methylceytidine. In some embodiments, the present invention is used to encapsulate mRNA that

15 unmodified.

{83341 In yet another aspect, the present mvention provides a method of delivering
mRNA for in vivo protein production comprising administering into a subject a composition of
lipid nanoparticles encapsulating mRNA generated by the process described herein, whereimn the

mRNA encodes one or more protein(s) or peptide(s) of interest.

{80351 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
in 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.

{3036} Other features, objects, and advantages of the present invention are apparent in
the detailed description, drawings and clatms that follow. It 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 illustration 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 DRAWINGS

{8037} The drawings are for illustration purposes only and not for limitation.
038} FIG. 1 shows a schematic of an conventional ENP-mRNA encapsulation process

{Process A) that involves mixing mRNA dissolved in an agueous mRNA solution with hipids

dissolved in a lipid solution using a pump system to generate mRNA-LNPs in a LNP formation
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solution and then exchanging the LNP formation solution for a drug product formulation

solution.

{8839} FIG. 2 shows a schematic of an exemplary LNP-mRNA encapsulation process of
the present mvention that involves mixing mRNA dissolved in an aqueous mRNA solution with
lipids dissolved in a hipid solution using a pump system to generate mRNA-LNPs ina LNP
formation solution, then exchanging the LNP formation solution for a drug product formulation
solution, and then heating the drug product formulation solution to increase encapsulation of

mRNA in the LNPs.

3048} FIG. 3 shows the difference in encapsulation before and after a final step of
heating mRNA-LNPs in drug product formulation solution, for twelve different mRNA-LNPs

tested.

{6841} FIG. 4 shows the difference in encapsulation before and after a final step of
heating mRNA-LNPs in drug product formulation solution, for thirteen different mRNA-LNPs
tested.

{3042} FIG. S shows exemplary graph of protein expression after pulmonary
administration of mRNA encapsulated in hipid nanoparticles prepared by Process A after a

heating step.

DEFINITIONS
18843} In order for the present invention to be more readily understood, certain terms are

first defined below. Additional definitions for the following terms and other terms are set forth

throughout the specification.

60441 Alkyl: As used herein, “alkyl” refers to a radical of a straight-chain or branched
saturated hydrocarbon group having from 1 to 20 carbon atoms (“Ciao alkyl”). In some
embodiments, an alkyl group has 1 to 3 carbon atoms (“Crs alkyl”). Examples of Ci5 alkyl
groups include methyl (Cy), ethyl {C2), n-propyl (Cs), and 1sopropyl (Cs). In some

embodiments, an alkyl group has 8 to 12 carbon atoms ("Cs.1z alkyl"). Examples of Cs.12 alkyl
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groups include, without limtation, n-octyl (Cs), r-nonyl (Co}, n-decyl {(Ci), #-undecyl {Cn1),
n-dodecyl (Ci2) and the like. The prefix "»-" (normal) refers to unbranched alkyl groups. For

example, n-Cs alkyl refers to -(CH2}yCH;, #-Cio alkyl refers to -(CH2)oCH3, etc.

{80451 Amino acid. As used herein, term “amno acid,” in its broadest sense, refers to any
compound and/or substance that can be incorporated into a polypeptide chain. In some
embodiments, an amino acid has the general structure HoN-C{HYR}-COOH. In some
embodiments, an amino acid is a naturally occurring amino acid. In some embodiments, an
amino acid 1s a synthetic amino acid; in some embodiments, an amino acid is a d-amino acid; in
some embodiments, an amino acid 1s an -amino acid. “Standard amino acid” refers to any of the
standard l-amino acids commonly found in naturally occurring peptides. “Nonstandard amino
actd” refers to any amino acid, other than the standard amino acids, regardless of whether 1t 15
prepared synthetically or obtained from a natural source. As used herein, “synthetic amino acid”
encompasses chemically modified amino acids, including but not limited to salts, amino acid
derivatives (such as amides), and/or substitutions. Amino acids, imcluding carboxy- and/or
amino-termonal amino acids 1n peptides, can be modified by methylation, amidation, acetylation,
protecting groups, and/or substitution with other chemical groups that can change the peptide’s
circulating half-lite without adversely affecting their activity. Amino acids may participate in a
disulfide bond. Amino acids may comprise one or posttranslational modifications, such as
association with one or more chemical entities {e.g., methyl groups, acetate groups, acetyl
groups, phosphate groups, formy! moieties, 1soprenoid groups, sulfate groups, polyethylene
glycol moteties, lipid moieties, carbohydrate moieties, biotin moieties, etc.). The term “amino
acid” 13 used imterchangeably with “amino acid residue,” and may refer to a free amino acid
and/or to an anuno acid residue of a peptide. It will be apparent from the context m which the

term 13 used whether it refers 1o a free amino acid or a residue of a peptide.

[6846¢ Animal. As used herein, the term “ammal” refers to any member of the animal
kingdom. In some embodiments, “amimal” refers to humans, at any stage of development. In
some embodiments, “animal” refers to non-human animals, at any stage of development. In
certain embodiments, the non-human animal i1s a mammal {e.g., a rodent, a mouse, a rat, a rabbit,

a monkey, a dog, a cat, a sheep, cattle, a primate, and/or a pig}. In some embodiments, animals
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mnclude, but are not limited to, mammals, birds, reptiles, amphibians, fish, msects, and/or worms.
In some embodiments, an animal may be a transgenic animal, genetically-engineered animal,

and/or a clone.

606471 Approximately or about: As used herein, the term “approximately” or “about,” as
applied to one or more values of interest, refers to a value that is similar to a stated reference
value. In certain embodiments, the term “approximately” or “about” refers to a range of vahies
that fall within 25%, 20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 11%, 10%, 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).

{3048} 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 is expressed and retained within
the target tissue (also referred to as “local distribution” or “local delivery”), and situations in
which an mRNA is delivered to a target tissue and the encoded protein or peptide is 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).

(8349} FEtficacy: As used herein, the term “efficacy,” or grammatical equivalents, refers
to an improvement of a biologically relevant endpoint, as related to dehivery of mRNA that
encodes a relevant protein or peptide. In some embodiments, the biological endpoint is

protecting against an amunonium chloride challenge at certain timepoints after adnunistration.

30561 FEncapsulation: As used herein, the terro “encapsulation,” or granunatical
equivalent, refers o the process of confining an individual mRNA molecule withina

nanoparticle.

(68581} Fxpression:. As used herein, “expression” of a mRNA refers to translation of an
mRINA into a peptide {e.g., an antigen), polvpeptide, or protein {e.g., an enzyme} and also can

include, as indicated by context, the post-translational modification of the peptide, polypeptide or
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fully assembled protein {e.g., enzyme). In this application, the terms “expression” and

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

jB052] Improve, increase, or reduce. As used herein, the terms “mmprove,” “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 in a conirol sample or subject {or multiple control samples or subjects}
in the absence of the treatment described herein. A “control sample” is a sample subjected to the
same conditions as a test sample, except for the test article. A “control subject” is 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.

{053 {mpurities: As used herein, the term “impurities” refers to substances inside a
confined amount of liquid, gas, or solid, which differ from the chemical composition of the target

material or compound. Impurities are also referred to as contaminants.

(88541 in Vitro: As used herein, the term “in vitre” refers to evenis that occur in an
artificial environment, e.g., in a test tube or reaction vessel, in cell culture, etc., rather than within

a multi-cellular organism.

[RLHERRY in 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, in vifro systems).

8456} Isolated: As used heren, the term “isolated” refers to a substance and/or entity
that has been (1) separated from at least some of the components with which 1t was associated
when 1nitially produced {(whether in nature and/or in an experimental setting), and/or (2)
produced, prepared, and/or manufactured by the hand of man. Isolated substances and/or entities
mayv be separated from about 10%, about 20%, about 30%, about 40%, about 50%, about 60%,
about 70%, about 80%, about 90%, about 91%, about 92%, about 93%, about 94%, about 95%,
about 96%, about 97%, about 98%, about 99%, or more than about 99% of the other components

with which they were mitially associated. In some embodiments, isolated agents are about 30%,
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about 85%, about 90%, about 91%, about 92%, about 93%, about 94%, about 95%, about 96%,
about 97%, about 98%, about 99%, or more than about 99% pure. As used herein, a substance is
“pure” 1f 1t 1s substantially free of other components. As used herein, calculation of percent
purity of isolated substances and/or entities should not include excipients {e.g., buffer, solvent,

water, efc. ).

{84571 Local distribution or deflivery: As used herein, the terms “local distribution,”
“local delivery,” or grammatical equivalent, refer to tissue specific delivery or distribution.
Typically, local distribution or delivery requires a peptide or protein (e.g., enzyme) encoded by
mRNAs be translated and expressed intracellularly or with limited secretion that avoids entering

the patient’s circulation system.

{3058} messenger RNA (mRNA): As used herein, the term “messenger RNA (mRNA)Y”
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, etc. 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 is presented in the 3” to 37 direction unless otherwise
indicated. In some embodiments, an mRNA is or comprises natural nucleosides (e.g., adenosine,
guanosine, cytidine, uridine); nucleoside analogs (e.g., 2-aminoadenocsine, 2-thiothymidine,
mosine, pyrrolo-pyrimidine, 3~-methyl adenosine, 5-methyleytidine, C-5 propynyi-cytidine, C-5
propynyl-uridine, 2-aminoadenosine, CS-bromouridine, CS-fluorouridine, CS-iodouridine, U3~
propynyl-uridine, CS-propynyl-cytidine, C5-methyleytidine, 2-aminoadenosine, 7-
deazaadenosine, 7-deazaguanosine, 8-oxoadenosine, 8-oxoguanosine, O{6)-methylguanine, 2~
thiocytidine, pseudounidine, and 5-methyleytidine); chemically modified bases; biologically
modified bases {(e.g., methylated bases); ntercalated bases; modified sugars (e.g., 2"~
fluororibose, ribose, 27-deoxyribose, arabinose, and hexose); and/or modified phosphate groups

{(e.g., phosphorothioates and 5”-N-phosphoramidite linkages).
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3059} Nucleic acid: As used herein, the term “nucleic acid,” in its broadest sense, refers
to any compound and/or substance that is or can be incorporated into a polynucleotide chain. In
some embodiments, a nucleic acid 1s a compound and/or substance that is or can be incorporated
mto a polynucleotide chain via a phosphodiester linkage. In some embodiments, “nucleic 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 cDNA. Furthermore, the terms “nucleic acid,” “DNA” “RNA”
and/or sinular terms include nucleic acid analogs, 1.e., analogs having other thana

phosphodiester backbone.

j[ad6h] Parient: 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 animals {e. g,
mammals such as mice, rats, rabbits, non-human primates, and/or humans). In some

ernbodiments, a patient is a human. A humao includes pre- and post-natal forms.

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

ratic.

806621 Pharmaceutically acceprable salr. Pharmaceutically acceptable salts are well
known in the art. For example, S. M. Berge et al,, describes pharmaceutically acceptable salts in
detail in J. Pharmaceutical Sciences (1977) 66:1-19. Pharmaceutically acceptable salis of the
compounds of this mvention mnchude those derived from suitable inorganic and organic acids and
bases. Examples of pharmaceutically acceptable, nontoxic acid addition salts are salts of an
anuno group formed with morganic 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 ralonic acid or by using other
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methods used in 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, glucoheptonate, glycerophosphate, gluconate, hemisulfate,
heptanoate, hexanoate, hydroiodide, 2-hydroxy-ethanesulfonate, lactobionate, lactate, laurate,
lauryl sulfate, malate, maleate, malonate, methanesulfonate, 2- naphthalenesulfonate, nicotinate,
nitrate, oleate, oxalate, palmitate, pamoate, pectinate, persulfate, 3-phenylpropionate, phosphate,
picrate, pivalate, propionate, stearate, succinate, sulfate, tartrate, thiocyanate, p-toluenesulfonate,
undecanocate, valerate salts, and the like. Salts derived from appropriate bases include alkal:
metal, alkaline earth metal, ammonium and N'(Ci4 alkyl)a salts. Representative alkali or
alkaline earth metal salts include sodium, lithium, potassium, calcium, magnesium, and the like.
Further pharmaceutically acceptable salts include, when appropriate, nontoxic ammontum.
quaternary ammonium, and amine cations formed using counterions such as halide, hydroxide,
carboxvlate, sulfate, phosphate, nitrate, sulfonate and aryl sulfonate. Further pharmaceutically
acceptable salts include salts formed trom the quarternization of an amine using an appropriate

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

8063} Paotency: As used herein, the term “potency,” or grammatical equivalents, refers to
expression of protein(s) or peptide(s) that the mRNA encodes and/or the resulting biological

effect.

[3364] Salt. As used herein the term “salt” refers to an 1onic compound that does or may

result from a neutralization reaction between an acid and a base.

[B865] Systemic distribution ov defivery: As used herein, the terms “systemic
distribution,” “systeroic delivery,” or grammatical equivalent, refer to a delivery or distribution
mechanism or approach that affect the entire body or an entire organism. Typically, systemic
distribution or delivery is accomplished via body’s circulation system, e.g., blood stream.

Compared to the definition of “local distribution or delivery.”

8866} Subject. As used herein, the term “subject” refers to a human or any non-human

animal (e.g., mouse, tat, rabbit, dog, cat, cattle, swine, sheep, horse or primate}. A human
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mcludes pre- and post-natal forms. In many embodiments, a subject 1s 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.

80671 Substantiaily. 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
mterest. One of ordinary skill in the biclogical arts will understand that biological and chenucal
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 biological and chemical phenomena.

{8068} Target tissues: As used herein, the term “target tissues” refers to any tissue that is
affected by a disease to be treated. In some embodiments, target tissues mclude those tissues that

display disease-associated pathology, symptom, or feature.

3069} 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 extubit 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.

18076} Yield: As used herein, the term “vield” refers to the percentage of mRNA
recovered after encapsulation as compared to the total mRNA as starting matenial. In some

embodiments, the term “recovery” is used mterchangeably with the term “yield”.

PETAILED DESCRIPTION

18071} The present invention provides an improved process for lipid nanoparticle

formulation and mRNA encapsulation. In some embodiments, the present invention provides a
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process of encapsulating messenger RNA (mRNA} in lipid nanoparticles comprising the steps of
{a) mixing one or more lipids in a lipid solution with one or more mRNAS in an mRNA solution
to form mRNA encapsulated within the LNPs (mRNA-LNPs} in a LNP formation solution; (b}
exchanging the LNP formation solution for a drug product formulation solution to provide
mRNA-LNP n a drug product formulation solution; and (¢} heating the mRNA-LNP in the drug
product formulation solution. It was surprisingly found that inclusion of step (¢} in this process
provides for significantly higher encapsulation of the mRNA-LNPs as compared to the

encapsulation of the same mRNA-LNPs following step (b).

18972} In some embodiments, the novel formulation process results in an mRNA
formulation with higher potency (peptide or protein expression) and higher efficacy
(improvement of a biologically relevant endpoint) both in vitre and in vive with potentially better
tolerability as compared to the same mRNA formulation prepared without the additional step of
heating the mRNA-LINP in the drug product formulation solution (step {c¢}}. The higher potency
and/or efficacy of such a formulation can provide for lower and/or less frequent dosing of the
drug product. In some embodiments, the invention features an improved lipid formulation

comprising a cationic lipid, a helper lipid and a PEG-modified hipid.

18073} In some embodiments, the resultant encapsulation for an mRNA-LNP following
step (¢) 15 increased by 10% or more relative to the encapsulation efficiency for the same
mRNA-LNP following step (b). In some embodiments, the resultant encapsulation percent for
an mRNA-LNP following step (c) 15 increased by five percentage points or more over the
encapsulation percent for the same mRNA-LNP following step (b). For the delivery of nucleic
acids, achieving high encapsulation efficiencies 15 critical to attain protection of the drug

substance and reduce loss of activity in vivo.

{874} Various aspects of the invention are described in detail 1n the following sections.
The use of sections is not meant to himit the invention. Hach section can apply to any aspect of

the invention.
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Messenger RNA (mRNA)

(86751 The present invention may be used to encapsulate any mRNA. mRNA 1s
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 1s a 7-methviguanosine cap, which s a
guanosine that is linked through a 5°-5"-triphosphate bond to the first transcribed nucleotide.
The presence of the cap 1s important in providing resistance to nucleases found 1n most
eukaryotic cells. The additional of a tail 1s typically a polyadenylation event whereby a
polvadenylyl moiety is added to the 3° end of the mRNA molecule. The presence of this “tail”
serves to protect the mRNA from exonuclease degradation. Messenger RNA is translated by the

rihosomes into a series of amino acids that make up a protein.

{8076} 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 is typically performed with a linear or circular DNA template
containing a promoter, a pool of ribonucleotide triphosphates, a buffer system that may mclude
DTT and magnesium 1ons, and an appropriate RNA polymerase (e.g., T3, T7 or SP6 RNA
polymerase), DNAse I, pyrophosphatase, and/or RNAse inhibitor. The exact conditions will

vary according to the specific application.

18677} In some embodiments, s vitro synthesized mRNA may be purified before
formulation and encapsulation to remove undesirable impurities including various enzymes and

other reagents used during mRNA synthesis.

{8378} The present invention may be used to formulate and encapsulate mRNAs of a
variety of lengths. In some embodiments, the present invention may be used to formulate and
encapsulate im vifro synthesized mRNA of or greater than about | kb, 1.5 kb, 2 kb, 2.5 kb, 3 kb,
3.5kb, 4 kb, 4.5kb, kb6 kb, 7kb, 8kb, 9kb, 10 kb, 11 kb, 12 kb, 13 kb, 14 kb, 15 kb, or 20
kb in tength. In some embodiments, the present imvention may be used to formulate and

encapsulate in vitro synthesized mRNA ranging from about 1-20 kb, about 1-15 kb, about 1-10
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kb, about 5-20 kb, about 5-15 kb, about 5-12 kb, about 5-10 kb, about 8-20 kb, or about 8-15kb
in length.

{3879} 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.

18086} 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 (thynune (T), cytosine (C), uractl (U}}, and as modified nucleotides
analogues or derivatives of purines and pyrimidines, such as e.g. 1-methyl-adenine, 2-methyl-
adenine, 2-methylthio-N-6-tsopentenyl-adenine, No-methyi-adenine, N6-isopentenyl-adenine, 2-
thio-cytosine, 3-methyl-cytosine, 4-acetyl-cytosine, 5-methyl-cytosine, 2,6-diaminopurine, 1-
methyl-guanine, Z-methyl-guanine, 2,2-dimethyl-guanine, 7-methyl-guanine, inosine, I~-methyl-
mosine, pseudouractl (S~uracil), dihydro-uracil, 2-thio-uracil, 4-thio-uracil, 5-
carboxymethylaminomethyl-2-thio-uracil, S-(carboxyhydroxymethyl}-uracil, 5-fluoro-uracil, 5-
bromo-uracil, S-carboxymethylaminomethyl-uracil, 5-methyl-2-thio-uracil, S-methyl-uracil, N-
uracil-S-oxyacetic acid methyl ester, S-methylammnomethyl-uracil, S-methoxyaminomethyl-2-
thig-uracil, S-methoxycarbonylmethyl-uracil, S-methoxy-uracil, uracil-5-oxvacetic acid methyl
ester, uracil-5-oxyacetic acid (v}, 1-methyl-pseudouracil, gueosine, beta.-D-mannosyl-queosine,
wybutoxosing, and phosphoramidates, phosphorothioates, peptide nucleotides,
methylphosphonates, 7-deazaguanosing, S-methylcytosine, pseudouridine, S-methyleytidine and
mosine. The preparation of such analogues ts known to a person skiled i the art e.g. from the
U.S. Pat. No. 4,373,071, U.S. Pat. No. 4,401,796, U.S. Pat. No. 4,415,732, U.S. Pat. No.
4,458,066, U.S. Pat. No. 4,500,707, U.S. Pat. No. 4,668,777, U.S. Pat. No. 4,973,679, U.S. Pat.
No. 5,047,524, U.S. Pat. No. 5,132,418 1.8, Pat. No. 5,153,319, U.S. Pat. Nos. 5,262,530 and

5,700,642, the disclosure of which 1s included here n its full scope by reference.
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18081} Typically, mRNA synthesis includes the addition of a “cap” onthe 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.

18082} Thus, in some embodiments, mRNAs include 3 5 cap structure. A 5" ¢cap 1s
typically added as follows: first, an RNA termunal phosphatase removes one of the terminal
phosphate groups from the 5° nucleotide, leaving two terminal phosphates; guanosine
triphosphate (GTP) is then added to the terminal phosphates via a guanylyl transferase,
producing a 5°5’S triphosphate linkage; and the 7-nitrogen of guanine 1s 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 limited to, m7GpppNp-RNA, m7GpppNmp-RNA and m7GpppNmpNmp-RNA (where m

indicates 2°-Omethyl residues).

{8083} In some embodiments, mRNAs include a 5™ and/or 3”7 untranslated region. In
some embodiments, a 5" untranslated region includes one or more elements that affect an
mRINA’s stability or translation, for example, an iron responsive element. In some

embodiments, a 5” untranslated region may be between about 50 and 500 nucleotides 1n length.

8084} In some embodiments, a 3” untranslated region includes one or more of a
polvadenylation signal, a binding site for proteins that affect an mRNA’s stability of location in a
cell, or one or more binding sites for miRNAs. In some embodiments, a 3° untranslated region

mav be between 50 and 500 nucleotides 1n length or longer.

[3085] While mRNA provided from in vitro transcription reactions may be desirable in
some embodiments, other sources of mRNA are contemplated as within the scope of the

invention including mRNA produced from bacteria, fung, plants, and/or ammals.

8086} The present invention may be used to formulate and encapsulate mRNAs
encoding a varniety of proteins. Non-limiting examples of mRNAs suitable for the present
mvention include mRNAs encoding spmal motor neuron 1 {(SMN), alpha-galactosidase (GLA),

argininosuccinate synthetase (ASS1), omithine transcarbamylase (OTC), Factor IX (FEX),
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phenylalanine hydroxylase (PAH), ervthropoietin (EPQO), cystic fibrosis transmembrane
conductance receptor {CFTR) and firefly luciferase (FFL}. Exemplary mRNA sequences as

disclosed herein are listed below:
Codon-Optimized Human OTC Coding Sequence

AUGCUGUUCAACCUUCGGAUCUUGCUGAACAACGCUGCGUUCCGGAAUGGUCACA
ACUUCAUGGUCCGGAACUUCAGAUGCGGCCAGCCGCUCCAGAACAAGGUGCAGCU
CAAGGGGAGGOACCUCCUCACCCUGAAAAACUUCACCGGAGAAGAGAUCAAGUAC
AUGCUGUGGCUGUCAGCCGACCUCAAAUUCCGGAUCAAGCAGAAGGGUGAAUACT
UUCCUUUGCUGCAGGGAAAGU CCCUGGGGAUGAUCUUCGAGAAGCGUCAGCACUCG
CACUAGACUGUCAACUGAAACCGGCUUCGCGCUGCUGGGAGGACACCCCUGCUUC
CUGACCACCCAAGAUAUCCAUCUGGGUGUGAACGAAUCCCUCACCGACACAGCGL
GGGUGCUGUCGUCCAUGGCAGACGCGGUCCUCGCCCGUGUGUACAAGCAGUCUGA
UCUGGACACUCUGGCCAAGGAAGCCUCCAUUCCUAUCAUUAAUGGAUUGUCCGAC
CUCUACCAUCCCAUCCAGAUUCUGOGCCGAUVAUCUGACUCUGCAAGAACAUUACA
GCUCCCUGAAGGOGGCUVACCCUUUCGUGGAUCGGCGACGGUAACAACAUUCUGCA
CAGCAUUAUGAUGAGCGCUGCCAAGUUUGGAAUGCACCUCCAAGCAGCGACCCCG
AAGGGAUACGAGCCAGACGCCUCCGQUGACGAAGCUGGCUGAGCAGUACGCCAAGG
AGAACGGCACUAAGCUGCUGCUCACCAACGACCCUCUCGAAGCCGUCCACGGUGE
CAACGUGCUGAUCACCGAUACCUGGAUCUCCAUGGGACAGGAGGAGGAAAAGAA
GAAGCGCCUGCAAGCAUUUCAGGGGUACCAGGUGACUAUGAAAACCGCCAAGGUC
GCCGCCUCGGACUGGACCUUCUUGCACUGUCUGCCCAGAAAGUCCCGAAGAGGUGE
ACGACGAGGUGUUCUACAGCCCGUGGUCGCUGGUCUUUCCGGAGGCCGAAAACAG
GAAGUGGACUAUCAUGGCCGUGAUGGUGUCCCUGCUGACCGAUUACUCCCCGCAG
CUGCAGAAACCAAAGUUCUGA (SEQ ID NO: 1)

Codon-Optimized Human ASS] Coding Sequence

AUGAGCAGCAAGGGCAGCGUGGUGCUGGCCUACAGCOGGUGGUCUGGACACCAGCU
GCAUCCUGGUGUGGCUGAAGGAGCAGGGCUACGACGUGAUCGCCUACCUGGCCAA
CAUCGGUCAGAAGGAGGACUUCGAGGAGGCCCGUAAGAAGGUUCCUGAAGCUGGGC
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GCCAAGAAGGUGUUCAUCGAGGACGUGAGCCGCGAGUUCGUGGAGGAGUUCAUC
UGGCCCGCCAUCCAGAGCAGCGCCCUGUACGAGGACCGCUACCUGCUGGGLACCA
GCCUGGLCCGCCCCUGCAUCGCCCGCAAGCAGGUGGAGAUCGUCCAGUGCGAGGE
COGCCAAGUACGUGAGCCACGGUGUCACCGOCAAGGGCAACGACCAGGUGCGCUUIC
GAGCUGAGCUGCUACAGCCUGGUCCCCCAGAUCAAGGUGAUCGCCCCCUGGIGCA
UGCCCGAGUUCUACAACCGCUUCAAGOGUCGCAACGACCUGAUGGAGUACGCCAA
GCAGCACGGCAUCCCCAUCCCCQUGACCCCCAAGAACCCCUGGAGCAUGGACGAG
AACCUGAUGCACAUCAGCUACGAGOCCGGCAUCCUGGAGAACCCCAAGAACCAGG
CCCCCCCCGGCCUGUACACCAAGACCCAGGACCCCGLCCAAGGCCCCCAACACCCCC
GACAUCCUGGAGAUCGAGUUCAAGAAGGGCGUGCCCGUGAAGGUGACCAACGUG
AAGGACGGCACCACCCACCAGACCAGCCUGGAGCUGUUCAUGUACCUGAACGAGG
UGGCCGGCAAGCACGGCGUGGGCCGCAUCGACAUCGUGGAGAACCGCUUCAUCGG
CAUGAAGAGCCGCGGCAUCUACGAGACCCCCGCCGGCACCAUCCUGUACCACGCC
CACCUGGACAUCGAGGUCUUCACCAUGGACCGCGAGGUGCGCAAGAUCAAGCAGG
GCCUGGGCCUGAAGUUCGCCGAGCUGGUGUACACCGGCUUCUGGCACAGCCCCGA
GUGCGAGUUCGUGCGCCACUGCAUCGCCAAGAGCCAGGAGCGUCGUGGAGGGCAAG
GUGCAGGUGAGCGUGCUGAAGGGCCAGGUGUACAUCCUGGGCCGCGAGAGCCCCC
UGAGCCUGUACAACGAGGAGCUGGUGAGCAUGAACGUGCAGGGCGACUACGAGC
CCACCGACGCCACCGGCUUCAUCAACAUCAACAGCCUGCGCCUGAAGGAGUACCA
CCGCCUGCAGAGCAAGGUGACCGCCAAGUGA (REQ 1D NG: 2)

Cadon-Optimized Human CITR Coding Sequence

AUGUAACGCUCUCCUCUUGAAAAGGCCUCGGUGGUGUCCAAGCUCUUCUUCUCGU
GOACUAGACCCAUCCUGAGAAAGGGGUACAGACAGCGCUUGGAGCUGUCCGAUA
UCUAUCAAAUCCCUUCCGUGGACUCCGCGGACAACCUGUCUGAGAAGCUCGAGAG
AGAAUGGGACAGAGAACUCGCCUCAAAGAAGAACCUGAAGCUGAUUAAUGCGCU
UAGGCGGUGCUUUUUCUGGCGGUUCAUGUUCUACGGCAUCUUCCUCUACCUGGGA
GAGGUCACCAAGGUUGUGCAGCCCCUGUUGCUGGGACGGAUUAUUGCCUCCUACG
ACCCCGACAACAAGGAAGAAAGAAGCAUCGCUAUCUACUUGGGCAUCGGUCUGUG
CCUGCUUUUCAUCGUCCGGACCCUCUUGUUGCAUCCUGCUAUUUUCGGUCUGCAU
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CACAUUGGCAUGCAGAUGAGAAUUGCCAUGUUUUCCCUGAUCUACAAGAAAACU
CUGAAGCUCUCGAGCCGCGUGCUUGACAAGAUUUCCAUCGGCCAGCUCGUGUCCC
UGCUCUCCAACAAUCUGAACAAGUUCGACGAGGGCCUCGCCCUGGCCCACUUCGYU
GUGGAUCGCCCCUCUGCAAGUGHGCGOUUCUGAUGGGCCUGAUCUGGGAGCUGCUG
CAAGCCUCGGCAUUCUGUGGGCUUGGAUUCCUGAUCGUGCUGGCACUGUUCCAGG
CCGGACUGGGGCGGAUGAUGAUGAAGUACAGGGACCAGAGAGUCGGAAAGAUUU
CCGAACGGCUGGUGAUCACUUCGGAAAUGAUCGAAAACAUCCAGUCAGUGAAGE
CCUACUGCUGGGAAGAGGCCAUGGAAAAGAUGAUUGAAAACCUCCGGCAAACCG
AGCUGAAGCUGACCCGCAAGGCCGCUUACGUGCGCUAUUUCAACUCGUCCGCUUU
CUUCUUCUCCOGLGUUCUUCGUGGUGUUUCUCUCCGUGCUCCCCUACGCCCUGAUU
AAGGOGAAUCAUCCUCAGGAAGAUCUUCACCACCAUUUCCUUCUGUAUCGUGCUCC
GCAUGGCCGUGACCCGGCAGUUCCCAUGGGUCCGUGCAGACUUGGUACGACUCCCY
GGGAGCCAUUAACAAGAUCCAGGACUUCCUUCAAAAGCAGGAGUACAAGACCCUC
GAGUACAACCUGACUACUACCGAGGUCGUGAUGGAAAACGUCACCGCCUUUUGGE
AGGAGGGAUUUGGCGAACUGUUCGAGAAGGCCAAGCAGAACAACAACAACCGCA
AGACCUCGAACGGUGACGACUCCCUCUUCUUUUCAAACUUCAGCCUGCUCGGGAC
GCCCQUGCUGAAGGACAUUAACUUCAAGAUCGAAAGAGGACAGCUCCUGGCGGU
FGCCGGAUCGACCGGAGCCGGAAAGACUUCCCUGCUGAUGGUGAUCAUGGGAGA
GCUUGAACCUAGCGAGGGAAAGAUCAAGCACUCCGGUCGCAUCAGCUUCUGUAGC
CAGUUUUCCUGGAUCAUGCCCGGAACCAUUAAGGAAAACAUCAUCUUCGGCGUGU
CCUACGAUGAAUACCGCUACCGGUCCGUGAUCAAAGCCUGCCAGCUGGAAGAGGA
UAUUUCAAAGUUCGCGGAGAAAGAUAACAUCGUGCUGGGCGAAGGGGGUAUUAC
CUUGUCGGOGOGUCAGCGGGUUAGAAUCUCGCUGGCCAGAGCCGUGUAVAAGGAC
GCCGACCUGUAUCUCCUGGACUCCCCCUUCGGAUACCUGGACGUCCUGACCGAAA
AGGAGAUCUUCGAAUCGUGCGUGUGCAAGCUGAUGGCUAACAAGACUCGCAUCC
UCGUGACCUCCAAAAUGGAGCACCUGAAGAAGGCAGACAAGAUUCUGAUUCUGC
AUGAGOGGGUCCUCCUACUUUVACGGCACCUUCUCGGAGUUGCAGAACUUGCAGCC
CGACUUCUCAUCGAAGCUGAUGGGUUGLCGACAGCUUCGACCAGUUCUCCGCCGAA
AGAAGGAACUCGAUCCUGACGGAAACCUUGCACCGCUUCUCUUUGGAAGGCGACG
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CCCCUGUGUCAUGGACCGAGACUAAGAAGCAGAGCUUCAAGCAGACCGGGHGAAUU
COGCGAAAAGAGGAAGAACAGCAUCUUGAACCCCAUUVAACUCCAUCCGCAAGUUC
UCAAUCGUGCAAAAGACGUCACUGCAGAUGAACGGCAUUGAGGAGGACUCCGACG
AACCCCUUGAGAGGCGCCUGUCCCUGGUGCCGGACAGUGAGUCAGGGAGAAGCCAU
CCUGCCUCGGAUUUCCGUGAUCUCCACUGOUCCGACGCUCCAAGCCCGGCGECGH
CAGUCCGUGCUGAACCUGAUGACCCACAGUGUGAACCAGGGCCAAAACAUUCACC
GCAAGACUACCGCAUCCACCCGGAAAGUGUCCCUGGCACCUCAAGCGAAUCUUAL
COAGCUCGACAUCUACUCCCGOAGACUGUCGCAGGAAACCGGGCUCGAAAUUUCC
GAAGAAAUCAACGAGGAGGAUCUGAAAGAGUGCUUCUUCGACGAUVAUGGAGUCG
AUACCCGCCGUGACGACUUGGAACACUUAUCUGCGGUACAUCACUGUGCACAAGU
CAUUGAUCUUCGUGCUGAUUUGGUGCCUGGUGAUUUUCCUGGUCGAGGUCGCGH
CCUCACUGGUGGUGCUCUGGCUGUUGGGAAACACGCCUCUGCAAGACAAGGGAAA
CUCCACGCACUCGAGAAACAACAGCUAUGCCGUGAUUVAUCACUUCCACCUCCUCU
UAUUACGUGUUCUACAUCUACGUCGGAGUGGCGGAUACCCUGCUCGCGAUGGGU
UUCUUCAGAGGACUGCCGCUGGUCCACACCUUGAUCACCGUCAGCAAGAUUCUUC
ACCACAAGAUGUUGCAUVAGCGUGCUGCAGGCCCCCAUGUCCACCCUCAACACUCU
GAAGGCCGOAGGCAUUCUGAACAGAUUCUCCAAGGACAUCGCUAUCCUGGACGAU
CUCCUGCCGCUUACCAUCUUVUGACUUCAUCCAGCUGCUGCUGAUCGUGAUUGGAG
CAAUCGCAGUGGUGGCGGUGCUGCAGCCUUVACAUUUUCGUGGUCACUGUGCOGGU
CAUUGUGGCGUUCAUCAUGCUGCGGGCCUACUUCCUCCAAACCAGCCAGCAGCUG
AAGCAACUGGAAUCCGAGGGACGAUCCCCCAUCUUCACUCACCUUGUGACGUCGU
UGAAGGGACUGUGGACCCUCCGOGGCUUUCGOACGGCAGCCCUACUUCGAAACCCU
CUUCCACAAGGCCCUGAACCUCCACACCGCCAAUUGGUUCCUGUACCUGUCCACC
CUGCGGUGGUUCCAGAUGCGCAUCGAGAUGAUUUUCGUCAUCUUCUUCAUCGCGG
UCACAUUCAUCAGCAUCCUGACUACCGGAGAGGGAGAGGGACGOGGUCGGAAUAA
UCCUGACCCUCGCCAUGAACAUVAUGAGCACCCUGCAGUGGGCAGUGAACAGCUC
GAUCGACGUGGACAGCCUGAUGCGAAGCGUCAGCCGCGUGUUCAAGUUCAUCGAC
AUGCCUACUGAGGGAAAACCCACUAAGUCCACUAAGUCCUACAAAAAUGGUCAGC
UGAGCAAGGUCAUGAUCAUCGAAAACUCCCACGUGAAGAAGGACGAUAUUUGGT
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CCUCCGGAGGUCAAAUGACCGUGAAGGACCUGACCGCAAAGUACACCGAGGGAGG
AAACGCCAUUCUCGAAAACAUCAGCUUCUCCAUUUCGCCGGGACAGCGGGUCGGT
CUUCUCGGGCGGACCGGUUCCGGGAAGUCAACUCUGCUGUCGGCUUUCCUCCGGE
UGCUGAAUACCGAGGGGGAAAUCCAAAUUGACGGCGUGUCUUGGGAUUCCAUUA
CUCUGCAGCAGUGGCGGAAGGCCUUCGGCGUGAUCCCCCAGAAGGUGUUCAUCUU
CUCGGGUACCUUCCGGAAGAACCUGGAUCCUUACGAGCAGUGGAGCGACCAAGAA
AUCUGGA AGGUCGCCGACGAGGUCGGCCUGCGCUCCGUGAUUGAACAAUTUCCUG
GAAAGCUGGACUUCGUGCUCGUCGACGGGGGAUGUGUCCUGUCGCACGGACAUA
AGCAGCUCAUGUGCCUCGCACGGUCCGUGCUCUCCAAGGCCAAGAUUCUGCUGCU
GGACGAACCUUCGGCCCACCUGGAUCCGGUCACCUACCAGAUCAUCAGGAGGACC
CUGAAGCAGGCCUTUGCCGAUUGCACCGUGAUUCUCUGCGAGCACCGCAUCGAGG
CCAUGCUGGAGUGCCAGCAGUUCCUGGUCAUCGAGGAGAACAAGGUCCGCCAAUA
CGACUCCAUUCAAAAGCUCCUCAACGAGCGGUCGCUGUUCAGACAAGCUAUUUCA
CCGUCCGAUAGAGUGAAGCUCUUCCCGCAUCGGAACAGCUCAAAGUGCAAAUCGA
AGCCGCAGAUCGCAGCCUUGAAGGAAGAGACUGAGGAAGAGGUGCAGGACACCC
GGCUUUAA (SEQ ID NO: 3)

Comparison Codon-Optimized Human CFTR mRNA Coding Sequence

AUGCAGCGGUCCCCGCUCGAAAAGGCCAGUGUCGUGUCCAAACUCUUCUUCUCAU
GGACUCGGCCUAUCCUUAGAAAGGGGUAUCGGCAGAGGCUUGAGUUGUCUGACA
UCUACCAGAUCCCCUCGGUAGAUUCGGCGGAUVAACCUCUCGGAGAAGCUCGAACG
GOGAAUGGGACCGCGAACUCGUGUCUAAGAAAAACCCGAAGUCUCAUCAACGCACUG
AGAAGGUGCUUCUUCUGGCGGUUCAUGUUCUACGGUAUCUUCUUGUAUCUCGGG
GAGGUCACAAAAGCAGUCCAACCCCUGUUGUUGGGUCGCAUTAUCGCCUCGUACG
ACCCCGAUAACAAAGAAGAACGGAGCAUCGCGAUCUACCUCGGGAUCGGACUGUG
UUUGCUUUUCAUCGUCAGAACACUUUUGUUGCAUCCAGCAAUCUUCGGCCUCCAU
CACAUCGGUAUGCAGAUGCGAAUCGCUAUGUUUAGCUUGAUCUACAAAAAGACA
CUGAAACUCUCGUCGCGGGUGUUGGAUAAGAUUUCCAUCGGUCAGUUGGUGUCC
CUGCUUAGUAAUAACCUCAACAAAUUCGAUGAGGGACUGGCGCUGGCACAUUULC
GUGUGGAUUGCCCCGUUGCAAGUCGCCCUUUUGAUGGGCCUVAUUUGGGAGCUG
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UUGCAGGCAUCUGCCUUUUGUGGCCUGGGAUUUCUGAUUGUGUUGGCAUTUGUUU
CAGGCUGGGCUUGGGCGGAUGAUGAUGAAGUAUCGCGACCAGAGAGUGGGUAAA
AUCUCGGAAAGACUCGUCAUCACUUCGGAAAUGAUCGAAAACAUCCAGUCGGUCA
AAGCCUAUUGCUGGGAAGAAGCUAUGGAGAAGAUGAUUGAAAACCUCCGCCAAA
CUGAGCUGAAACUGACCCGCAAGGCGOCGUAUGUCCGGUAUUUCAAUUCGUCAGC
GUUCUUCUUUUCCGOGUUCUUCCGUUGUCUUUCUCUCGGUUUUGCCUVAUGCCUUG
AUUAAGGGGAUVAUCCUCCGCAAGAUUUUCACCACGAUUUCGUUCUGCAUUGUA
UUGCGCAUGGCAGUGACACGGCAAUUUCCGUGGGCCGUGCAGACAUGGUAUGAC
UCGCUUGGAGCGAUCAACAAAAUCCAAGACUUCUUGCAAAAGCAAGAGUACAAG
ACCCUGGAGUACAAUCUUVACUACUACGGAGGUAGUAAUGGAGAAUGUGACGGCU
UUUUGGGAAGAGGGUUUUGGAGAACUGUUUGAGAAAGCAAAGCAGAAUAACAAC
AACCGCAAGACCUCAAAUGGGGACGAUUCCCUGUUUUUCUCGAACUUCUCCCUGC
UCGGAACACCCQUGUUGAAGGACAUCAAUUUCAAGAUUGAGAGGGGACAGCUUC
UCGCGGUAGCGGGAAGCACUGGUGCGGGAAAAACUAGCCUCUUGAUGGUGAUUA
UGGGGGAGCUUGAGCCCAGCGAGGGGAAGAUUAAACACUCCGGGCGUAUCUCAU
UCUGUAGCCAGUUUUCAUGGAUCAUGCCCGGAACCAUUAAAGAGAACAUCAUUU
UCGGAGUAUCCUAUGAUGAGUACCGAUACAGAUCGGUCAUUAAGGCGUGCCAGU
UGGAAGAGGACAUUUCUAAGUUCGCCGAGAAGGAUAACAUCGUCUUGGGAGAAG
GGGGUAUUACAUUGUCGGGAGGGUAGCGAGUCGCGGAUCAGUCUCGUGAGAGCGG
UAUACAAAGAUGCAGAUUUGUAUCUGCUUGAUUCACCGUUUGGAVACCUCGACG
UAUUGACAGAAAAAGAAAUCUUCGAGUCGUGCGUGUGUAAACUUAUGGCUAAUA
AGACGAGAAUCCUGGUGACAUCAAAAAUGGAACACCUUAAGAAGGCGGACAAGA
UCCUGAUCCUCCACGAAGGAUCGUCCUACUUUUACGGCACUUUCUCAGAGUUGCA
AAACUUGCAGCCGGACUUCUCAAGCAAACUCAUGGGGUGUGACUCAUUCGACCAG
VUCAGCGUGGAACGOGCGGAACUCGAUCUUGACGGAAACGCUGCACCGAUUCUCGC
UUGAGGGUGAUGCCCCGGUAUCGUGGACCGAGACAAAGAAGCAGUCGUUUAAGC
AGACAGGAGAAUUUGGUGAGAAAAGAAAGAACAGUAUCUUGAAUCCUAUUAACU
CAAUUCGCAAGUUCUCAAUCGUCCAGAAAACUCCACUGCAGAUGAAUGGAAUUG
AAGAGGAUUCGGACGAACCCCUGGAGUCGCAGGCUVAGCCUCGUGCCGGAUUCAGA
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CAGGCGAGGCGAAGGCAAUCCGUGCUCAACCUCAUGACGCAUUCGGUAAACCAGG
GGCAAAACAUUCACCGCAAAACGACGGUCCUCAACGAGAAAAGUGUCACUUGCACC
CCAGGCGAAUUUGACUGAACUCGACAUCUACAGCCGUAGGCUUUCGCAAGAAACC
GGACUUGAGAUCAGCGAAGAAAUCAAUGAAGAAGAUUUGAAAGAGUGUUUCUUU
GAUGACAUGGAAUCAAUCCCAGCGGUCGACAACGUGGAACACAVACUUGUGUUAC
AUCACGGUGCACAAGUCCUUGAUUUUCGUCCUCAUCUGGUGUCUCGUGAUCUUUC
UCGCUGAGGUCGCAGCGUCACUUGUGGUCCUCUGGCUGCUUGGUAAUVACGCCCUU
GCAAGACAAAGGCAAUUCUACACACUCAAGAAACAAUUCCUAUGCCGUGAUUAUC
ACUUCUACAAGCUCGUAUUVACGUOQUUUUACAUCUACGUAGGAGUGGCCGACACUC
UGCUCGCGAUGGGUUUCUUCCGAGGACUCCCACUCGUUCACACGCUUAUCACUGU
CUCCAAGAUUCUCCACCAUAAGAUGCUUCAUAGCGUACUGCAGGCUCCCAUGUCC
ACCUUGAAUACGCUCAAGGCGGGAGGUAUUUUGAAUCGCUUCUCAAAAGAUAUU
GCAAUUUUGGAUGACCUUCUGCCCCUGACGAUCUUCGACUUCAUCCAGUUGUUGC
UGAUCGUGAUUGGGGCUAUUGCAGUAGUCGCUGUCCUCCAGCCUUACAUUUUUG
UCGCGACCGUUCCGGUGAUCGUGGCGUUUAUCAUGCUGCGGGCCUAUUUCUUGCA
GACGUCACAGCAGCUUAAGCAACUGGAGUCUGAAGGGAGGUCGCCUAUCUUUALC
GCAUCUUGUGACCAGUUUGAAGGGAUUGUGGACGUUGCGCGCCUUUGGCAGGCA
GCCCUACUUUGAAACACUGUUCCACAAAGUCGCUGAAUCUCCAUACGGCAAAUUGG
UUTUUUGUAUUUGAGUACCCUCCGAUGGUUUCAGAUGCGCAUUGAGAUGAUUUUU
GUGAUCUUCUUUAUCGCGGUGACUUUUAUCUCCAUCUUGACCACGGGAGAGGGC
GAGGGACGOGUCGGUAUUAUCCUGACACUCGCCAUGAACAUUAUGAGCACUUUG
CAGUGGGCAGUGAACAGCUCGAUUGAUGUGGAUAGCCUGAUGAGGUCCGUUUCG
AGGGUCUUUAAGUUCAUCGACAUGCCGACGGAGGGAAAGCCCACAAAAAGUACG
AAACCCUAUVAAGAAUGGGCAAUUGAGUAAGGUAAUGAUCAUCGAGAACAGUCAC
GUGAAGAAGGAUGACAUCUGGCCUAGCGGOGGGUCAGAUGACCGUGAAGGACCUG
ACGGCAAAAUACACCGAGGGAGGOAACGCAAUCCUUGAAAACAUCUCGUUCAGCA
UUAGCCCCGGUCAGCGUGUGGGGUUGCUCGGGAGGACCGOGUCAGGAAAAUCGA
CGUUGCUGUCGHGCCUUCUUGAGACUUCUGAAUVACAGAGGGUGAGAUCCAGAUCG
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ACGGCGUUUCGUGGGAUVAGCAUCACCUUGCAGCAGUGGUGGAAAGCGUUUGGAG
UAAUCCCCCAAAAGGUCUUUAUCUUUAGCGGAACCUUCCGAAAGAAUCUCGAUCC
UUAUGAACAGUGGUCAGAUCAAGAGAUUUGGAAAGUCGLGGACGAGGUUGGLCCU
UCGGAGUGUAAUCGAGCAGUUUCCGGGAAAACUCGACUUUGUCCUUGUAGAUGH
GGGAUGCGUCCUGUCGCAUGGGCACAAGCAGCUCAUGUGCCUGGCGLGAUCCGUC
CUCUCUAAAGCGAAAAUUCUUCUCUUGGAUGAACCUUCGGUCCAUCUGGACCCGG
UAACGUAUCAGAUCAUCAGAAGGACACUUAAGCAGGCGUUUGCCGACUGCACGG
UGAUUCUCUGUGAGCAUCGUAUCGAGGCCAUGCUCGAAUGCCAGCAAUUUCUUG
UCAUCGAAGAGAAUAAGGUCCGCCAGUACGACUCCAUCCAGAAGCUGCUUAAUGA
GAGAUCAUUGUUCCGGCAGGCGAUUUCACCAUCCGAUAGGGUGAAACUYUUUCC
ACACAGAAAUUCGUCGAAGUGCAAGUCCAAACCGCAGAUCGCGGCCUUGAAAGAA
GAGACUGAAGAAGAAGUUCAAGACACGCGUCUUUAA (SEQ D NO: 4
Codon-Optimized Human PAH Coding Sequence
AUGAGCACCGCCGUGCUGGAGAACCCCGGLCUGGGCCGCAAGCUGAGCGACUUCG
GCCAGGAGACCAGCUACAUCGAGGACAACUGCAACCAGAACGGCGCCAUCAGCCU
GAUCUUCAGCCUGAAGGAGGAGGUGGGCGCCCUGGCCAAGGUGCUGCGCCUGUUC
GAGGAGAACGACGUGAACCUGACCCACAUCGAGAGCCGUCCCAGCCGCCUGAAGA
AGGACGAGUACGAGUUCUUCACCCACCUGGACAAGCGCAGCCUGCCCGCCCUGAC
CAACAUCAUCAAGAUCCUGCGCCACGACAUCGGCGCCACCGUGCACGAGCUGAGC
CGCGACAAGAAGAAGGACACCGUGCCCUGGUUCCCCCGCACCAUCCAGGAGCUGG
ACCGCUUCGCCAACCAGAUCCUGAGCUACGGUGCCGAGCUGGACGCCGACCACCC
CGGCUUCAAGGACCCCGUGUACCGUGCCCGUCGCAAGCAGUUCGCCGACAUCGCC
UACAACUACCGUCCACGGCCAGCCCAUCCCCCGCGUGGAGUACAUGGAGGAGGAGA
AGAAGACCUGGGGCACCGUGUUCAAGACCCUGAAGAGCCUGUACAAGACCCACGC
CUGCUACGAGUACAACCACAUCUUCCCCCUGCUGGAGAAGUACUGCGGCUUCCAC
GAGGACAACAUCCCCCAGCUGGAGGACGUGAGCCAGUUCCUGCAGACCUGCACCG
GCUUCCGCCUGCGLCCCGUGGLCGGCCUGCUGAGCAGCCGCGACUUCCUGGGCGE
CCUGGCCUUCCGLGUGUUCCACUGCACCCAGUACAUCCGCCACGGUAGCAAGCCC
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UCAGCGACCGCAGCUUCGUCCAGUUCAGCCAGGAGAUCGGCCUGGCCAGCCUGGG

UUCGGCCUGUGCAAGCAGGOCGACAGCAUCAAGGCCUACGGCGCCGGCCUGCUGA
GCAGCUUCGGCCGAGCUGCAGUACUGCCUGAGCGAGAAGCCCAAGCUGCUGCCCCU
GGAGCUGGAGAAGACCGUCCAUCCAGAACUACACCGUGACCGAGUUCCAGCCCCUG
UACUACGUGGUCGAGAGCUUCAACGACGUCCAAGGAGAAGGUGCGCAACUUCGCCG
CCACCAUCCCCCGCCCCUUCAGCGUGCGCUACGACCCCUACACCCAGUGCAUCGAG
GUGCUGGACAACACCCAGCAGCUGAAGAUCCUGGCCGACAGCAUCAACAGCGAGA
UCGGCAUCCUGUGCAGCGCCCUGCAGAAGAUCAAGUAA (SEQ ID NO: 5)

{8087} In some embodiments, an mRINA suitable for the present invention has a
nucleotide sequence at least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, 99% or more identical SEQ ID NO: 1, SEQ ID NO: 2, SEQ
ID NG:3 or SEQ ID NO: 4. In some embodiments, an mRNA suitable for the present invention
comprises a nucleotide sequence identical to SEQ ID NO: 1, SEQ ID NG: 2, SEQ ID NG:3 or
SEQID NG: 4

mBNA Sofution

{8088} mRNA may be provided in a solution to be mixed with a lipid solution such that
the mRNA may be encapsulated in lipid nanoparticles. A suitable mRNA solution may be any
aqueous solution containming mRNA to be encapsulated at various concentrations. For example, a
suitable mRNA solution may contain an mRNA at a concentration of or greater than about 0.01
mg/ml, 0.05 mg/ml, 0.06 mg/ml, 0.07 mg/ml, 0.08 mg/mi, 0.09 mg/mi, 0.1 mg/mi, 0.15 mg/mi,
0.2 mg/ml, 0.3 mg/ml, 0.4 mg/ml, 0.5 mg/ml, 0.6 mg/ml, 0.7 mg/mol, 0.8 mg/ml, 0.9 mg/mi, or
1.0 mg/ml. In some embodiments, a suttable mRNA solution may contain an mRNA ata
concentration ranging from about 0.01-1.0 mg/ml, 0.01-0.9 mg/ml, 0.01-0.8 mg/ml, 0.01-0.7
mg/mi, 0.01-0.6 mg/ml, 0.01-0.5 mg/ml, 0.01-0.4 mg/mi, 0.01-0.3 mg/ml, 0.01-0.2 mg/mi, 0.01-
0.1 mg/ml, 0.05-1.0 mg/mi, 6.05-0.9 mg/ml, 0.05-0.8 mg/ml, 0.05-0.7 mg/mi, 0.05-0.6 mg/ml,
0.05-0.5 mg/mi, 0.05-0.4 mg/ml, 0.05-0.3 mg/ml, 0.05-0.2 mg/mi, 0.05-0.1 mg/ml, 0.1-1.0
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mg/ml, 0.2-0.9 mg/mi, 0.3-0.8 mg/ml, 0.4-0.7 mg/ml, or 0.5-0.6 mg/ml In some embodiments, a
suitable mRINA solution may contain an mRNA at a concentration up to about 5.0 mg/mi, 4.0
mg/ml, 3.0 mg/ml, 2.0 mg/ml, 1.0 mg/ml, 09 mg/ml, 0.08 mg/ml, 0.07 mg/ml, 0.06 mg/m}, or

0.05 mg/ml.

{3089} Typically, a suitable mRNA solution may also contain a buffering agent and/or
salt. Generally, buffering agents can include HEPES, ammonium sulfate, sodium bicarbonate,
sodium citrate, sodium acetate, potassium phosphate and sodium phosphate. In some
embodiments, suitable concentration of the buffering agent may range from about 0.1 mM to 100
mM, 0.5 mM to 90 mM, 1.0 mM to 80 mM, 2 mM to 70 mM, 3 mM to 60 mM, 4 mM to 50 mM,
SmM 1o 40 mM, 6 mM to 30 mM, 7 mM 1o 20 mM, S mMto 15 mM, or 9to 12 mM. In some
embodiments, suitable concentration of the buffering agent 1s or greater than about 0.1 mM, 0.5
mM, 1 mM, 2 mM, 4 mM, 6 mM, 8 mM, 10 mM, 15 mM, 20 mM, 25 mM, 30 mM, 35 mM, 40
mM, 45 mM, or 50 mM.

[8094] Exemplary salts can include sodium chloride, magnesium chloride, and potassium
chloride. In some embodiments, suitable concentration of salts in an mRNA solution may range
from about 1 mM to 300 mM, 5 mM to 400 mM, 10 mM to 350 mM, 15 mM to 300 mM, 20
mM to 250 mM, 30 mM to 200 mM, 40 mM to 190 mM, 50 mMto 180 mM, 50 mM 10 170
mM, 50 mM to 160 mM, 50 mM to 150 mM, or S0 mM to 100 mM. Salt concentration in a
suitable mRNA solution 1s or greater than about | mM, 5 mM, 10 mM, 20 mM, 30 M, 40 mM,

SO mM, 60 mM, 70 mM, 86 mM, 90 mM, or 100 mM.

18091} In some embodiments, a suitable mRNA solution may have a pH ranging from
about 3.5-6.5, 3.5-6.0,3.5-5.5,, 3.5-5.0, 3.5-4.5, 4.0-5.5,4.0-5.0,40-49, 40-48,40-47, 4.0-
4.6, or 4.0-4.5. In some embodiments, a suttable mRNA solution may have a pH of or no greater
than about 3.5,4.0,4.1,42,43,44,45,46,47,48,49,50,52,54,56,538,60,61,063,
and 6.5.

8831 Various methods may be used to prepare an mRNA solution suitable for the
present invention. In some embodiments, mRNA may be directly dissolved in a buffer solution

described herein. In some embodiments, an mRNA solution may be generated by mixing an
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mRNA stock solution with a buffer solution prior to mixing with a ipid solution for
encapsuiation. In some embodiments, an mRNA solution may be generated by mixing an
mRNA stock solution with a buffer solution immediately before mixing with a lipid solution for
encapsuiation. In some embodiments, a suitable mRNA stock solution may contain mRNA in
water at a concentration at or greater than about 0.2 mg/ml, 0.4 mg/ml, 0.5 mg/ml, 0.6 mg/mi,

\ /

0.8 mg/ml, 1.0 mg/ml, 1.2 mg/ml, 1.4 mg/mi, 1.5 mg/ml, or 1.6 mg/ml, 2.0 mg/ml, 2.5 mg/mi,

3.0 mg/ml, 3.5 mg/ml, 4.0 mg/ml, 4.5 mg/ml, or 5.0 mg/mi.

jB0%3] In some embodiments, the mRNA solution is prepared by mixing an mRNA stock
solution with a buffer solution using a pump. Exemplary pumps include but are not limited to
gear pumps, peristaltic pumps and centrifugal pumps. Typically, the buffer solution 1s mixed at a
rate greater than that of the mRNA stock solution. For example, the buffer solution may be
mixed at a rate at least 1x, 2x, 3x, 4x, 5x, 6x, 7x, 8x, 9x, 10x, 15x, or 20x greater than the rate of
the mRNA stock solution. In some embodiments, a buffer solution is mixed at a flow rate
ranging between about 100-6000 ml/minute (e.g., about 100-300 mU/minute, 300-600 ml/minute,
600-1200 ml/minute, 1200-2400 ml/minute, 2400-3600 ml/minute, 3600-4800 ml/minute, 4800-
6000 ml/minute, or 60-420 ml/minute). In some erobodiments, a buffer solution 1s nuxed ata
flow rate of or greater than about 60 ml/minute, 100 ml/minute, 140 ml/minute, 180 ml/minute,
220 ml/minute, 260 ml/minute, 300 mi/minute, 340 ml/nunute, 380 ml/minute, 420 ml/minute,
480 mib/minute, 540 ml/minute, 600 ml/minute, 1200 ml/minute, 2400 m/minute, 3600

ml/minute, 4800 m/minute, or 60600 mi/minute,

(8634} In some embodiments, an mRNA stock solution 18 mixed at a flow rate ranging
between about 10-600 ml/minute (e.g., about 5-50 ml/nunute, about 10-30 ml/minute, about 30-
60 ml/minute, about 60-120 ml/minute, about 120-240 ml/minute, about 240-360 mi/minute,
about 360-480 ml/minute, or about 480-600 mi/minute}. In some embodiments, an mRNA stock
solution 18 mixed at a flow rate of or greater than about 5 ml/munute, 10 mi/minute, 15
ml/minute, 20 mi/minute, 25 mi/minute, 30 mi/minute, 35 mi/mumite, 40 mi/minute, 45
mi/muinute, 50 ml/minute, 60 mi/minute, 80 mi/minute, 100 ml/minute, 200 ml/minute, 300

mi/minute, 400 ml/minute, 500 ml/minute, or 600 ml/minute.
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Lipid Solution

395} According to the present invention, a lipid solution contains a mixture of lipids
suitable to form lipid nanoparticles for encapsulation of mRNA. In some embodiments, a
suitable hipid solution 1s ethanol based. For example, a suttable lipid solution may contain a
mixture of desired liptds dissolved i pure ethanol (1.e., 100% ethanol}. In another embodiment,
a suitable lipid soletion is 1sopropyl alcohol based. In another embodiment, a suitable lipid
sofution is dimethylsulfoxide-based. In another embodiment, a suitable lipid solution is a

mixture of suitable solvents inchiding, but not imited to, ethanol, isopropyi alcohol and

o0

dimethylselfoxide.

3396} A suitable lipid solution may contain a mixture of desired lipids at various
concentrations. For example, a suitable lipid solution may contain a mixture of desired lipids at
a total concentration of or greater than about ¢.1 mg/mi, 0.5 mg/mi, 1.0 mg/mi, 2.0 mg/mi, 3.0
mg/mi, 4.0 mg/ml, 5.0 mg/ml, 6.0 mg/ml, 7.0 mg/ml, 8.0 mg/ml, 9.0 mg/ml, 10 mg/ml, 15
mg/ml, 20 mg/ml, 30 mg/ml, 40 mg/ml, 50 mg/ml, or 100 mg/ml In some embodiments, a
suitable lipid solution may contain a mixture of desired lipids at a total concentration ranging
from about 0.1-100 mg/ml, 0.5-90 mg/mi, 1.0-80 mg/ml, 1.0-70 mg/ml, 1.0-60 mg/ml, 1.0-50
mg/ml, 1.0-40 mg/ml, 1.0-30 mg/ml, 1.0-20 mg/m}, 1.0-15 mg/ml, 1.0-10 mg/ml, 1.0-9 mg/ml,
1.0-8 mg/ml, 1.0-7 mg/ml, 1.0-6 mg/ml, or 1.0-5 mg/ml. In some embodiments, a suitable lipid
solution may contain a mixture of desired lipids at a total concentration up to about 100 mg/mi,

90 mg/ml, 80 mg/ml, 70 mg/ml, 60 mg/ml, 50 mg/ml, 40 mg/ml, 30 mg/ml, 20 mg/ml, or 10

mg/ml.
{097} Any desired liptds may be mixed at any ratios suitable for encapsulating mRNAs.

In some embodiments, a suitable lipid solution contains a mixture of desired hipids including
cationic lipids, helper lipids (e.g. non cationic lipids and/or cholesterol hipids) and/or PEGylated
lipids. In some embodiments, a suitable lipid solution contains a mixture of desired lipids
mncluding one or more cationic lipids, one or more helper lipids (e.g non cationic hpids and/or

cholesterol lipids) and one or more PEGylated lipuds.

36



WO 2020/232276 PCT/US2020/032943

13098} An exemplary mixture of lipids for use with the invention 13 composed of four
lipid components: a cationic lipid, 8 non-cationic hipid {e.g., DSPC, DPPC, DOPE or DEPE), a
cholesterol-based lipid {e.g., cholesterol} and a PEG-modified lipid {e.g., DMG-PEG2K). In
some embodiments, the molar ratio of cationic lipid(s) to non-cationic lipid{s} to cholesterol-
based lipid(s) to PEG-modified lipid{s) may be between about 20-50:25-35.20-50:1-5,
respectively. In some embodiments, the ratio of cationic lipid(s) to non-cationic lipid{(s) to
cholesteroi-based lipid(s) to PEG-modified lipid(s) is approximately 20:30:48.5:1.5, respectively.
In some embodiments, the ratio of cationic lipid(s) to non-cationic lipid(s) to cholesterol-based
lipid(s) to PEG-modified lipid(s) 15 approximately 40:30:20:10, respectively. In some
embodiments, the ratio of cationic lipid{s} to non-cationic lipid(s}) to cholesterol-based lipid(s}) to
PEG-modified lipid(s) 1s approximately 40:30:25:5, respectively. In some embodiments, the
ratio of cationic lipid(s) to non-cationic lipid(s) to cholesterol-based lipid(s) to PEG-moditfied
lipid(s) 15 approximately 40:32:25:3, respectively. In some embodiments, the ratio of cationic
lipid(s) to non-cationic lipid(s) to cholesterol-based lipid(s) to PEG-moditied ipid(s) is

approximately 50:25:20:5.

(00} In some embodiments, a mixture of liptds for use with the invention may
comprise no more than three distinct lipid components. In some embodiments, one distinct lipid
component in such a nmixture 1s a cholesterol-based or 1midazol-based cationic lipid. An
exemplary nuxture of lipids may be composed of three hipid components: a cationic ipid{e.g., a
cholesterol-based or imidazol-based cationic lipid such as ICE, HGT4001 or HGT4002), a non-
cationic hipid (e g., DSPC, DPPC, DOPE or BEPE) and a PEG-modified hpd (e.g., DMG-
PEG2ZK). The molar ratio of cationic lipid to non-cationic hipid to PEG-modified hipid may be
between about 55-65:30-40:1-15, respectively. In some embodiments, a molar ratio of cationic
fipid (e.g., a cholesterol-based or imidazol-based hipid such as ICE, HGT4001 or HGT4002) to
non-cationic ipid {(e.g., DSPC, DPPC, DOPE or DEPE) to PEG-modified lipid (e g., DMG-
PEG2K) of 60:35:5 1s particularly suitable for use with the invention.

Cationic Lipids
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13188} As used herein, the phrase “cationic lipids” refers to any of a number of hipid
species that have a net positive charge at a selected pH, such as physiological pH. Several
cationic lipids have been described in the literature, many of which are commercially available.
Particularly suitable cationic lipids for use in the compositions and methods of the invention
mnclude those described in international patent publications WO 2010/053572 (and particularly,
(C12-200 described at paragraph [00225]) and WO 2012/170930, both of which are incorporated
herein by reference. In certain embodiments, cationic lipids suitable for the compositions and
methods of the invention include an ionizable cationic lipid described in U.S. provisional patent
application 61/617 468, filed March 29, 2012 (incorporated herein by reference), such as, e g,
(157, 1823-N N-dimethyl-6-(9Z, 127}-octadeca-9, 12-dien-l -yijtetracosa- 15,18-dien- 1 -amine
(HGTS5000), { 152, 182)-N N-dimethyl-6-((9Z, 12Z)-octadeca-9, 12-dien- 1 -yl)tetracosa-
4,15,18-trien-] -amine (HGTS5001), and (15Z2,187)-N, N-dimethyl-6-{((9Z, 12Z)-octadeca-9, 12-
dien- 1 -yltetracosa-5, 15, 18-trien- 1 ~amine (HGT5002),

(8161} In some embodiments, cationic lipids suitable for the compositions and methods
of the invention include cationic lipids such as 3,6-bis(4-(bis{{97,127)-2-hydroxyoctadeca-9,12-

dien-~1-yhamino}butyl)piperazine-2,5-dione (OF-02).

18182} In some embodiments, cationic lipids suitable tor the compositions and methods
of the invention include a cationic lipid described in WO 2015/184256 A2 entitled
“Biodegradable lipids for delivery of nucleic acids” which is incorporated by reference herein
such as 3-(4-(bis{2-hydroxydodecylaminoybuty}-6-(4-((2-hydroxydodecy (2~
hydroxyundecyllanmunobutyD-1,4-dioxane-2,5-dione (Target 23), 3-(5-(bis(2-
hydroxydodecylamino)pentan-2-y1}-6-(5-({ 2-hydroxydodecyl}{2-

hydroxyundecyljanmunojpentan-2-yi}-1,4-dioxane-2, 5-dione {Target 24).

HEERY In some embodiments, cationic lipids suitable for the compositions and methods
of the mvention include a cationic lipid described in WO 2013/063468 and in U.S. provisional
application entitled “Lipid Formulations for Belivery of Messenger RNA”, both of which are
meorporated by reference heren. In some embodiments, a cationic lipid comprises a compound

of formula f-cl-a;
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I-¢i-a,
or a pharmaceutically acceptable salt thereof, wherein:

each R? independently is hydrogen or Crsalkyl;

each q independently is 2 1o 6;

each R' independently 1s hydrogen or Cisalkyl;

and each R independently is Cs.12 alkyl.

{61641 In some embodiments, each R’ independently is hydrogen, methyl or ethyl. In
some embodiments, each R? independently is hvdrogen or methyl. In some embodiments, each

R* is hydrogen.

[ 185] In some embodiments, each ¢ independently 1s 3 to 6. In some embodiments,

each q independently 18 3 to 5. In some embodiments, each ¢ is 4.

186} In some embodiments, each R’ independently is hydrogen, methyl or ethyl. In
some embodiments, each R’ independently 1s hydrogen or methyl In some embodiments, each

R' independently is hydrogen.

{61671 In some embodiments, each R" independently is Cs-izallyl. In some
embodiments, each R independently is #-Ca-nalkyl. In some embodiments, each R"

independently is Co.i1alkyl. In some embodiments, each R" independently is #-Co.11alkyl In
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some embodiments, each R" independently is Coalkyl. In some embodiments, each RY

mdependently 18 #-Croalkyl.

{3188} In some embodiments, each R? independently is hydrogen or methyl; each g
independently is 3 to 5: each R' independently is hydrogen or methyl: and each R" independently

is Usazalkyl

(8169 In some embodiments, each R? is hvdrogen; each q independently is 3 to §; each

R' is hydrogen; and each R" independently is Cs-12 alkyl.

{8116 In some embodiments, each R? is hvdrogen; each q is 4; each R’ is hydrogen; and

each R" independently is Ca-inalkyl.

{8111} In some embodiments, a cationic lipid comprises a compound of formula §-g

HG

o

N

i

H@vz
RL

or a pharmaceutically acceptable salt thereof, wherein each R independently is Cs-nnalkyl. In

kg,

some embodiments, each R" independently is #-Cs.12 alkyl. In some embodiments, each R>
independently is Co.nalkyl In some embodiments, each R" independently is #-Co.nnalkyl In
some embodiments, each R" independently is Cuoalkyl. In some embodiments, each R" is n-Cio

alkyi

19112} In particular embodiments, a suitable cationic lipid 1s cKK-E12, or (3,6-bis(4-
{bis{Z-hvdroxydodecyljaninojbutyDpiperazine-2 S-dione). Structure of cKK-E12 1s shown

below:
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HO
{CHpjoCH;

N
“3/4{;;-;2)9@:-43

HO
HN

NH
OH
H3@(H2959‘<
N

HO
{CHz)oCHg
{8113} Other suitable cationic lipids include cleavable cationic lipids as described in
International Patent Publication WO 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:
. £ \\: ) RQ
Q-g* ?;;SMS/’

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

pyridyl; wherein Rz is selected from the group consisting of one of the following two formulas:

\4.«‘*' < R
N ' . 3
N M\y}“’w o Q
J ) A ‘./"’.-3‘-

.Er’ '/\t\\‘/l S G —
. AJ\ S r‘i . Rd-
e and

and wherein Rs and R4 are each independently selected from the group consisting of an
optionally substituted, variably saturated or unsaturated Ce—Cae alkyl and an optionally
substituted, variably saturated or unsaturated Cs—C20 acyl; and wherein n is zero or any positive
mteger {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,

“HGT40017, having a compound structure of:

(HGT4001)

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

~5 2

methods of the present invention include a cationic hipid, “H(GT4002,” having a compound

structure of;

(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;

(HGT4003)
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and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and
methods of the present invention include a cationic hipid, “H(GT4004,” having a compound

structure of;

/\/ .y et TN TN TN TN N
35 .

V' { ‘

(HGT4004)

and pharmaceutically acceptable salts thereof. In certain embodiments, the compositions and
methods of the present invention include a cationic lipid “H(GT400S,” having a compound

structure of;

fHa. ) _ | ' |
12 . - Q,-"\\//\\.Vf’\v ',/\y JWNI Ny /,..\
- ,\.S - S /Y‘ .

HN
L NP o P N NG NP

(HGT4005)
13114} and pharmaceutically acceptable salts thereof
{8115} Additional exemplary cationic lipids include those of formula T
R

HO& O
H R
HNL A
R”OH YN
s L\l/R
and pharmaceutically acceptable salts thereof

wherein,

Ris WW (“OF—OO”),
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R s 25 S R N N (“OF-017),

Ris ™ (“OF-027), or

Rls %\\/\N:::“ :::::'\\//:'—'—'—:'\/ (“OF"O.’%”)

(see, e.g., Fenton, Owen S| et al. "Bioinspired Alkenyl Amino Alcohol Tonizable Lipid Materials

for Highly Potent In Vivo mRNA Delivery." ddvanced materials (2016}).

[31is] In some embodiments, one or more cationic lipids suitable for the present
mvention may be N-[1-(2,3-dioleyloxy)propyl]-N,N, N-trimethylammonium chloride or
"DOTMA". (Feigner et al. (Proc. Nat'l Acad. Seci. 84, 7413 (1987); U.S. Pat. No. 4,897,355},
Other suitable cationic lipids include, for example, S-carboxyspermylglycinedioctadecylamide or
"DOGS," 2,3-dioleyloxy-N-[2(spermine-carboxamido)ethyl]-N,N-dimethyl-l-propanaminium or
"DOSPA" (Behr et al. Proc. Nat'l Acad. Sci. 86, 6982 (1989); U.S. Pat. No. 5,171,678, UK. Pat.
No. 5,334,761), 1,2-Dioleoyl-3-Dimethylammonium-Propane or "DODAP", 1 2-Dioleoyi-3-

Trimethylammonium-Propane or "DOTAP",

[EET Additional exemplary catiomic lipids also include 1,2-distearyloxy-N, N-dimethyl-
3-amunopropane or "DSDMA", 1 2-dioleyloxy-N,N-dimethyl-3-anminopropane or "DODMA", 1
2-~dilinoleyloxy-N, N-dimethyl-3-amnopropane or "BLmDMA", 1,2-dilinolenyloxy-N,N-
dimethy}-3-aminopropane or "DLenDMA", N-dioleyl-N,N-dimethyvlammonium chionide or
"DODACY, N N-distearyl-N,N-dimethylarnmonium bromide or "DDAB", N-¢1,2-
dimyristyloxyprop-3-y-N N-dimethyl-N-hydroxyethyl ammonium bromide or "DMRIE", 3-
dimethylamino-2-{cholest-5-en-3-beta-oxybutan-4-oxy -I-{ci s,¢18-9,12-
octadecadienoxy}propane or "CLinDMA", 2-[5'-(cholest-S-en-3-beta-oxy }-3'-oxapentoxy }-3-
dimethy 1-1-{cis,¢15-9', -2'-octadecadienoxy jpropane or "CpLinDMA", N N-dimethy}-3 4-
dioleyloxybenzylamine or "DMOBA", 1 ,2-N N'-diolevicarbamyl-3-dimethylaminopropane or
"DOcarbD AP, 2 3-Dilinolesvioxy-N, N-dimethylpropyiamine or "DLinDAP" 1 2-N N'-
Dilinoleylcarbamyl-3-dimethylaminopropane or "DLincarbDAP", | 2-Dilincleoylcarbamyi-3-
dimethviaminopropane or "BLinCBAP", 2 2-dilinoleyl-4-dimethylaminomethyl-{1,3{-dioxolane

of "DLin- -DMA", 2 2-dilinoleyi-4-dimethylaminoethyi-{1,3}-dioxolane or "DLin-K-XTC2-
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DMA", and 2-(2,2-di{({92,127}-octadeca-9.1 2-dien- 1-yi}-1 3-dioxolan-4-y1}-N,N-
dimethylethanamine (DLin-KC2-DMA)} (see, WO 2010/042877; Semple et al., Nature Biotech.
28 172-176 (2010}), or mixtures thereof. (Heyes, J., et al | J Controlled Release 107 276-287
{2005); Morrissey, DV, etal, Nat. Biotechnol. 23(8): 1003-1007 (2005}, PCT Publication
WO02005/121348A1). In some embodiments, one or more of the cationic lipids comprise at least

one of an imidazole, diatkylamino, or guanidinium motety.

{8118} In some embodiments, one or more cationic lipids may be chosen from XTC (2,2-
Dilinoley1-4-dimethylaminoethy-[1,3]-dioxolane), MC3 ({{6Z,97,287,317)-heptatriaconta-
6,9,28,31-tetraen-19-y1 4-(dimethylamino)butanoate), ALNY-100 ((3aR,5s,6a8)-N, N-dimethyl-
2,2~-di{{97,12Z)-octadeca-2,1 2-dienyiitetrahydro-3aH-cyclopenta{d} {1 ,3]dioxol-5-amine}},
NCO8-5 (4,7,13-tris(3-oxo-3-(undecylamino)propyl)-N1,N16-diundecyl-4,7,10,13-
tetraazahexadecane-1,16-dianude), DODAP (1,2-disleyl-3-dimethylammonium propane),
HGT4003 (WO 2012/170889, the teachings of which are incorporated herein by reference in
their entirety), ICE (WO 2011/068810, the teachings of which are incorporated herein by
reference in their entirety), HGT3000 (U.S. Provisional Patent Application No. 61/617,468, the
teachings of which are incorporated herein by reference in their entirety) or HGTS001 (cis or
trans) (Provisional Patent Application No. 61/617,468), aminoalcohol lipidoids such as those
disclosed 1n WO2010/053572, DOTAP (1,2-dioley]-3-trimethylammonium propane), DOTMA
{1,2-di-0-octadecenyl-3-trimethylammonium propane}, DLinDMA (Heyes, I.; Palmer, L.;
Bremner, K ; MacLachlan, I “Cationic lipid saturation influences mtracetlular dehivery of
encapsulated nucleic acids” J. Contr. Rel. 2008, 107, 276-287), DLin-KC2-BMA {Semple, 8.C.
et al. “Rational Design of Cationic Lipids for siRNA Delivery” Nature Biotech. 2010, 28, 172-
176), C12-200 (Love, K.T. et al. “Lipid-like materials for low-dose in vivo gene silencing”

PNAS 2010, 107, 1864-1869), N1GL, N2GL, VIGL and combinations thergof

[811%¢ In some embodiments, the one or more cationic lipids are amino lipids. Amine
fipids sustable for use in the invention include those described m WO2017180917, which 1s
hereby incorporated by reference. Exemplary aminolipids in W(2017180917 include those
described at paragraph [0744] such as DLin-MC3-DMA (MC3), (132,167}-N N-dimethyi-3-

nonyldocosa-13,16-dien-1-amine (L608), and Compound 18. Other amino lipids include
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Compound 2, Compound 23, Compound 27, Compound 10, and Compound 20. Further amino
lipids suitable for use in the mvention inchude those described i WO2017112865, which 18
hereby incorporated by reference. Exemplary amino lipids in WO2017112865 include a
compound according to one of formulae (1), (1ai}-(Ta6), (1b), (11}, (Ila), (111), (1ha), AV}, (17-1},
(19-1}, (19-11), and (20-1), and compounds of paragraphs [00185], {00201}, [0276]. In some
embodiments, cationic lipids suitable for use in the invention include those described in
WO02016118725, which 1s hereby mcorporated by reference. Exemplary cationic lipids in
WOZ2016118725 include those such as KL22 and KL25. In some embodiments, cationic lipids
suitable for use in the invention include those described in W02016118724, which 1s hereby
mcorporated by reference. Exemplary cationic lipids in WO2016118725 include those such as

KL10, 1 ,2-dilinoleyioxy-N N-dimethylammopropane (DLin-DMA), and KLZS.

[120] In some embodiments, cationic lipids constitute at least about 5%, 10%, 20%,
30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, or 70% of the total lipids in a suitable hipid
solution by weight or by molar. In some embodiments, cationic lipid(s) constitute(s) about 30-70
% {e.g., about 30-65%, about 30-60%, about 30-55%, about 30-50%, about 30-45%, about 30-
40%, about 35-50%, about 35-435%, or about 35-40%) of the total lipid mixture by weight or by

molar.
Non-cationic/Helper Lipids

(8121} As used herein, the phrase “non-cationic lipid” refers to any neutral, zwitterionic
or anionic hipid. As used herein, the phrase “anionic hipid” refers to any of a number of lipid
species that carry a net negative charge at a selected pH, such as physiological pH. Nouo-cationic
lipids include, but are not limited to, distearoylphosphatidyicholine (DSPC),
dioleoylphosphatidyicholine (BOPC), dipalmitoylphosphatidylcholine (DPPC),
dioleoylphosphatidylglycerol {DOPG), dipalmitoyiphosphatidylglyveercl (DPPG),
dioleoylphosphatidylethanolamine (DOPE), palmutovioleoylphosphatidylcholine (POP(C),
palmitoyloleoyl-phosphatidylethanolamine (POPE), dioleoyl-phosphatidylethanolamine 4-(N-
maleimidomethyl}-cyclohexane-l-carboxylate (DOPE-mal}), dipalmitoyl phosphatidyl

ethanolamine (DPPE}, dimyristoviphosphoethanolamine (BDMPE), distearoyl-phosphatidyl-
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ethanolamine (DSPE}, 1,2-dierucoyl-sn-glycero-3-phosphoethanolamine (BEPE), 16-0-
monomethyl PE, 16-0O-dimethyl PE, 18-1-trans PE, l-stearoyl-2-oleoyl-phosphatidyethanclamine
(SOPE), or a muxture thereof. In some embodiments, a mixture of lipids for use with the
mvention may inchude DSPC as a non-cationic lipid component. In some embodiments, a
nuxture of lipids for use with the invention may include DPPC as a non-cationic lipid
component. In some embodiments, a mixture of lipids for use with the invention may include
DOPE as a non-cationic lipid component. In other embodiments, a mixture of lipids for use with

the imvention may include DEPE as a non-cationic lipid component.

18122} In some embodiments, non-cationic lipids may constitute at least about 5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65% or 70% of the total lipids ina
suttable lipid solution 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 lipids in a suitable lipid solution by weight or by molar.
Cholesterol-based Lipids

(3123} In some embodiments, a suitable lipid solution mcludes one or more cholesterol-
based hipids. For example, suitable cholesterol-based cationic lipids include, for example, DC-
Chot (N,N-dimethyi-N-ethylcarboxamidocholesterol), 1,4-bis(3-N-oleylamino-propylipiperazine
{Gao, et al. Biochem. Biophys. Res. Comm. 179, 280 (1991}); Wolf et al. 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 ipids ina
suitable lipid solution by weight or by molar. In some embodiments, cholesterol-based hipid(s)
constitute(s) about 30-30 % (e.g., about 30-45%, about 30-40%, about 35-50%, about 35-45%, or

about 35-40%) of the total hipids 1o a suitable hipid solution by weight or by molar.
PEGylated Lipids

18124} In some embodiments, a suitable lipid solution includes one or more PEGylated
lipids. For example, the use of polyethylene glyvcol (PEG)-modified phospholipids and
derivatized lipids such as derivatized ceramides (PEG-CER), including N-Octanoyl-

Sphingosine-1-{Succinyl{Methoxy Polyethylene Glycol}-2000] (C8 PEG-2000 cerammide} s also
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contemplated by the present invention. Contemplated PEG-modified lipids include, but are not
limited to, a polvethylene glycol chain of up to 2kDa, up to 3 kDa, upto 4dkDaorupto S kDa mn
length covalently attached to a lipid with alkyl chain{s) of Ce-Cao length. In some embodiments,
a PEG-modified or PEGylated lipid 1s PEGvlated cholesterol or PEG-2K. For example, a
suitable lipid solution may include a PEG-modified lipid such as 1,2-dimyrnistoyi-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEG2K). In some embodiments, particularly useful

exchangeable lipids are PEG-ceramides having shorter acyl chains {e.g., Cis or Cis).

e

B125} PEG-modified phospholipid and derivatized lipids may constitute at least about

1%, 10%, 20%, 30%, 40%, 50%, 60%, or 70% of the total lipids in a suitable lipid solution by

i

weight or by molar. In some embodiments, the PEG-modified phospholipid and derivitized
lipids constitute about 0% to about 20%, about 0.5% to about 20%, about 1% to about 15%,
about 1.5% to about 5% of the total lipid present in the liposomal transfer vehicle. In some
embodiments, one or more PEG-modified lipids constitute about 1.5%, about 2%, about 3%
about 4% or about 5% of the total ipids by molar ratio. In some embodiments, PEGylated
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 in a suitable hipid solution by weight or by molar.

18126} Various combinations of lipids, 1.e., cationic lipids, non-cationic lipids, PEG-
modified lipids and optionally cholesterol, that can used to prepare, and that are comprised m,
pre-formed hipid nanoparticles are described in the literature and herein. For example, a suitable
lipid solution may contain cKK-E12, DOPE, cholesterol, and DMG-PEG2K; C12-200, DOPE,
cholesterol, and DMG-PEG2K; HGTS000, DOPE, cholesterol, and DMG-PEGZK,; HGTS001,
DOPE, cholesterol, and DMG-PEG2ZK; ¢kK-E12, DPPC, cholesterol, and DMG-PEGZK; Cl2-
200, DPPC, cholesterol, and DMG-PEGZK. HGT3000, DPPC, chol, and DMG-PEG2K,
HGTS5001, DPPC, cholesterol, and DMG-PEG2ZK; or ICE, DOPE and DMG-PEGZK Additional
combinations of lipids are described in the art, e g, U.S. Senal No. 62/420,421 (filed on
November 10, 2016), 11.S. Senal No. 62/421,021 (filed on November 11, 2016), U.S. Serial No.
62/464,327 {filed on February 27, 2017), and PCT Application entitled “Novel ICE-based Lipid
Nanoparticle Formulation for Delivery of mRNA,” filed on November 10, 2017, the disclosures

of which are included here in their full scope by reference. The selection of cationic lipids, non-
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cationic lipids and/or PEG-modified lipids which comprise the hipid mixture as well as the
relative molar ratio of such lipids to each other, is based upon the characteristics of the selected
lipid{s} and the nature of the and the characteristics of the mRNA to be encapsulated. Additional
considerations include, for example, the saturation of the alkyl chain, as well as the size, charge,
pH, pKa, fusogenicity and toxicity of the selected lipid{s). Thus the molar ratios may be

adjusted accordingly.
mRNA-L NP Fornuption

1127 The process of forming LNPs encapsulating mRNA (mRNA-LNPs) by mixing a
mRNA solution as described above with a lipid solution as described above, to yvield a LNP
formation solution suttable for mRNA-LNP formation has been described previously. For
example, U.S. Patent No. 9,668,980 entitled “Encapsulation of messenger RNA”, the entire
disclosure of which 15 hereby incorporated in its entirety, provides a process of encapsulating
messenger RNA (mRNA) in lipid nanoparticles by mixing an mRNA solution and a lipid
solution, wherein the mRNA solution and/or the lipid solution are heated to a pre-determined
temperature greater than ambient temperature prior to mixing, to form lipid nanoparticles that
encapsulate mRNA. Alternatively, the mRNA solution and the lipid solution can be mixed into
an LNP formation solution that provides for mRNA-LNP formation without heating any one or

more of the mRNA solution, the lipid solution and the LNP formation solution.

[O128] For certain cationic hipid nanoparticle formulations of mRNA, 1n order to achieve
enhance encapsulation of mRNA, the mRNA solution comprises a citrate buffer. In some
embodiments, the citrate-buffered mRNA solution is heated, e.g., to 65 degrees Celsius. In those
processes or methods, the heating s required to occur before the step of mixing the mRNA
solution with the lipid solution (1.e. heating the separate components) as heating post-mixing of
the mRNA solution with the lipid solution (post-formation of nanoparticles), heating of the LNP
formation solution, has been found to not increase the encapsulation efficiency of the mRNA in
the hipid nanoparticles. In some embodiments, one or both of the mRNA solution and the lipid

solution are maintained and mixed at ambient temperature.
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13129} As used herein, the term “ambient temperature” refers to the temperature ina
room, or the temperature which surrounds an object of interest without heating or cooling. In
some embodiments, the ambient temperature at which one or more of the solutions 1 maintained
is or 15 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 i1s 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
°(, 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 is maintained 1s 20-25 °C.

{138 Therefore, a pre-determined temperature greater than ambient temperature is
typically greater than about 25 'C. In 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.

{131 In some embodiments, the mRNA solution or lipid solution, or both, may be
heated to a pre-determined temperature above the ambient temperature prior to nuxing. In some
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
ipid solution are nuxed at the ambient temperature but then heated to the pre-deternuned
temperature after the muxing. In some embodiments, the hipid solution 1s heated to the pre-
determined temperature and nuxed with mRNA solution at ambient temperature. In some
embodiments, the mRNA solution 1s heated to the pre-determined temperature and mixed with

the lipid solution at ambient temperature,

{83132} In some embodiments, the mRNA solution s heated to the pre-determined
temperature by adding an mRNA stock solution that is at ambient temperature to a heated buffer

solution to achieve the desired pre-determined temperature,
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13133} In some embodiments, the lipid solution containing dissolved liptds may be
heated to a pre-determined temperature above the ambient temperature prior to mixing. [n some
embodiments, the lipid solution containing dissolved lipids is heated to the pre-determined
temperature separately prior to the mixing with the mRNA solution. In some embodiments, the
lipid solution containing dissolved lipids 1s muxed at ambient temperature with the mRNA
solution but then heated to a pre-determined temperature after the mixing. In some
embodiments, the lipid solution containing dissolved lipids is heated to a pre-determined
temperature and mixed with the mRNA solution at ambient temperature. In some embodiments,
no heating of the mRNA solution, the lipid solution or the LNP formation solution occurs before
or after the step of mixing one or more lipids in a lipid solution with one or more mRNAs inan
mRNA solution to form mRNA encapsulated within the ENPs (mRNA-LNPs) ina LNP

formation solution.

18134} In 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 accommaodate desired scale. It 1s 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 sustable pumps may
include, but are not hmited to, gear pumps and centrifugal pumps. Exemplary gear pumps
mclude, but are not limited to, Cole-Parmer or Diener gear pumps. Exemplary centrifugal

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

(8135} The mRNA solution and the lipid solution may be mixed at various flow rates.
Typically, the mRNA solotion may be mixed at a rate greater than that of the lipid solation. For
example, the mRNA solution may be mixed at a rate at least 1x, 2x, 3x, 4x, 5x, 6%, 7X, 8x, 9%,

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

(8136} Suitable flow rates for mixing may be deternuned based on the scales. In some
embodiments, an mRNA solution 1s mixed at a flow rate ranging from about 40-400 ml/minute,
60-500 ml/minute, 70-600 ml/minute, 30-700 ml/minute, 90-800 ml/munute, 100- 900 mb/minute,

110- 1000 mi/minute, 120-1100 mb/munute, 130- 1200 mli/munute, 140-1300 ml/minute, 150-
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1400 m/minute, 160- 1500 mi/minute, 170-1600 ml/minute, 180-1700 ml/minute, 150-250
ml/minute, 250-500 mi/minute, 500-1000 ml/munute, 1000-2000 ml/minute, 2000-3000
mi/minute, 3000-4000 mi/minute, or 4000-5000 ml/minute. In some embodiments, the mRNA
soluiion is mixed at a flow rate of about 200 ml/minute, about 500 ml/minute, about 1000
ml/minute, about 2000 ml/minute, about 3000 ml/minute, about 4000 mi/minute, or about SO00

ml/minute.

18137} In some embodiments, the lipid solution is mixed at a flow rate ranging from
about 25-75 mi/minute, 20-50 mi/minute, 25-75 mVminute, 30-90 ml/minute, 40-100 ml/minute,
50-110 ml/minute, 75-200 mVminute, 200-350 mi/minute, 350-500 mi/minute, 500-650
ml/minute, 650-850 mi/minute, or 850-1000 ml/minute. In some embodiments, the lipid solution
1s mixed at a flow rate of about 50 mi/minute, about 100 m/minute, about 150 mi/minute, about
200 mb/minute, about 250 mi/munute, about 300 m/minute, about 350 mi/minute, about 400
ml/minute, about 450 m/minute, about 500 mi/minute, about 330 ml/minute, about 600
ml/minute, about 650 mi/minute, about 700 mi/minute, about 750 m/minute, about 800
ml/minute, about 850 ml/minute, about 900 mi/minute, about 950 ml/munute, or about 1000

mi/minute,

Drug Product Formulation Solufion

[3138] The present invention is based in part on the surprising discovery that following
the mixture of mRINA solution and lipid solution into an LNP formation solution in which
mRINA-encapsulated LNPs are formed, and the subsequent exchange of the LNP formation
solution into a solution that constitutes the drug product formulation solution {e.g., 10%
trehalose), the encapsulation of mRNA in the LNPs can be further enhanced by heating the drug
product formulation solution that comprises the mRNA-LNPs as well as some free mRNA that

was not encapsulated 1n the LNP formation solution.

18136} The exchange of solution comprising mRNA-LNPs from LNP formation solution
to drug product formulation solution can be achieved by any of a variety of buffer exchange

technigues known in the art. For example, in some embodiments, this exchange of solution is

52



WO 2020/232276 PCT/US2020/032943

achieved by diafiltration. In some embodiments, the step of exchanging the LNP formation
sofution for a drug product formulation solution to provide mRNA-LNP in a drug product
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 puritication of
mRNA-LNPs or concentration of mRNA-LNPs in the solution. In some embodiments, the
solution 1s exchange and the mRNA-LNPs are purified using Tangential Flow Filtration.
Tangential flow filtration (TFYF), also referred to as cross-flow filtration, s 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 is collected downstream. It is important to note that the
desired materal s typically contained in the retentate in TFF, which 1s the opposite of what one

normally encounters i traditional-dead end filtration.

181406} Depending upon the matenial to be filtered, TFF is usually used for either
microfiliration or ultrafiltration. Microfiltration 1s typically defined as instances where the filter
has a pore size of between 0.05 um and 1.0 pm, inclusive, while ultrafiltration typically mvolves
filters with a pore size of less than 0.05 pm. Pore size also determines the nominal molecular
weight limuts (NMWL), also referred to as the molecular weight cut oft (MWCO) for a particular
filter, with microfiltration membranes typically having NMWLs of greater than 1,000 kilodaltons

{kDa) and sltrafiltration filters having NMWLs of between 1 kDa and 1,000 kDa.

jridi A principal advantage of tangential flow filtration is that non-permeable particles
that may aggregate i and block the filter (sometimes referred to as “filter cake™) during
traditional “dead-end” filtration, are instead carried along the surface of the filter. This
advantage allows tangential flow filtration to be widely used 1 industrial processes requiring
continuous operation since down time is significantly reduced because filters do not generally

need to be removed and cleaned.

143} Tangential flow filtration can be used for several purposes including solution
exchange, concentration and purification, among others. Concentration is a process whereby

solvent 1s removed from a solution while solute molecules are retamed. In order to effectively
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concentrate a sample, a membrane having a NMWL or MWCQO that 13 substantially lower than
the molecular weight of the solute molecules to be retained is used. Generally, one of skill may
select a filter having a NMWL or MWCO of three to six times below the molecular weight of the

target molecule(s).

{143} 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 mn solution. Diafiltration is often used to
remove salts or reaction buffers from a solution. Dhiafiltration may be either continuous or
discontinuous. In continuous diafiliration, a diafiltration solution is added to the sample feed at
the same rate that filtrate is generated. In discontinuous diafiltration, the solution is first diluted
and then concentrated back to the starting concentration. Discontinuous diafiltration may be

repeated until a desired concentration of nanoparticles is reached.

[81d4] The composition of the drug product formulation solution may include various
components found in drug product formulations. For example, in some embodiments, the drug

product formulation solution can include a buffer such as, for example, PBS.

[3145] In some embodiments, the drug product formulation solution may include a
buffering agent or salt. Exemplary buffering agent may include HEPES, ammonium sulfate,
sodium bicarbonate, sodium citrate, sodium acetate, potassium phosphate and sodium phosphate.

Exemplary salt may include sodium chlornide, magnesium chloride, and potassium chlonide.

3146} In some embodiments, the drug product formulation solution is an aqueous
solution comprising pharmaceutically acceptable excipients, including, but not linuted to, a
cryoprotectant. In some embodiments, the drug product formulation solution 1s an aqueous
solution comprising pharmaceutically acceptable excipients, including, but not linuted to, sugar,
such as one or more of trehalose, sucrose, mannose, lactose, and mannitol. In some
embodiments, the drug product formulation solution comprises trehalose. In some embodiments,
the drug product formulation solution comprises sucrose. In some embodiments, the drug

product formulation solution comprises mannose. In some embodiments, the drug product
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formulation solution comprises lactose. In some embodiments, the drug product formulation

sofution comprises mannitol.

18147} In some embodiments, the drug product formulation solution is an aqueous
sofution comprising 5% to 20% weight to volume of a sugar, such as of trehalose, sucrose,
mannose, lactose, and mannitol. In some embodiments, the drug product formulation solution 18
an agueous solution comprising 5% to 20% weight to volume of trehalose. In some
embodiments, the drug product formulation solution is an aqueous solution comprising 5% to
20% weight to volume of sucrose. In some embodiments, the drug product formulation solution
15 an aqueous solution comprising 5% to 20% weight to volume of mannose. In some
embodiments, the drug product formulation solution is an agueous solution comprising 5% to
20% weight to volume of lactose. In some embodiments, the drug product formulation solution

is an aqueous solution comprising 5% to 20% weight to volume of mannitol.

[0148] In some embodiments, the drug product formulation solution s an aqueous
solution comprising about 10% weight to volume of a sugar, such as of trehalose, sucrose,
mannose, lactose, and mannitol. In some embodiments, the drug product formulation solution is
an aqueous solution comprising about 10% weight to volume of trehalose. In some
ernbodiments, the drug product formulation solution 1s an aqueous solution comprising about
10% weight to volume of sucrose. In some embodiments, the drug product formulation solution
15 an aqueous solution comprising about 10% weight to volume of mannose. In some
embodiments, the drug product formulation solution 1s an agueous solution comprising about
10% weight to volume of lactose. In some embodiments, the drug product formulation solution

1s an aqueous solution comprising about 10% weight to volume of mannitol.

(8149} 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 embodiments, the drug
product formulation solution includes only residual citrate. In some embodiments, the drug
product formulation solution mcludes only residual non-aqueocus solvent, such as ethanol. In
some embodiments, the drug product formulation solution contains less than about 10mM (e.g.,

less than about 9mM, about 3mM, about 7mM, about 6mM, about SmM, about 4mM, about
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3mM, about 2mM, or aboutimM) of citrate. In some embodiments, the drug product
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, the drug product 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, the drug product
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, the drug product 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 subject.

[3150] In some embodiments, the drug product formulation solution has a pH between
pH 4.5 and pH 7.5. In some embodiments, the drug product formulation solution has a pH
between pH 5.0 and pH 7.0, In some embodiments, the drug product formulation solution has a
pH between pH 5.5 and pH 7.0. In some embodiments, the drug product formulation solution
has a pH above pH 4.5, In some embodiments, the drug product formulation solution has a pH
above pH 5.0, In some embodiments, the drug product formulation solution has a pH above pH
5.5, In some embodiments, the drug product formulation solution has a pH above pH 6.0. In

some embodiments, the drug product formulation solution has a pH above pH 6.5,

[HESE In some embodiments, the improved or enhanced amount of encapsulation of
MRNA-LNPs in the drug product formulation solution following heating 1s retained after
subsequent freeze-thaw of the drug product formulation solution. In some embodiments, the

drug product formulation solution 18 10% trehalose and can be stably frozen.

(53 In some embodiments, mRNA-LNPs in the drug product 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, the drug product formulation solution does

not require any downstream purification or processing and can be stably stored in frozen form.
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Provided ILNPs Encapsulating mRNA (mRNA-LNPs)

[HIS3Y A process according to the present invention results in lugher potency and
efficacy thereby allowing for lower doses thereby shifting the therapeutic index i a positive
direction. In some embodiments, the process according to the present invention results in
homogeneous and small particle sizes. In some embodiments, the process according to the
present invention results in homogeneous and small particle sizes of 200 nm or less. In some
embodiments, the process according to the present invention results in homogeneous and small
particie sizes of 150 nm or less. In some embodiments, the process according to the present
mvention results in homogeneous and small particle sizes as well as significantly improved

encapsulation efficiency and/or mRNA recovery rate as compared 10 a prior art process.

81541 Thus, the present invention provides a composition comprising purtfied mRNA-
encapsulated nanoparticles described herein. In some embodiments, majority of mRNA-
encapsulated nanoparticles in a composition, 1.€., greater than about 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the purified nanoparticles, have a size
of about 150 nm (e.g., about 145 nm, about 140 nm, about 135 nm, about 130 nm, about 125 nm,
about 120 nm, about 115 nm, about 110 nm, about 105 nm, about 100 nm, about 95 nm, about 90
nm, about 85 nm, or about 80 nm). In some embodiments, substantially all of the purified
nanoparticles have a size of about 150 nm (e g., about 145 nm, about 140 nm, about 135 nm,
about 130 nm, about 125 nm, about 120 nm, about 115 nm, about 110 nm, about 105 nm, about
100 nn, about 95 nm, about 90 nm, about 85 nm, or about 80 nm}. The exemplary process
described herein routinely vields lipid nanoparticle compositions, in which the lipid
nanoparticles have an average size of about 150 nm or less, e.g., between 75 nmand 150 nm, in

particular between 100 num and 150 nm.

18155} In addition, homogeneous nanoparticles with narrow particle size range are
achieved by a process of the present invention. For example, greater than about 70%, 75%, 80%,
85%, 90%, 95%, 96%, 97%, 98%, 99% of the purified nanoparticles in a composition provided

by the present invention have a size ranging from about 75-200 nm (e.g., about 75-150 nm, about
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75-140 nm, about 75-135 nm, about 75-130 nm, about 75-125 nm, about 75-120 nm, about 75-
115 nm, about 75-110 nm, about 75-105 nm, about 75-100 nm, about 75-95 nm, about 75-90 nm,
or 75-85 nm}. In some embodiments, substantially all of the purified nanoparticies have a size
ranging from about 75-200 nm {e.g., about 75-150 nm, about 75-140 nm, about 75-135 nm,
about 75-130 nm, about 75-125 nm, about 75-120 nm, about 75-115 nm, about 75-110 nm, about

75-105 am, about 75-100 nm, about 75-95 nm, about 75-90 nm, or 75-85 nmy).

13156} In some embodiments, the dispersity, or measure of heterogenetty in size of
molecules (PDI), of nanoparticles in a composition provided by the present invention s less than
about 0.23 (e.g., less than about 0.3, 0.2, 0.19, 0.18, 0.17, 0.16, 0.15, 0.14, 0.13, 0.12, 0.11, 0.10,
0.09, or 0.08). The exemplary process described herein routinely vields lipid nanoparticle

composttions with a PD of about 0.15 or less, e.g. between about 0.01 and 0.15.

{3187} In some embodiments, greater than about 75%, 80%, 83%, 90%, 95%, 96%, 97%,
98%, or 99% of the nanoparticles in a composition provided by the present invention encapsulate
an mRNA within each individual particle. In some embodiments, substantially all of the

nanoparticles in a composition encapsulate an mRNA within each individual particle.

[3158] In some embodiments, a LNP according to the present invention contains at least
about 1 mg, 5 mg, 10 mg, 100 mg, 500 mg, or 1000 mg of encapsulated mRNA. In some
embodiments, a process according to the present invention results in greater than about 60%,

65%, 0%, T75%, B0%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% recovery of mRNA.

j8159] In some embodiments, a composition according to the present invention 18
formulated so as to admimister doses to a subject. In some embodiments, a composition of
mRNA-encapsulated LNPs as described herein is formulated at a dose concentration of less than
1.0 mg/kg mRNA lipid nanoparticles {e.g., 0.6 mg/'kg, 0.5 mg/kg, 0.3 mg/kg, 0.016 mg/kg. 0.05
mg/kg, and 0.016 mg/kg. In some embodiments, the dose 13 decreased due to the unexpected
finding that lower doses yield high potency and efficacy. In some embodiments, the dose is
decreased by about 70%, 65%, 60%, 55%, 50%, 45% or 40%.

(8168} In some embodiments, the potency of mRNA-encapsulated LNPs produced by the

present invention is from more than 100% (1.e., more than 200%, more than 300%, more than
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400%, more than 500%, more than 600%, more than 700%, more than 800%, or more than

900%;) to more than 1000% more potent when prepared by including step {¢).

EXAMPLES

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

example serve only to illustrate the mvention and are not intended to bimit the same.
Lipid Materials

163} The formulations described mn the following Example, unless otherwise specified,
contain a mutti-component ipid mixture of varying ratios employing one or more cationic hipids,
helper lipids {e.g., non-~cationic hipids and/or cholesterol lipids}) and PEGylated lipids designed to

encapsulate vanous nucleic acid materials, as discussed previously.

Example 1. Enhanced Encapsalation of mRNA within Lipid Nanoparticies by Additional Step
of Heating Drug Product Formulation Selution

(8163} This example iltustrates an exemplary process of the present for enhanced
encapsulation of mRNA within a lipid nanoparticle by applying Process A and subsequently
exchanging the LNP formation solution comprising mRNA-LNPs and free mRNA with a drug
product formulation solution and heating that drug product sclution. As used herein, Process A
refers to a conventional method of encapsulating mRNA by mixing mRNA with a muxture 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 incorporated by

reference.

{83104} An exemplary formulation Process A is shown in FIG. 1. In this process, in some
embodiments, a lipid solution in which LNP component lipids are dissolved {e.g., a solution

comprising ethanol} and an aquecus mRNA solution (comprising citrate at pH 4.5} were

prepared separately. In particular, the lipid solution {cationic lipid, helper lipids, zwitterionic
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lipids, PEG Lipids etc.} was prepared by dissolving lipids in ethanol. The mRNA solution was
prepared by dissolving the mRNA m citrate buffer, resulting in mRNA in citrate buffer with a
pH of 4.5. The mixtures were then both heated to 65 “C prior to mixing. Then, these two
sofutions were mixed using a pump system to provide mRNA-encapsulated LNPs in LNP
formation solution comprising a mixture of lipid solution and mRNA solution. In some
mstances, the two solutions were mixed using a gear pump system. In certain embodiments, the

two solutions were mixing using a 17 junction (or “Y” junction).

{8165} The LNP formation solution comprising mRNA-LNPs and free mRNA then was
diafiltered with a TFF process. As part of that process, the LNP formation solution was removed
and replaced with a drug product formulation solution comprising 10% trehalose. As shown in
FIG. 2, the resultant mRNA-LNPs and free mRNA in the drug product formulation solution then
was heated to 65 °C for 15 miunutes. Following heating, the mRNA-LNPs and free mRNA in the

drug product formulation solution was cooled and stored at 2-8 °C for subsequent analysis.

[3165] The above-described encapsulation process, as outlined in FIG. 2, was performed
for 12 different mRNA-LNPs, as more specifically described in Table 1 below. For each test
article, the amount of mRNA encapsulated in the formed LNPs was measured before and after
heating 1n the drug product formulation solution of 10% trehalose, using a kit RiboGreen assay
to measure free RNA according to published methods followed by a calculation to deternnne
encapsulated mRNA. In addition, the same assay was used to measure the amount of mRNA
encapsulated in the formed LNPs following subsequent freeze-thaw, to determine if the
enhanced encapsulation observed from heating the mRNA-LNPs in the drug product formulation

remained generally constant with subsequent freeze-thawing of the mRNA-LNPs.

Table 1. mRNA-LNPs prepared according to the present invention

LNP Lipid Ratio % 5 % Size Size
- . - - P - (] -
Te_st Ca‘fm_smc (catmmfc_hpas_i . PEG- RNA encapsulation encapsulation encapsulation {nm}/PDI {nm}/PDI
Article Lipid modified lipid : before after heatin post freeze- before after
Cholesterol : DOPE} heating g thaw heating heating
1 S 15285030 FEL 316 70.8 Nottested | 220.3/0.148 | 236/0.129
Lipid #1
. Cationic . - e . . ..
2 i an 40:3:25:32 [a2EN £89.9 90.6 Not tested 114.9/0.1 114.7/0.08
Lipid #2
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3 Cationic & 44 5. 48.5:30 EPO 75 80 Nottested | 134/0.378 1 125.1/0.213
Lipid #3
Cationic ) R - . . . .
4 AHOMC 4 5011548530 FFL 54 6O Nottested | 145.7/0.373 | 133.6/
Lipid #3
Cationic "
5 Cing | 20715:48.5:30 EPO 35 69 Nottested | 125.3/0.088 | 136.7/0.106
5 Lationie 1 o0 5. 485130 FEL 25 58 Nottested | 134.6/0.132 | 137.8/0.117
Lipid #4
g | Cationic 40:3:25:32 oTC 35 91 7.7 120/0.20 | 118.5/0.218
Lipid #5
8 Cationic 40:5:725:30 oTC 14.2 77.9 64.9 172.2/0.215 | 120.3/0.1
Lipid #5
Cationic . - - o - Py
9 atonic 40:5:25:30 EFO 58.5 73.1 75.3 116.3/0.173 | 117.3/0
Lipid #6
1g | CAtionic 40:5:25:30 FEL 46.3 52.7 52.2 153.8/0.168 | 150.9/0.
Lipid #6
Cationic . R . . . R
11 Ao 20:1.5:48.5 : 30 EPO 29.3 77 62.8 161.9/0.035 | 141.2/0.024
Lipid #7
Cationic . N .
12| sy | 20:15:485:30 FFL 13.9 &6 55 180.5/0.028 | 147.4/0.041
{8167} As shown in Table 1 and in FIG. 3, the % encapsulation of mRNA encapsulated

in the formed LNPs was significantly following heating in the drug product formulation solution
as compared to just prior to heating in the same drug product formulation solution, for all test
articles assessed. Moreover, this enhanced encapsulation was maintained even following

subsequent freeze-thaw of the mRNA-LNPs in the same drug product formulation solution.

{3168} Taken together, the data in this example shows that there is a substantial increase
in encapsulation for mRNA-encapsulated hipid nanoparticles produced by Process A followed by

heating in the drug product formulation solution.

Example 2, In Vivo Expression of hEPO delivered by mRBNA-1.NPs After Heating Drug
Product Formulation Solution

(8169} This example confirms that there is a substantial increase in encapsulation for
mRNA-encapsulated lipid nanoparticles produced by Process A followed by heating m the drug
product formulation solution. Furthermore, the data in this example show an in vivo expression
of human EPO (hEPO) i mice after adouristration of hEPO oRNA encapsulated 10 hipid

nanoparticles prepared according to the present invention.
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13178 In this example, hEPO mRNA were encapsulated in lipid nanoparticles shown in
Table 2, as described in Example 1. For each test article, the amount of mRNA encapsulated in
the formed LINPs was measured before and after heating in the drug product formulation solution

of 10 mM citrate in 10% sucrose, using a method described in example 1.

13171} As shown in Table 2, the % encapsulation of mRNA encapsulated in the formed
LNPs was significantly following heating in the drug product formulation solution as compared
to just prior to heating m the same drug product formulation solution, for all test articles (each

comprising different cationic lipids} assessed.

{3172} Next, mice were administered via intramuscular route, a single dose at 1 ug/30 ul
of hEPO mRNA encapsulated lipid nanoparticles produced by Process A, after heating the drug
formulation. Serum levels of hEPQ protein were measured 6 hours and 24 hours after

administration.

18173) The levels of hEPO protein in the serum of mice after freatment can be used to
evaluate the potency of mRNA via the different delivery methods. As shown in Table 2, the
hEPO mRNA lipid nanoparticle formulation intramuscularly injected resulted in high levels of

REPO protein.

Fable 2, Characteristics and in vive expression of mRNA-LMPs prepared according to the

present invention

Size betore | EE after {6 hour EFC 24 howr EPO
Composition {nm) | PDI heating { heating {ng/mbL)} (ng/mL}
MATE-GILA4-E16: DMG-
PEG: Cholestersl DOPE
40:1.5:28.5:30 117 1018 46 %% &7 % 2 834+0. 89 544033
MATE-SucZ-E18:2:
CRPEG2-
Ceramide: Cholesterol. DOPE
40:1.5:28.5:30 122 1048 50 % 73 %% 5. 20+0.39 117402
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MATE-Suc2-E14: CRPEG2-
Cermmide: Cholesterol: DOPE
403:1.5:13.5:45 119 1012 63 % 75 % 1033074 4.10+0.27

Fxamplie 3. In Vive Expression of mRNA delivered by Pulmonary Administration

{01744

This example confirms that there is a substantial increase in encapsulation for

mRNA-encapsulated lipid nanoparticles produced by Process A followed by heating in the drug

product formulation solution, which s applicable across a wide variety of cationic lipids.

Furthermore, the data in this example show an &1 vivo expression of mRNA n mice after

pulmonary admnistration of mRNA encapsulated in ipid nanoparticles prepared according to

the present invention.

[0175]

In this example, mRNA were encapsulated in lipid nanoparticles shown in Table

3, as described in Example 1. For each test article, the amount of mRNA encapsulated in the

formed LNPs was measured before and after heating in the drug product formulation, using a

method described in example 1.

Table 3. Characteristics of mRNA-LNPs prepaved according to the present invention

Yl E Yl E
Sample Cationic Composition (DMG- Size (nm) | PDI b;fife a(f‘ziﬂ
amp Lipid PEG2008:cat:chol: DOPE) | 7 . .
heating heating
A VD3-DMA 5:40:25:30 5688 g.19 33 869
. Cationic e s iy
5:60:4:3 G127 87 Q)
B Lipid #8 H0:0:35 68 i 7 22
Cationic s .
: 5:60:0: 3 0.17¢ 5 77
C Lipid 49 3:60:0:35 33 0.178 6
Cationic . s
40:25:30 2,06 K 2 9
D Lipid #10 5:40:25:30 72.09 0.13 5 93
Cationic s
5. 4000y G20 4t by
E Lipid #11 3:60:0:35 63 3.201 {9 86
¥ TLI-10D- 3:40:25:32 1432 | 0244 63.8 76
PiP
Cattonic . . . .
& R = 2 L -
& Lipid 412 5:60:6:33 719 0.193 58 64
Cationic - o Y _
$:60:6:33 64.8 2 55
H Lipid #13 5:.60:6:3 64 .8 0.15 0 894
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i Li;ig’i; 5:60:0:35 61.1 0.14 53.0 88.2

J 122;02?% 5:60:0:35 55 0.224 58 68

K ;;‘;ﬂzﬁ) 5:60:0:35 50 0.171 44 89

L ;;;i;;z‘{: 5:40:25:30 53 0.204 39 8

M ;;;i;;z‘{‘g 5:40:25:30 50 0.258 55 9%
{8176} As shown in Table 3 and FIG. 4, the % encapsulation of mRNA encapsulated in

the formed LINPs was significantly following heating in the drug product formulation solution as
compared to just prior to heating in the same drug product formulation solution, for all test

articles {each comprising different cationic lipids) assessed.

{61771 Next, mice were admunistered via pulmonary delivery, 10 ng of mRNA-LNPs
prepared by Process A, after heating the drug formulation. Fluorescence level of the expressed
protein was measured 24 hours post dosing. Protein expression as a results of the delivered
mRNA was measured in p/s/cm?/st unit, as shown in FIG. 8. The data show that mRNA lipid
nanoparticle formulation administered by pulmonary delivery resulted in high levels of protein
exXpression.

{3178} Taken together, the data in this example shows that mRNA-LNPs prepared by the
present invention results in high encapsulation efficiency, which translates 1nto high expression

and potency.

EQUIVALENTS

{8179 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 invention
described herein. The scope of the present invention is not intended to be limted to the above

Description, but rather is as set forth in the following claims:
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CLAIMS
We claim:

1. A process of encapsulating messenger RNA (mRNA) in hipid nanoparticles (LNPs)
comprising the steps of’

{(a) mixing one or more lipids 1n a lipid solution with one or more mRNAs in an mRNA
solution to form mRNA encapsulated within the ENPs (mRNA-LNPs) n a lipid nanoparticle
(LNP) formation solution;

(b} exchanging the LNP formation solution for a drug product formulation solution to
provide mRNA-LNP in a drug product formulation solution; and

(c) heating the mRNA-LNP in the drug product formulation solution;

wherein the encapsulation efficiency of the mRNA-LNPs resulting from step (¢} 15
greater than the encapsulation efficiency of the mRNA-LNPs resulting from step (b).

2. The process according to claim 1, wherein in step (a) the one or more hipids include one

or more cationic lipids, one or more helper lipids, and one or more PEG-modified lipids.

3. The process according to claim 2, wherein the lipids further comprise one or more

cholesterol hipids {e.g., cholesterol).

4. The process according to any one of the preceding claims, wherein in step () the one or
more cationic hipids are selected from ¢KK-E12, OF-02, C12-200, MC3, BDLinDMA,
DLinkCZDMA, ICE (Imidazol-based), HGTS000, HGTS001, HGT4001, HGT4002, HGT4003,
HGT4004, HGT4005, DODAC, DDAB, DMRIE, DOSPA, DOGS, DODAP, BODMA and
DMBDMA, DODAC, DLenDMA, DMRIE, CLinDMA, CpLinDMA, DMOBA, DOcarbDAP,
DLinDAP, DLincarbDAP, DLinCDAP, KLin-K-DMA, DLin-K-XTC2-BMA, 3-(4-{bis(2-
hydroxydodecyDamino)butyl}-6-(4-{(2-hydroxydodecyl }( 2-hydroxyundecyDamino)butyl}- 1,4~
dioxane-2,5-dione (Target 23}, 3-(S-(bis(2-hydroxydodecyllamino)pentan-2-y1)-6-(5-((2-
hydroxydodecy}{2-hydroxyvundecyllamino}pentan-2-yi}-1,4-dioxane-2, 5-dione (Target 24),

NIGL, N2GL, VIGL, and combinations thereof .
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5. The process according to any one of claims 2-4, wherein in step {(a) the one or more
helper lipids are selected from distearoviphosphatidylcholine (DSPC),
dioleoylphosphatidylcholine (BOP(C), dipalmitoyiphosphatidylcholine (DPPC),
dioleoylphosphatidylglycerol (DOPG), dipalmitoyiphosphatidyiglycerol (DPPG),
dioleoylphosphatidylethanolamine (DOPE), palmitoyloleoviphosphatidylcholine (POPC),
palmitoyloleoyl-phosphatidylethanolamine (POPE), dioleoyl-phosphatidylethanolamine 4-(N-
maletmidomethyl}-cyclohexane-l-carboxylate (DOPE-mal), dipalmitoyl phosphatidyl
ethanolamine (DPPE}, dimyristoylphosphoethanclamine (DMPE), distearoyl-phosphatidyl-
ethanolamine (DSPE), 1,2-dierucoyl-sn-glycero-3-phosphoethanolamine (DEPE), 16-0O-
monomethyl PE, 16-O-dimethyl PE, 18-1-trans PE, I-stearoyi-2Z-oleoyl-phosphatidyethanolamine

(SOPE), and combinations thereof..

6. The process according to claim 1, wherein in step (a) the one or more PEG-modified
lipids comprise a polyethylene glycol chain of up to 2kDa, up to 3 kDa, upto 4kDa orup to S

kDa m length covalently attached to a lipid with alky! chain{s) of Cs-Cao length.

7. The process according to any one of the preceding claims, wherein the lipid component
of the lipid solution consists of:

{a} a cationic lipid,

{b) a helper lipid,

{c} a cholesterol-based lipid, and

{dy a PEG-modified hipid.

3 The process according to claim 8, wherein the molar ratio of the cationic lipid to helper

lipid to cholesterol-based lipid to PEG-modified lipid 15 about 20-50:25-35:20-50:1-5.

9. The process according to any one of claims 1-6, wherein the lipid component of the lipid

solution consists of
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{a} cationic hipid,
{b} a helper lipid,
{c} a PEG-modified lipid.

10. The process according to claim 9, wherein the cationic lipid 15 a cholesterol-based or

mudazol-based cationic lipid.

11 The process according to claim 9 or 10, wherein the molar ratio of the cationic lipid to

helper lipid to PEG-modified lipid 1s about 55-65:30-40:1-15.

12, The process according to any one of the preceding claims, wherein the mRNA encodes

for a protein or peptide.

13, The process according to any one of the preceding claims, wherein i step (¢} the drug
product formulation solution is heated by applying heat from a heat source to the solution and the
solution is maintained at a temperature greater than ambient temperature for between 10 and 20

minutes.

14, The process according to claim 13, wherein, the temperature greater than ambient

temperature 15 about 60-70°C

18, The process according to any one of the preceding claims, wherein the encapsulation
efficiency following step (¢} provides at least 5% or more over the encapsulation efficiency

followmng step (b).
16. The process according to any one of the preceding claims, wherein the encapsulation

efficiency following step (¢} is improved by at feast 10% or more from the encapsulation

efficiency following step (b}.
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17. The process according to any one of the preceding claims, wherein in step (a) the lipid

sofution comprises lipids dissolved in ethanol.

18 The process according to any one of the preceding claims, wherein in step (a) the mRNA

solution comprises mRNA dissolved in citrate buffer.

19. The process according to any one of the preceding claims, wherein the drug product
formulation solution is an aqueous solution comprising pharmaceutically acceptable excipients

COMPprising a cryoprotectant.

20. The process according to any one of the preceding claims, wherein the drug product

formulation solution is an aqueous solution comprising sugar.

~5

21 The process according to claim 20, wherein the sugar is selected from the group

consisting of one or more of trehalose, sucrose, mannose, lactose, and mannitol.

22 The process according to claim 21, wherein the sugar comprises {rehalose.

23. The process according to any one of the preceding claims, wherein in step (b) the drug
product formulation solution 1s an aqueous solution comprising about 10% weight to volume of

trehalose

24, The process according to any one of the preceding claims, wherein both ethanol and

citrate are absent from the drug product formulation solution.
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25. The process according to any one of the preceding claims, wherein the lipid solution
comprises ethanol, the mRNA solution comprises citrate, and both ethanol and citrate are absent

from the drug product formulation solution.

26. The process according to any one of the preceding claims, wherein the mRNA solution

has a pH less than pH 5.0.

27. The process according to any one of the preceding claims, wherein the drug product

formulation solution has a pH between pH 5.6 and pH 7.0.
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