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(57) ABSTRACT

The present invention provides, among other things, meth-
ods of purifying messenger RNA (mRNA) including the
steps of (a) precipitating mRNA from an impure preparation;
(b) subjecting the impure preparation comprising precipi-
tated mRNA to a purification process involving membrane
filtration such that the precipitated mRNA is captured by a
membrane; and (¢) eluting the captured precipitated mRNA
from the membrane by re-solubilizing the mRNA, thereby
resulting in a purified mRNA solution. In some embodi-
ments, a purification process involving membrane filtration
suitable for the present invention is tangential flow filtration.

Specification includes a Sequence Listing.
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METHODS FOR PURIFICATION OF
MESSENGER RNA

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation application of
U.S. application Ser. No. 17/344,535, filed on Jun. 10, 2021
which is a continuation application of U.S. application Ser.
No. 16/196,664, filed on Nov. 20, 2018, now U.S. Pat. No.
11,059,841, issued on Jul. 13, 2021 which is a continuation
application of U.S. application Ser. No. 15/831,252, filed
Dec. 4, 2017, now U.S. Pat. No. 10,155,785, issued on Dec.
18, 2018, which is a continuation application of U.S. appli-
cation Ser. No. 14/696,140, filed on Apr. 24, 2015, now U.S.
Pat. No. 9,850,269, issued on Dec. 26, 2017, which claims
priority to U.S. Provisional Application Ser. No. 61/984,503,
filed Apr. 25, 2014, the disclosure of which is hereby
incorporated by reference.

BACKGROUND

[0002] Messenger RNA therapy is becoming an increas-
ingly important approach for the treatment of a variety of
diseases. Messenger RNA therapy involves administration
of messenger RNA (mRNA) into a patient in need of the
therapy and production of the protein encoded by the mRNA
within the patient body. Thus, there is a great need for large
scale production of highly pure and safe mRNA product
suitable for therapeutic use.

INCORPORATION BY REFERENCE OF
SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing
which has been filed electronically in XML format and is
hereby incorporated by reference in its entirety. Said ASCII
copy created on Jul. 5, 2022 is named “MRT-1134US6_
ST26.xml” is 16 Kilobytes (KB) in size.

SUMMARY OF THE INVENTION

[0004] The present invention provides improved methods
for effective purification of messenger RNA (mRNA), in
particular, in vitro synthesized mRNA suitable for therapeu-
tic use. The present invention is, in part, based on the
surprising discovery that precipitation of mRNA followed
by membrane filtration, a highly unusual combination,
resulted in unexpectedly successful large scale production of
high quality mRNA.

[0005] Thus, in one aspect, the present invention provides
methods of purifying messenger RNA (mRNA) including
the steps of (a) precipitating mRNA from an impure prepa-
ration; (b) subjecting the impure preparation comprising
precipitated mRNA to a purification process involving mem-
brane filtration such that the precipitated mRNA is captured
by a membrane; and (c) eluting the captured precipitated
mRNA from the membrane by re-solubilizing the mRNA,
thereby resulting in a purified mRNA solution. In some
embodiments, a purification process involving membrane
filtration suitable for the present invention is tangential flow
filtration. In some embodiments, a purification process
involving membrane filtration suitable for the present inven-
tion is direct flow filtration.

[0006] In some embodiments, the step of precipitating
mRNA comprises treating the impure preparation with a
solution comprising a reagent selected from the group
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consisting of lithium chloride, sodium chloride, potassium
chloride, guanidinium chloride, guanidinium thiocyanate,
guanidinium isothiocyanate, ammonium acetate and combi-
nations thereof. In some embodiments, a suitable reagent is
guanidinium thiocyanate.

[0007] In some embodiments, a solution suitable for
mRNA precipitation comprises guanidinium thiocyanate at a
concentration of about 1 M or greater, of about 2 M or
greater, of about 3 M or greater, of about 4 M or greater, of
about 5 M or greater, of about 6 M or greater, of about 7 M
or greater, of about 8 M or greater, of about 9 M or greater,
or of about 10 M or greater. In some embodiments, a
solution suitable for mRNA precipitation comprises guani-
dinium thiocyanate at a concentration of about 4M. In some
such embodiments, a suitable solution further includes
sodium lauryl sarcosyl and/or sodium citrate. For example,
in certain embodiments, a solution suitable for mRNA
precipitation comprises 4M guanidinium thiocyanate, 0.5%
sodium lauryl sarcosyl, and 25 mM sodium citrate. In certain
embodiments, a solution suitable for mRNA precipitation
comprises 4M guanidinium thiocyanate, and 0.5% sodium
lauryl sarcosyl. In certain embodiments, a solution suitable
for mRNA precipitation comprises 4M guanidinium thio-
cyanate, and 25 mM sodium citrate.

[0008] In some embodiments, the step of precipitating
mRNA further comprises a step of treating the impure
preparation with absolute ethanol.

[0009] In some embodiments, the step of precipitating
mRNA further comprises a step of treating the impure
preparation with isopropyl alcohol.

[0010] Insome embodiments, a membrane suitable for the
present invention is made of material selected from the
group consisting of polyethersulfone (mPES) (not modi-
fied), polyethersulfone (mPES) hollow fiber membrane,
polyvinylidene fluoride (PVDF), cellulose acetate, nitrocel-
lulose, MCE (mixed cellulose esters), ultra-high MW poly-
ethylene (UPE), polyfluorotetraethylene (PTFE), nylon, and
combination thereof.

[0011] In some embodiments, a method according to the
invention further comprises washing the captured precipi-
tated mRNA before eluting. In some embodiments, the
washing step comprises multiple rinse cycles using a wash
solution comprising a guanidinium buffer and ethanol, fol-
lowed by about 70-80% ethanol (e.g., about 70%, 75%, or
80% ethanol). In some embodiments, the multiple rinse
cycles suitable for the present invention are at least 5 or
more than 5 cycles (e.g., about 5 to 10 cycles or about 5, 6,
7, 8, 9 or 10 cycles).

[0012] In some embodiments, the eluting step comprises
re-solubilizing the captured precipitated mRNA with
RNAse-free water. In some embodiments, the RNAse-free
water is re-circulated for about 5-10 minutes (e.g., for about
5, 6,7, 8,9 or 10 minutes).

[0013] In some embodiments, a method according to the
present invention further comprises a step of dialyzing the
purified mRNA solution. In some embodiments, the purified
mRNA solution is dialyzed with 1 mM sodium citrate using
a 100 kDa molecular weight cut-off (MWCO) membrane.
[0014] Invarious embodiments, the present invention may
be used to purify mRNA in vitro synthesized from an impure
preparation containing an in vitro mRNA synthesis reaction
mixture. In some embodiments, the impure preparation
comprises prematurely aborted RNA sequences and/or
enzyme reagents used in in vitro synthesis.
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[0015] In some embodiments, the purified mRNA solution
contains less than about 5% (e.g., less than about 4.5%, 4%,
3.5%, 3%, 2.5%, 2%, 1.5%, 1%, 0.5%, 0.1%) of prematurely
aborted RNA sequences and/or enzyme reagents used in in
vitro synthesis. In certain embodiments, the purified mRNA
solution contains less than about 1% (e.g., less than about
0.9%, 0.8%, 0.7%, 0.6%, 0.5%) of prematurely aborted
RNA sequences and/or enzyme reagents used in in vitro
synthesis. In certain embodiments, the purified mRNA solu-
tion contains less than about 0.5% (e.g., less than about
0.4%, 0.3%, 0.2%, or 0.1%) of prematurely aborted RNA
sequences and/or enzyme reagents used in in vitro synthesis.
In some embodiments, the purified mRNA solution contains
less than about 0.1% of prematurely aborted RN A sequences
and/or enzyme reagents used in in vitro synthesis. In some
embodiments, the purified mRNA solution is substantially
free of prematurely aborted RNA sequences and/or enzyme
reagents used in in vitro synthesis.

[0016] In some embodiments, the prematurely aborted
RNA sequences and/or enzyme reagents used in in vitro
synthesis are measured via silver stain, gel electrophoresis,
high-performance liquid chromatography (HPLC), ultra-
performance liquid chromatography (UPLC), and/or capil-
lary electrophoresis.

[0017] In some embodiments, the prematurely aborted
RNA sequences contain less than 15 bases (e.g., less than 14,
13, 12, 11, 10, 9, 8, 7, 6, 5, 4, or 3 bases). In some
embodiments, the prematurely aborted RNA sequences con-
tain about 8-15, 8-14, 8-13, 8-12, 8-11, or 8-10 bases.
[0018] Insomeembodiments, the enzyme reagents used in
in vitro synthesis comprise T7 RNA polymerase, DNAse I,
pyrophosphatase, and/or RNAse inhibitor.

[0019] In some embodiments, the mRNA is purified at a
scale of or greater than 1 gram, 5 gram, 10 gram, 15 gram,
20 gram, 25 gram, 30 gram, 35 gram, 40 gram, 45 gram, 50
gram, 75 gram, 100 gram, 150 gram, 200 gram, 250 gram,
300 gram, 350 gram, 400 gram, 450 gram, 500 gram, 550
gram, 600 gram, 650 gram, 700 gram, 750 gram, 800 gram,
850 gram, 900 gram, 950 gram, 1 kg, 2.5 kg, 5 kg, 7.5 kg,
10 kg, 25 kg, 50 kg, 75 kg, or 100 kg per batch. As shown
in the examples below, a batch comprising purified mRNA
in the amount of 10 gram or greater (25 gram or more) can
be achieved easily with the methods of the invention.

[0020] In some embodiments, the mRNA is purified
before a cap and/or tail are added to the mRNA. In some
embodiments, the mRNA is purified after a cap and/or tail
are added to the mRNA. In some embodiments, the mRNA
is purified after a cap is added. In some embodiments, the
mRNA is purified both before and after a cap and/or tail are
added to the mRNA.

[0021] Insome embodiments, the mRNA is or greater than
about 1 kb, 1.5 kb, 2 kb, 2.5 kb, 3 kb, 3.5 kb, 4 kb, 4.5 kb,
5 kb, 6 kb, 7 kb, 8 kb, 9 kb, 10 kb, 11 kb, 12 kb, 13 kb, 14
kb, 15 kb, or 20 kb in length.

[0022] In some embodiments, the mRNA comprises one
or more modifications to enhance stability. In some embodi-
ments, the one or more modifications comprise modified
nucleotide and/or modified sugar phosphate backbones. In
some embodiments, the mRNA is unmodified.

[0023] In some embodiments, the purified mRNA has an
integrity of or greater than about 95% (e.g., of or greater than
about 96%, 97%, 98%, or 99%). In some embodiments, the
purified mRNA has an integrity of or greater than about
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98%. In some embodiments, the purified mRNA has an
integrity of or greater than about 99%.

[0024] In some embodiments, the present invention pro-
vides a method of purifying messenger RNA (mRNA),
comprising (a) precipitating mRNA from an impure prepa-
ration; (b) subjecting the impure preparation comprising
precipitated mRNA to tangential flow filtration such that the
precipitated mRNA is captured by a filtration membrane
while impurities are discarded through permeation; and (c)
eluting the captured precipitated mRNA by re-solubilizing
the precipitated mRNA, resulting in a purified mRNA solu-
tion.

[0025] In another aspect, the present invention provides a
method for manufacturing messenger RNA (mRNA) com-
prising synthesizing mRNA in vitro; and purifying the in
vitro synthesized mRNA using a method described herein.
[0026] Among other things, the present invention also
provides a messenger RNA (mRNA) purified using a
method described herein.

[0027] In another aspect, the present invention also pro-
vides a batch of purified mRNA comprising 5 gram or more
of a single mRNA species suitable for administration to a
human subject. In some embodiments, the batch comprises
10 gram of more of a single mRNA species. In some
embodiments, the batch comprises 25 gram of more of a
single mRNA species. In some embodiments, the batch is
substantially free of impurities from an mRNA synthesis
process. In some embodiments, the batch is substantially
free of prematurely aborted RNA sequences, DNA tem-
plates, and/or enzyme reagents used in in vitro synthesis of
the single mRNA species. In some embodiments, the puri-
fied mRNA contains less than about 5% of enzyme reagents
used in in vitro synthesis. In some embodiments, the purified
mRNA has an integrity greater than about 95%.

[0028] In another aspect, the present invention also pro-
vides a composition comprising messenger RNA purified
using a method as described herein.

[0029] In another aspect, the present invention also pro-
vides a composition comprising in vitro synthesized mes-
senger RNA, wherein the composition contains less than 1%
of prematurely aborted RNA sequences and/or enzyme
reagents used in in vitro synthesis.

[0030] In another aspect, the present invention also pro-
vides a composition comprising in vitro synthesized mes-
senger RNA (mRNA), wherein the mRNA has an integrity
of or greater than 95%.

[0031] As used in this application, the terms “about” and
“approximately” are used as equivalents. Any numerals used
in this application with or without about/approximately are
meant to cover any normal fluctuations appreciated by one
of ordinary skill in the relevant art.

[0032] Other features, objects, and advantages of the pres-
ent invention are apparent in the detailed description that
follows. It should be understood, however, that the detailed
description, while indicating embodiments of the present
invention, is 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
from the detailed description.

BRIEF DESCRIPTION OF THE DRAWING

[0033] The following figures are for illustration purposes
only and not for limitation.
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[0034] FIG.1 depicts an exemplary process for large-scale
purification of mRNA involving load, wash and elute steps.
For example, the precipitated mRNA can be loaded to
membranes such that the precipitated mRNA may be cap-
tured as retentate while soluble impurities as well as
insoluble ones less than 0.22 um are discarded through the
permeate. After capture, the solid precipitate is washed with
various buffers followed by re-solubilization and elution for
a pure messenger RNA product.

[0035] FIG. 2 shows an exemplary silver-stained protein
gel of modified cystic fibrosis transmembrane conductance
regulator (CFTR) mRNA from an initial 1 gram in vitro
transcription (IVT) reaction according to provided methods
(with three elutions) and control enzymes present in the IVT
reaction.

[0036] FIG. 3 shows an exemplary silver-stained protein
gel of modified CFTR mRNA from an initial 1.5 gram in
vitro transcription (IVT) reaction according to provided
methods (with six elutions) and control enzymes present in
the IVT reaction.

[0037] FIG. 4 shows the length of exemplary mRNA in in
vitro transcription (IVT) samples of modified CFTR mRNA
purified and filtered according to provided methods as
shown by agarose gel electrophoresis. Full integrity
remained for modified CFTR mRNA post large-scale pre-
cipitation.

[0038] FIG. 5 shows an exemplary silver-stained protein
gel of argininosuccinate synthetase (ASS1) mRNA from an
initial 1 gram in vitro transcription (IVT) reaction according
to provided methods (with five elutions) and control
enzymes present in the IVT reaction.

[0039] FIG. 6 shows an exemplary SYPRO-stained pro-
tein gel of argininosuccinate synthetase (ASS1) mRNA from
an initial 1 gram in vitro transcription (IVT) reaction accord-
ing to provided methods (with five elutions) and control
enzymes present in the IVT reaction.

[0040] FIG. 7 shows the length of exemplary mRNA in in
vitro transcription (IVT) samples of ASS1 mRNA purified
and filtered according to provided methods as shown by
agarose gel electrophoresis. Full integrity remained for
ASS1 mRNA post large-scale precipitation.

[0041] FIG. 8 shows an exemplary silver-stained protein
gel of firefly luciferase (FFL) mRNA from an initial in vitro
transcription (IVT) reaction according to provided methods
(with either a single or double precipitation) and control
enzymes present in the IVT reaction.

[0042] FIG. 9 shows an exemplary SYPRO-stained pro-
tein gel of firefly luciferase (FFL) mRNA from an initial in
vitro transcription (IVT) reaction according to provided
methods (with either a single or double precipitation) and
control enzymes present in the IVT reaction.

[0043] FIG. 10 shows the length of exemplary mRNA in
in vitro transcription (IVT) samples of firefly luciferase
(FFL) mRNA purified and filtered according to provided
methods as shown by agarose gel electrophoresis. Full
integrity remained for FFL. mRNA post large-scale precipi-
tation and re-precipitation.

[0044] FIG. 11 shows an exemplary silver-stained protein
gel of argininosuccinate synthetase (ASS1) mRNA from a
final capping and tailing reaction (with three elutions) and
control enzymes present in the capping and tailing reactions.
[0045] FIG. 12 shows the length of exemplary final ASS1
mRNA purified and filtered according to provided methods
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as shown by agarose gel electrophoresis. Full integrity
remained for ASS1 mRNA post large-scale precipitation and
re-precipitation.

[0046] FIG. 13 shows exemplary luminescence observed
within cell lysates of FFL mRNA treated HEK293T cells.
Cells were harvested 24 hours post-transfection. A compari-
son of vendor derived mRNA versus spin-column purified
mRNA (commercial kit) versus precipitation-TFF purified
FFL mRNA translational ability is represented.

[0047] FIG. 14 shows exemplary CFTR protein levels
observed within cell lysates of hCFTR mRNA-transfected
HEK293T cells. Cells were harvested 24 hours post-trans-
fection. A comparison of TFF purified mRNA versus spin-
column (commercial kit) hCFTR mRNA translational ability
is represented.

[0048] FIG. 15 shows the length of an exemplary mRNA
from an in vitro transcription (IVT) sample of argininosuc-
cinate synthetase (ASS1) mRNA purified and filtered
according to provided methods. Full integrity remained for
ASS1 mRNA post large-scale (5G) precipitation.

[0049] FIG. 16 shows the length of an exemplary mRNA
from an in vitro transcription (IVT) sample of argininosuc-
cinate synthetase (ASS1) mRNA (pre- and post-capped/
tailed) purified and filtered according to provided methods.
Full integrity remained for ASS1 mRNA post large-scale
(5G) precipitation.

[0050] FIG. 17 shows an exemplary silver-stained protein
gel of argininosuccinate synthetase (ASS1) mRNA after
final purification (5G) according to provided methods as
well as control enzymes present in the reaction.

[0051] FIG. 18 shows exemplary human ASS1 protein
production observed within cell lysates of ASS1 mRNA
treated HEK293T cells. Cells were harvested 24 hours
post-transfection. A comparison of spin-column purified
mRNA (commercial kit) versus precipitation-TFF purified
ASS1 mRNA (5QG) translational ability is represented.
[0052] FIG. 19 shows the length of an exemplary mRNA
in in vitro transcription (IVT) sample of cystic fibrosis
transmembrane conductance regulator (CFTR) mRNA (pre-
and post-capped/tailed) purified and filtered according to
provided methods as shown by agarose gel electrophoresis.
Full integrity remained for CFTR mRNA post large-scale
(10G) precipitation.

[0053] FIG. 20 shows an exemplary silver-stained protein
gel of cystic fibrosis transmembrane conductance regulator
(CFTR) mRNA after final purification (10G) according to
provided methods as well as control enzymes present in the
reaction.

[0054] FIG. 21 shows exemplary CFTR protein levels
observed within cell lysates of hCFTR mRNA-transfected
HEK293T cells from a large scale production and purifica-
tion. Cells were harvested 24 hours post-transfection.
[0055] FIG. 22 shows the length of an exemplary mRNA
in in vitro transcription (IVT) sample of argininosuccinate
synthetase (ASS1) mRNA at 25G scale production. Full
integrity remained for ASS1 mRNA post large-scale (25G)
isolation.

DEFINITIONS

[0056] 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.



US 2022/0402958 Al

[0057] Animal: As used herein, the term “animal” refers to
any member of the animal kingdom. In some embodiments,
“animal” 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 is 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 include, but
are not limited to, mammals, birds, reptiles, amphibians,
fish, insects, and/or worms. In some embodiments, an ani-
mal may be a transgenic animal, genetically-engineered
animal, and/or a clone.

[0058] 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 “approxi-
mately” or “about” refers to a range of values 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).

[0059] Biologically active: As used herein, the phrase
“biologically active” refers to a characteristic of any agent
that has activity in a biological system, and particularly in an
organism. For instance, an agent that, when administered to
an organism, has a biological effect on that organism, is
considered to be biologically active.

[0060] Expression: As used herein, “expression” of a
nucleic acid sequence refers to translation of an mRNA into
a polypeptide, assembly of multiple polypeptides into an
intact protein and/or post-translational modification of a
polypeptide or fully assembled protein. In this application,
the terms “expression” and “production,” and grammatical
equivalent, are used inter-changeably.

[0061] Functional: As used herein, a “functional” biologi-
cal molecule is a biological molecule in a form in which it
exhibits a property and/or activity by which it is character-
ized.

[0062] Improve, increase, or reduce: As used herein, the
terms “improve,” “increase” or “reduce,” or grammatical
equivalents, indicate values that are relative to a baseline
measurement, such as a measurement in the same individual
prior to initiation of the treatment described herein, or a
measurement in a control subject (or multiple control sub-
ject) in the absence of the treatment described herein. 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.

[0063] Impurities: 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.

[0064] In Vitro: As used herein, the term “in vitro” refers
to events that occur in an artificial environment, e.g., in a test
tube or reaction vessel, in cell culture, etc., rather than within
a multi-cellular organism.

[0065] 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-
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based systems, the term may be used to refer to events that
occur within a living cell (as opposed to, for example, in
vitro systems).

[0066] Isolated: As used herein, the term “isolated” refers
to a substance and/or entity that has been (1) separated from
atleast some of the components with which it was associated
when initially 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 may 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 initially associated. In
some embodiments, isolated agents are about 80%, 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” if it is substantially free of other com-
ponents. As used herein, calculation of percent purity of
isolated substances and/or entities should not include excipi-
ents (e.g., buffer, solvent, water, etc.).

[0067] messenger RNA (mRNA): As used herein, the term
“messenger RNA (mRNA)” refers to a polynucleotide that
encodes at least one polypeptide. mRNA as used herein
encompasses both modified and unmodified RNA. mRNA
may contain one or more coding and non-coding regions.
[0068] mRNA integrity: As used herein, the term “mRNA
integrity” generally refers to the quality of mRNA. In some
embodiments, mRNA integrity refers to the percentage of
mRNA that is not degraded after a purification process (e.g.,
tangential flow filtration). mRNA integrity may be deter-
mined using methods well known in the art, for example, by
RNA agarose gel electrophoresis (e.g., Ausubel et al., John
Weley & Sons, Inc., 1997, Current Protocols in Molecular
Biology).

[0069] 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 polynucle-
otide chain. In some embodiments, a nucleic acid is a
compound and/or substance that is or can be incorporated
into 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 polynucle-
otide 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 similar terms include nucleic acid analogs, i.e.,
analogs having other than a phosphodiester backbone. For
example, the so-called “peptide nucleic acids,” which are
known in the art and have peptide bonds instead of phos-
phodiester bonds in the backbone, are considered within the
scope of the present invention. The term “nucleotide
sequence encoding an amino acid sequence” includes all
nucleotide sequences that are degenerate versions of each
other and/or encode the same amino acid sequence. Nucleo-
tide sequences that encode proteins and/or RNA may include
introns. Nucleic acids can be purified from natural sources,
produced using recombinant expression systems and option-
ally purified, chemically synthesized, etc. Where appropri-
ate, e.g., in the case of chemically synthesized molecules,
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nucleic acids can comprise nucleoside analogs such as
analogs having chemically modified bases or sugars, back-
bone modifications, etc. A nucleic acid sequence is presented
in the 5' to 3' direction unless otherwise indicated. In some
embodiments, a nucleic acid is or comprises natural nucleo-
sides (e.g., adenosine, thymidine, guanosine, cytidine, uri-
dine, deoxyadenosine, deoxythymidine, deoxyguanosine,
and deoxycytidine); nucleoside analogs (e.g., 2-aminoad-
enosine, 2-thiothymidine, inosine, pyrrolo-pyrimidine,
3-methyl adenosine, 5-methylcytidine, C-5 propynyl-cyti-
dine, C-5 propynyl-uridine, 2-aminoadenosine, C5-bromou-
ridine, C5-fluorouridine, C5-iodouridine, C5-propynyl-uri-
dine, CS5-propynyl-cytidine, C5-methylcytidine,
2-aminoadenosine, 7-deazaadenosine, 7-deazaguanosine,
8-oxoadenosine, 8-oxoguanosine, Q(6)-methylguanine, and
2-thiocytidine); chemically modified bases; biologically
modified bases (e.g., methylated bases); intercalated bases;
modified sugars (e.g., 2'-fluororibose, ribose, 2'-deoxyri-
bose, arabinose, and hexose); and/or modified phosphate
groups (e.g., phosphorothioates and 5'-N-phosphoramidite
linkages). In some embodiments, the present invention is
specifically directed to “unmodified nucleic acids,” meaning
nucleic acids (e.g., polynucleotides and residues, including
nucleotides and/or nucleosides) that have not been chemi-
cally modified in order to facilitate or achieve delivery.
[0070] Patient: As used herein, the term “patient” or
“subject” refers to any organism to which a provided com-
position may be administered, e.g., for experimental, diag-
nostic, 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 embodiments, a patient is a human. A human includes
pre and post natal forms.

[0071] Pharmaceutically acceptable: The term “pharma-
ceutically 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, irritation, allergic
response, or other problem or complication, commensurate
with a reasonable benefit/risk ratio.

[0072] Prematurely aborted RNA sequences: The term
“prematurely aborted RNA sequences”, as used herein,
refers to incomplete products of an mRNA synthesis reac-
tion (e.g., an in vitro synthesis reaction). For a variety of
reasons, RNA polymerases do not always complete tran-
scription of a DNA template; i.e., RNA synthesis terminates
prematurely. Possible causes of premature termination of
RNA synthesis include quality of the DNA template, poly-
merase terminator sequences for a particular polymerase
present in the template, degraded buffers, temperature,
depletion of ribonucleotides, and mRNA secondary struc-
tures. Prematurely aborted RNA sequences may be any
length that is less than the intended length of the desired
transcriptional product. For example, prematurely aborted
mRNA sequences may be less than 1000 bases, less than 500
bases, less than 100 bases, less than 50 bases, less than 40
bases, less than 30 bases, less than 20 bases, less than 15
bases, less than 10 bases or fewer.

[0073] Salt: As used herein the term “salt” refers to an
ionic compound that does or may result from a neutraliza-
tion reaction between an acid and a base.

[0074] Subject: As used herein, the term “‘subject” refers
to a human or any non-human animal (e.g., mouse, rat,
rabbit, dog, cat, cattle, swine, sheep, horse or primate). A
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human includes pre- and post-natal forms. In many embodi-
ments, a subject is a human being. A subject can be a patient,
which refers to a human presenting to a medical provider for
diagnosis or treatment of a disease. The term “subject” is
used herein interchangeably with “individual” or “patient.”
A subject can be afflicted with or is susceptible to a disease
or disorder but may or may not display symptoms of the
disease or disorder.

[0075] Substantially: As used herein, the term “substan-
tially” refers to the qualitative condition of exhibiting total
or near-total extent or degree of a characteristic or property
of interest. One of ordinary skill in the biological arts will
understand that biological and chemical phenomena rarely,
if ever, go to completion and/or proceed to completeness or
achieve or avoid an absolute result. The term “substantially”
is therefore used herein to capture the potential lack of
completeness inherent in many biological and chemical
phenomena.

[0076] Substantially free: As used herein, the term “sub-
stantially free” refers to a state in which relatively little or no
amount of a substance to be removed (e.g., prematurely
aborted RNA sequences) are present. For example, “sub-
stantially free of prematurely aborted RNA sequences”
means the prematurely aborted RNA sequences are present
at a level less than approximately 5%, 4%, 3%, 2%, 1.0%,
0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, 0.1% or
less (w/w) of the impurity. Alternatively, “substantially free
of prematurely aborted RNA sequences” means the prema-
turely aborted RNA sequences are present at a level less than
about 100 ng, 90 ng, 80 ng, 70 ng, 60 ng, 50 ng, 40 ng, 30
ng, 20 ng, 10 ng, 1 ng, 500 pg, 100 pg, 50 pg, 10 pg, or less.

DETAILED DESCRIPTION

[0077]) The present invention provides, among other
things, improved methods for purifying mRNA from an
impure preparation (e.g., in vitro synthesis reaction mixture)
based on a process involving precipitating mRNA followed
by membrane filtration (e.g., tangential flow filtration).
[0078] Various aspects of the invention are described in
detail in the following sections. The use of sections is not
meant to limit the invention. Each section can apply to any
aspect of the invention. In this application, the use of “or”
means “and/or” unless stated otherwise.

Synthesis of mRNA

[0079] The present invention may be used to purify any
mRNA. mRNA is typically thought of as the type of RNA
that carries information from DNA to the ribosome. The
existence of mRNA is typically very brief and includes
processing and translation, followed by degradation. Typi-
cally, in eukaryotic organisms, mRNA processing comprises
the addition of a “cap” on the N-terminal (5') end, and a
“tail” on the C-terminal (3') end. A typical cap is a 7-meth-
ylguanosine cap, which is a guanosine that is linked through
a 5'-5'-triphosphate bond to the first transcribed nucleotide.
The presence of the cap is important in providing resistance
to nucleases found in most eukaryotic cells. The tail is
typically a polyadenylation event whereby a polyadenylyl
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 ribosomes into a series of amino acids that make up a
protein.

[0080] mRNAs according to the present invention may be
synthesized according to any of a variety of known methods.
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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 include DTT and
magnesium ions, and an appropriate RNA polymerase (e.g.,
T3, T7 or SP6 RNA polymerase), DNAse I, pyrophos-
phatase, and/or RNAse inhibitor. The exact conditions will
vary according to the specific application. The presence of
these reagents is undesirable in the final product according
to several embodiments and may thus be referred to as
impurities and a preparation containing one or more of these
impurities may be referred to as an impure preparation.

[0081] According to various embodiments, the present
invention may be used to purify in vitro synthesized mRNA
of a variety of lengths. In some embodiments, the present
invention may be used to purify in vitro synthesized mRNA
of or greater than about 1 kb, 1.5 kb, 2 kb, 2.5 kb, 3 kb, 3.5
kb, 4 kb, 4.5 kb, 5 kb 6 kb, 7 kb, 8 kb, 9 kb, 10 kb, 11 kb,
12 kb, 13 kb, 14 kb, 15 kb, or 20 kb in length. In some
embodiments, the present invention may be used to purify in
vitro synthesized mRNA ranging from about 1-20 kb, about
1-15 kb, about 1-10 kb, about 5-20 kb, about 5-15 kb, about
5-12 kb, about 5-10 kb, about 8-20 kb, or about 8-15 kb in
length. For example, typical mRNAs may be about 1 kb to
about 5 kb in length. More typically, the mRNA will have a
length of about 1 kb to about 3 kb. However, in some
embodiments, the mRNA in the composition of the inven-
tion is much longer (greater than about 20 kb). In some
embodiments, the present invention may be used to purify
mRNA containing one or more modifications that typically
enhance stability. In some embodiments, one or more modi-
fications are selected from modified nucleotide, modified
sugar phosphate backbones, 5' and/or 3' untranslated region.
In some embodiments, the present invention may be used to
purify in vitro synthesized mRNA that is unmodified.

[0082] Typically, mRNAs are modified to enhance stabil-
ity. Modifications of mRNA can include, for example,
modifications of the nucleotides of the RNA. An modified
mRNA according to the invention can thus include, for
example, backbone modifications, sugar modifications or
base modifications. In some embodiments, antibody encod-
ing mRNAs (e.g., heavy chain and light chain encoding
mRNAs) may be synthesized from naturally occurring
nucleotides and/or nucleotide analogues (modified nucleo-
tides) including, but not limited to, purines (adenine (A),
guanine (G)) or pyrimidines (thymine (T), cytosine (C),
uracil (U)), and as modified nucleotides analogues or deriva-
tives of purines and pyrimidines, such as e.g. 1-methyl-
adenine, 2-methyl-adenine, 2-methylthio-N-6-isopentenyl-
adenine, N6-methyl-adenine, N6-isopentenyl-adenine,
2-thio-cytosine,  3-methyl-cytosine,  4-acetyl-cytosine,
S-methyl-cytosine, 2,6-diaminopurine, 1-methyl-guanine,
2-methyl-guanine, 2,2-dimethyl-guanine, 7-methyl-gua-
nine, inosine, 1-methyl-inosine, pseudouracil (5-uracil),
dihydro-uracil, 2-thio-uracil, 4-thio-uracil, 5-carboxymeth-
ylaminomethyl-2-thio-uracil, 5-(carboxyhydroxymethyl)-
uracil, 5-fluoro-uracil, S5-bromo-uracil, 5-carboxymethyl-
aminomethyl-uracil,  5-methyl-2-thio-uracil,  5-methyl-
uracil,  N-uracil-5-oxyacetic =~ acid methyl ester,
5-methylaminomethyl-uracil,  5-methoxyaminomethyl-2-
thio-uracil, 5'-methoxycarbonylmethyl-uracil, 5-methoxy-
uracil, uracil-5-oxyacetic acid methyl ester, uracil-5-oxy-
acetic acid (v), 1-methyl-pseudouracil, queosine, .beta.-D-
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mannosyl-queosine, wybutoxosine, and phosphoramidates,
phosphorothioates, peptide nucleotides, methylphospho-
nates, 7-deazaguanosine, S-methylcytosine and inosine. The
preparation of such analogues is known to a person skilled
in the art e.g. from the U.S. Pat. Nos. 4,373,071, 4,401,796,
4,415,732, 4,458,066, 4,500,707, 4,668,777, 4,973,679,
5,047,524, 5,132,418, 5,153,319, 5,262,530 and 5,700,642,
the disclosure of which is included here in its full scope by
reference.

[0083] Typically, mRNA synthesis includes the addition of
a “cap” on the N-terminal (5') end, and a “tail” on the
C-terminal (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.

[0084] Thus, in some embodiments, mRNAs include a 5'
cap structure. A 5' cap is typically added as follows: first, an
RNA terminal phosphatase removes one of the terminal
phosphate groups from the 5' nucleotide, leaving two ter-
minal phosphates; guanosine triphosphate (GTP) is then
added to the terminal phosphates via a guanylyl transferase,
producing a 5'S'S triphosphate linkage; and the 7-nitrogen of
guanine is then methylated by a methyltransferase.
Examples of cap structures include, but are not limited to,
m7G(5")ppp (5'(A.G(5)ppp(5)A and G(5)ppp(5")G.

[0085] 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 wild-type mRNA produced from
bacteria, fungi, plants, and/or animals.

[0086] In some embodiments, nRNAs include a 5' and/or
3' untranslated region. In some embodiments, a 5' untrans-
lated region includes one or more elements that affect an
mRNA’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 in
length.

[0087] In some embodiments, a 3' untranslated region
includes one or more of a polyadenylation 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 may be between 50
and 500 nucleotides in length or longer.

[0088] The present invention may be used to purify
mRNAs encoding a variety of proteins. Non-limiting
examples of purification of mRNAs encoding firefly lucifer-
ase, argininosuccinate synthetase, Factor IX, and CFTR, are
described in detail in the Examples section.

[0089] Typically, the present invention is used to purify a
single mRNA species, i.e. the mRNA preparation to be
purified contains mRNA derived from a single gene or a
single synthesis or expression construct. In contrast, total
mRNA purified from a cell contains multiple mRNA spe-
cies.

[0090] A purification process according to the present
invention may be carried out during or subsequent to syn-
thesis. For example, mRNA may be purified as described
herein before a cap and/or tail are added to the mRNA. In
some embodiments, the mRNA is purified after a cap and/or
tail are added to the mRNA. In some embodiments, the
mRNA is purified after a cap is added. In some embodi-
ments, the mRNA is purified both before and after a cap
and/or tail are added to the mRNA. In general, a purification
step as described herein may be performed after each step of
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mRNA synthesis, optionally along with other purification
processes, such as dialysis. For example, mRNA may
undergo dialysis to remove shortmers after initial synthesis
(e.g., with or without a tail) and then be subjected to
precipitation and purification as described herein, then after
addition of the cap and/or tail, be purified again by precipi-
tation and purification.

Precipitation of mRNA

[0091] According to the present invention, nRNA may be
precipitated from an impure preparation, such as an in vitro
synthesis reaction mixture, using various precipitation meth-
ods know in the art. As used herein, the term “precipitation”
(or any grammatical equivalent thereof) refers to the forma-
tion of a solid in a solution. When used in connection with
mRNA, the term “precipitation” refers to the formation of
insoluble or solid form of mRNA in a liquid.

[0092] Any and all methods suitable for precipitating
mRNA may be used to practice the present invention.
Typically, mRNA precipitation involves a denaturing con-
dition. As used herein, the term “denaturing condition”
refers to any chemical or physical condition that can cause
disruption of native confirmation of mRNA. Since the native
conformation of a molecule is usually the most water
soluble, disrupting the secondary and tertiary structures of a
molecule may cause changes in solubility and may result in
precipitation of mRNA from solution.

[0093] For example, a suitable method of precipitating
mRNA from an impure preparation involves treating the
impure preparation with a denaturing reagent such that the
mRNA precipitates. Exemplary denaturing reagents suitable
for the invention include, but are not limited to, lithium
chloride, sodium chloride, potassium chloride, guanidinium
chloride, guanidinium thiocyanate, guanidinium isothiocya-
nate, ammonium acetate and combinations thereof. Suitable
reagent may be provided in a solid form or in a solution.
[0094] As a non-limiting example, guanidinium thiocya-
nate may be used to precipitate mRNA. Typically, guani-
dinium thiocyanate may be provided in a solution at a
concentration of about 1 M or greater, of about 2 M or
greater, of about 3 M or greater, of about 4 M or greater, of
about 5 M or greater, of about 6 M or greater, of about 7 M
or greater, of about 8 M or greater, of about 9 M or greater,
or of about 10 M or greater. In some embodiments, a
solution suitable for mRNA precipitation contains guani-
dinium thiocyanate at a concentration of about 4M.

[0095] In addition to denaturing reagent, a suitable solu-
tion for mRNA precipitation may include additional salt,
surfactant and/or buffering agent. For example, a suitable
solution may further include sodium lauryl sarcosyl and/or
sodium citrate. As non-limiting examples, a solution suitable
for mRNA precipitation may contain 4M guanidinium thio-
cyanate, 0.5% sodium lauryl sarcosyl, and 25 mM sodium
citrate; or 4M guanidinium thiocyanate, and 0.5% sodium
lauryl sarcosyl; or 4M guanidinium thiocyanate, and 25 mM
sodium citrate.

[0096] Typically, it is desirable to incubate the impure
preparation with one or more denaturing reagents described
herein for a period of time at a desired temperature that
permits precipitation of substantial amount of mRNA. For
example, the mixture of an impure preparation and a dena-
turing agent may be incubated at room temperature or
ambient temperature for a period of time. Typically, a
suitable incubation time is a period of or greater than about
2,3,4,5,6,7,8,9,10, 15, 20, 25, 30, 40, 50, or 60 minutes.
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In some embodiments, a suitable incubation time is a period
of or less than about 60, 55, 50, 45, 40, 35, 30, 25, 20, 15,
10, 9, 8, 7, 6, or 5 minutes. In some embodiments, the
mixture is incubated for about 5 minutes at room tempera-
ture. Typically, “room temperature” or “ambient tempera-
ture” refers to a temperature with the range of about 20-25°
C., for example, about 20° C., 21° C.,22° C.,23°C.,24° C,
or 25° C. In some embodiments, the mixture of an impure
preparation and a denaturing agent may also be incubated
above room temperature (e.g., about 30-37° C. or in par-
ticular, at about 30° C., 31° C., 32° C., 33° C., 34° C., 35°
C.,36°C., or37° C.) or below room temperature (e.g., about
15-20° C. or in particular, at about 15° C., 16° C., 17° C., 18°
C.,19°C., or 20° C.). The incubation period may be adjusted
based on the incubation temperature. Typically, a higher
incubation temperature requires shorter incubation time.
[0097] Alternatively or additionally, a solvent may be used
to facilitate mRNA precipitation. Suitable exemplary solvent
includes, but is not limited to, isopropyl alcohol, acetone,
methyl ethyl ketone, methyl isobutyl ketone, ethanol, metha-
nol, denatonium, and combinations thereof. For example, a
solvent (e.g., absolute ethanol) may be added to an impure
preparation together with a denaturing reagent or after the
addition of a denaturing reagent and the incubation as
described herein, to further enhance and/or expedite mRNA
precipitation. Typically, after the addition of a suitable
solvent (e.g., absolute ethanol), the mixture may be incu-
bated at room temperature for another period of time.
Typically, a suitable period of incubation time is or greater
than about 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 40, 50,
or 60 minutes. In some embodiments, a suitable period of
incubation is a period of or less than about 60, 55, 50, 45, 40,
35,30, 25, 20, 15, 10, 9, 8, 7, 6, or 5 minutes. Typically, the
mixture is incubated at room temperature for another about
5 minutes. Temperature above or below room may be used
with proper adjustment of incubation time. Alternatively,
incubation could occur at 4° C. or —=20° C. for precipitation.
[0098] Typically, methods described herein result in pre-
cipitation of a substantial amount of mRNA from an impure
preparation. In some embodiments, methods described
herein result in precipitation of at least about 80%, 85%,
90%, 95%, 96%, 97%, 98%, or 99% of total mRNA from an
impure preparation. In some embodiments, methods
described herein result in precipitation of substantially 100%
of total mRNA from an impure preparation.

Membrane Filtration

[0099] According to the present invention, an impure
preparation containing the precipitated mRNA may be sub-
jected to a purification process involving membrane filtra-
tion such that the precipitated mRNA is captured or retained
by a membrane. Thus, in some embodiments, an impure
preparation is subjected to membrane filtration following
precipitation without pre-treatment to remove insolubles.
[0100] Various types of membrane filtration may be used
to capture or retain precipitated mRNA. Typically, mem-
brane filtration involves separating solids from fluids using
one or more interposed permeable membranes. Membrane
filtration may also be used to filter particles from a gaseous
sample. Generally speaking, there are two major forms of
membrane filtration, passive filtration, which proceeds
solely due to solution-diffusion, and active filtration, which
uses positive pressure or negative pressure (i.e. vacuum) to
force the liquid or gas across the membrane.
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[0101] An exemplary process involving membrane filtra-
tion for purifying mRNA is shown in FIG. 1. Typically, such
a process involves load, wash and elute steps.

[0102] Load

[0103] Typically, the load step involves loading the feed
(e.g., an impure preparation containing precipitated mRNA)
onto a membrane and force it through by positive or negative
pressure, leaving retentate captured or retained on the mem-
brane. As used herein, the term “retentate” refers to any
non-permeating solute and/or insoluble that is retained by a
membrane. According to the present invention, precipitated
mRNA is captured by a membrane as retentate. As used
herein, the term “membrane” refers to any porous layer or
sheet of material. In this application, the term “membrane”
is used inter-changeably with filter.

[0104] In some embodiments, a suitable membrane has a
pore size appropriate for capturing or retaining precipitated
mRNA, while letting impurities (including soluble impuri-
ties and/or insoluble with size less than the pore size) pass
through as permeate. In some embodiments, a suitable
membrane has an average pore size of or greater than about
0.10 um, 0.20 pm, 0.22 pm, 0.24 um, 0.26 pm, 0.28 um, 0.30
pm, 0.40 pm, 0.5 pm, or 1.0 pm. In a particular embodi-
ments, a suitable membrane has an average pore size of
about 0.22 um. In some embodiments, appropriate pore size
for retaining precipitated mRNA may be determined by the
nominal molecular weight limits (NMWL) of the precipi-
tated mRNA, also referred to as the molecular weight cut off
(MWCO). Typically, a membrane with pore size less than
the NMWL or MWCO of the precipitated mRNA is used. In
some embodiments, a membrane with pore size two to six
(e.g.,2,3,4,5, or 6) times below the NMWL or MWCO of
the precipitated mRNA is used. In some embodiments, a
suitable membrane for the present invention may have pore
size of or greater than about 100 kilodaltons (kDa), 300 kDa,
500 kDa, 1,000 kDa, 1,500 kDa, 2,000 kDa, 2,500 kDa,
3,000 kDa, 3,500 kDa, 4,000 kDa, 4,500 kDa, 5,000 kDa,
5,500 kDa, 6,000 kDa, 6,500 kDa, 7,000 kDa, 7,500 kDa,
8,000 kDa, 8,500 kDa, 9,000 kDa, 9,500 kDa, or 10,000
kDa.

[0105] A suitable membrane for the present invention may
be made of any material. Exemplary membrane materials
include, but are not limited to, polyethersulfone (mPES) (not
modified), polyethersulfone (mPES) hollow fiber mem-
brane, polyvinylidene fluoride (PVDF), cellulose acetate,
nitrocellulose, MCE (mixed cellulose esters), ultra-high
MW polyethylene (UPE), polyfluorotetraethylene (PTFE),
nylon, polysulfone, polyether sulfone, polyacrilonitrile,
polypropylene, polyvinyl chloride, and combination thereof.
[0106] A suitable membrane for the present invention may
have various surface area. In some embodiments, a suitable
membrane has a sufficiently large surface area to facilitate
large scale production of mRNA. For example, a suitable
membrane may have a surface area of or greater than about
2,000 cm?, 2,500 cm?, 3,000 cm?, 3,500 cm?, 4,000 cm?,
4,500 cm?, 5,000 cm?, 7,500 cm?, 10,000 cm?, 5 m?, 10 m?,
12 m?, 15 m?, 20 m?, 24 m?, 25 m?, 30 m?, or 50 m2.
[0107] Membrane filtration may be performed in various
format to capture precipitated mRNA. In some embodi-
ments, membrane filtration is performed as part of tangential
flow filtration (TFF).

[0108] Tangential flow filtration (TFF), also referred to as
cross-flow filtration, is a type of filtration wherein the
material to be filtered is passed tangentially across a filter
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rather than through it. In TFF, undesired permeate passes
through the filter, while the desired retentate (e.g., precipi-
tated mRNA) passes along the filter and is captured or
retained on the filter or membrane downstream.

[0109] A principal advantage of tangential flow filtration is
that non-permeable retentate that may aggregate in 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 tan-
gential flow filtration to be particularly suitable for large
scale purification of precipitated mRNA. In some embodi-
ments, a load of mRNA of or greater than about 1 gram, 10
gram, 50 gram, 100 gram, 200 gram, 300 gram, 400 gram,
500 gram, 600 gram, 700 gram, 800 gram, 900 gram, 1 kg,
5 kg, 10 kg, 50 kg, or 100 kg may be applied per batch.
[0110] At least three process variables that are important
in a typical TFF process: the transmembrane pressure, feed
rate, and flow rate of the permeate. The transmembrane
pressure is the force that drives fluid through the filter,
carrying with it permeable molecules. In some embodi-
ments, the transmembrane pressure is between 1 and 30
pounds per square inch (psi), inclusive.

[0111] The feed rate (also known as the crossflow veloc-
ity) is the rate of the solution flow through the feed channel
and across the filter. The feed rate determines the force that
sweeps away molecules that may otherwise clog or foul the
filter and thereby restrict filtrate flow. In some embodiments,
the feed rate is between 1 and 500 L/minute. In some
embodiments, the feed rate is between 50 and 800 mL/min-
ute. In some embodiments, the feed rate is between 50 and
750 mL/minute. In some embodiments, the feed rate is
between 50 and 300 ml/minute. In some embodiments, the
feed rate is between 50 and 200 ml./minute. In some
embodiments, the feed rate is between 75 and 200 mL/min-
ute. In some embodiments, the feed rate is between 100 and
200 ml/minute. In some embodiments, the feed rate is
between 125 and 175 mL/minute. In some embodiments, the
feed rate is 130 mL/minute. In some embodiments, the feed
rate is between 60 ml/min and 220 ml/min. In some
embodiments, the feed rate is 60 ml./min or greater. In some
embodiments, the feed rate is 100 mI/min or greater. In
some embodiments, the feed rate is 150 mL/min or greater.
In some embodiments, the feed rate is 200 mL/min or
greater. In some embodiments, the feed rate is 220 mL/min
or greater.

[0112] The flow rate of the permeate is the rate at which
the permeate is removed from the system. For a constant
feed rate, increasing permeate flow rates can increase the
pressure across the filter, leading to enhanced filtration rates
while also potentially increasing the risk of filter clogging or
fouling. The principles, theory, and devices used for TFF are
described in Michaels et al., “Tangential Flow Filtration” in
Separations Technology, Pharmaceutical and Biotechnology
Applications (W. P. Olson, ed., Interpharm Press, Inc.,
Buffalo Grove, Il1. 1995). See also U.S. Pat. Nos. 5,256,294
and 5,490,937 for a description of high-performance tan-
gential flow filtration (HP-TFF), which represents an
improvement to TFF. In some embodiments, the flow rate is
between 1 and 100 L/minute. In some embodiments, the
flow rate is between 10 and 100 mI/minute. In some
embodiments, the flow rate is between 10 and 90 mI/min-
ute. In some embodiments, the flow rate is between 10 and
80 ml/minute. In some embodiments, the flow rate is
between 10 and 70 ml/minute. In some embodiments, the
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flow rate is between 10 and 60 m[/minute. In some embodi-
ments, the flow rate is between 10 and 50 mL/minute. In
some embodiments, the flow rate is between 10 and 40
ml/minute. In some embodiments, the flow rate is between
20 and 40 ml/minute. In some embodiments, the flow rate
is 30 mL/minute.

[0113] Any combinations of various process variables
described herein may be used. In some embodiments, the
tangential flow filtration is performed at a feed rate of
approximately 100-200 mI/minute (e.g., approximately
100-180 mL/minute, 100-160 mIL/minute, 100-140 mL/min-
ute, 110-190 mL/minute, 110-170 mL/minute, or 110-150
ml/minute) and/or a flow rate of approximately 10-50
ml./minute (e.g., approximately 10-40 mI/minute, 10-30
ml/minute, 20-50 ml/minute, or 20-40 ml./minute). In
some embodiments, the tangential flow filtration is per-
formed at a feed rate of approximately 100, 110, 120, 130,
140, 150, 160, 170, 180, 190, or 200 mL/minute and/or a
flow rate of approximately 10, 20, 30, 40, or 50 m[./minute.
In other embodiments, the tangential flow filtration is per-
formed at a feed rate of approximately 500, 750 mL/minute,
1, 2, 3, 4, or 5 L/min and/or a flow rate of approximately
100, 200, 250, 500, 750 mL/minute or 1 L/min.

[0114] Wash

[0115] Typically, the captured insoluble mRNA may be
washed before eluting to get rid of impurities retained on the
membrane. In some embodiments, a wash step comprises
multiple rinse cycles using one or more wash solutions. For
example, a wash step may be carried out by multiple rinse
cycles using a guanidinium buffer and ethanol, followed by
70-80% ethanol (e.g., about 70%, 75%, or 80% ethanol). In
certain embodiments, the multiple rinse cycles is more than
2, more than 3, more than 4, more than 5, more than 6, more
than 7, more than 8, more than 9, or more than 10 cycles.
[0116] Elute

[0117] ‘Typically, captured or retained mRNA may be
eluted by re-solubilizing the precipitated mRNA into a
solution. For example, captured mRNA may be eluted with
RNAse-free water. In certain embodiments, eluting the
captured mRNA involves recirculating the RNAse-free
water. For example, the RN Ase-free water may be circulated
for about 5-30 minutes (e.g., about 5-25 minutes, about 5-20
minutes, or about 5-15 minutes). In particular embodiments,
the RNAse-free water is re-circulated for about 5-10 minutes
(e.g., for about 5, 6, 7, 8, 9 or 10 minutes).

[0118] In some embodiments, re-solubilized mRNA may
be dialyzed into a desired formulation at a desired concen-
tration. Various formulations may be used for dialysis. In
some embodiments, the purified mRNA solution is dialyzed
with 1 mM sodium citrate. In some embodiments, the
purified mRNA solution is dialyzed with sodium acetate,
ammonium carbonate, ammonium bicarbonate, pyridinium
acetate, pyridinium formate, ammonium acetate, urea,
potassium chloride, etc. Depending on the size of mRNA of
interest, dialysis membranes with appropriate molecular
weight cut-off MWCO) may be used. For example, suitable
dialysis membranes may have a MWCO of about 50 kDa, 60
kDa, 70 kDa, 80 kDa, 90 kDa, 100 kDa, 150 kDa, 200 kDa,
250 kDa, 300 kDa, 350 kDa, 400 kDa, 450 kDa, or 500 kDa.
Characterization of Purified mRNA

[0119] A particular advantage provided by the present
invention is the ability to purify mRNA, in particular,
mRNA synthesized in vitro, at a large or commercial scale.
For example, in vitro synthesized mRNA may be purified at
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a scale of or greater than about 1 gram, 10 gram, 50 gram,
100 gram, 200 gram, 300 gram, 400 gram, 500 gram, 600
gram, 700 gram, 800 gram, 900 gram, 1 kg, 5 kg, 10 kg, 50
kg, or 100 kg per batch. In one particular embodiment, in
vitro synthesized mRNA may be purified at a scale of 10
gram per batch. In another particular embodiment, in vitro
synthesized mRNA may be purified at a scale of 100 gram
per batch. In yet another particular embodiment, in vitro
synthesized mRNA may be purified at a scale of 1 kg per
batch.

[0120] Invarious embodiments, mRNA purified according
to the present invention is substantially free of impurities
from mRNA synthesis process including, but not limited to,
prematurely aborted RNA sequences, DNA templates, and/
or enzyme reagents used in in vitro synthesis.

[0121] In particular, the present invention removes or
eliminates a high degree of prematurely aborted RNA
sequences (also known as “shortmers”). In some embodi-
ments, a method according to the invention removes more
than about 90%, 95%, 96%, 97%, 98%, 99% or substantially
all prematurely aborted RNA sequences. In some embodi-
ments, mRNA purified according to the present invention is
substantially free of prematurely aborted RNA sequences. In
some embodiments, mRNA purified according to the present
invention contains less than about 5% (e.g., less than about
4%, 3%, 2%, or 1%) of prematurely aborted RNA
sequences. In some embodiments, mRNA purified according
to the present invention contains less than about 1% (e.g.,
less than about 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%,
0.2%, or 0.1%) of prematurely aborted RNA sequences. In
some embodiments, mRNA purified according to the present
invention contains undetectable prematurely aborted RNA
sequences as determined by, e.g., eithidium bromide and/or
Coomassie staining. In some embodiments, prematurely
aborted RNA sequences comprise less than 15 bases (e.g.,
less than 14, 13, 12, 11, 10, 9, 8, 7, 6, 5, 4, or 3 bases). In
some embodiments, the prematurely aborted RNA
sequences contain about 8-15, 8-14, 8-13, 8-12, 8-11, or
8-10 bases.

[0122] In some embodiments, a method according to the
present invention removes or eliminates a high degree of
enzyme reagents used in in vitro synthesis including, but not
limited to, T7 RNA polymerase, DNAse I, pyrophosphatase,
and/or RNAse inhibitor. In some embodiments, the present
invention is particularly effective to remove T7 RNA poly-
merase. In some embodiments, a method according to the
invention removes more than about 90%, 95%, 96%, 97%,
98%, 99% or substantially all enzyme reagents used in in
vitro synthesis including. In some embodiments, mRNA
purified according to the present invention is substantially
free of enzyme reagents used in in vitro synthesis including.
In some embodiments, mRNA purified according to the
present invention contains less than about 5% (e.g., less than
about 4%, 3%, 2%, or 1%) of enzyme reagents used in in
vitro synthesis including. In some embodiments, mRNA
purified according to the present invention contains less than
about 1% (e.g., less than about 0.9%, 0.8%, 0.7%, 0.6%,
0.5%, 0.4%, 0.3%, 0.2%, or 0.1%) of enzyme reagents used
in in vitro synthesis including. In some embodiments,
mRNA purified according to the present invention contains
undetectable enzyme reagents used in in vitro synthesis
including as determined by, e.g., ethidium bromide and/or
Coomassie staining.
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[0123] The level of prematurely aborted RNA sequences
and/or enzyme reagents in the purified mRNA may be
measured using various methods known in the art. For
example, the prematurely aborted RNA sequences and/or
enzyme reagents used in in vitro synthesis may be measured
via silver stain, gel electrophoresis, high-performance liquid
chromatography (HPLC), ultra-performance liquid chroma-
tography (UPLC), and/or capillary electrophoresis.

[0124] In various embodiments, mRNA purified using a
method described herein maintain high degree of integrity.
As used herein, the term “mRNA integrity” generally refers
to the quality of mRNA after purification. In some embodi-
ments, mRNA integrity refers to the percentage of mRNA
that is not degraded after tangential flow filtration. mRNA
integrity may be determined using methods well known in
the art, for example, by RNA agarose gel electrophoresis
(e.g., Ausubel et al., John Weley & Sons, Inc., 1997, Current
Protocols in Molecular Biology). In some embodiments,
mRNA purified according to the present invention has an
integrity greater than about 95% (e.g., greater than about
96%, 97%, 98%, 99% or more). In some embodiments,
mRNA purified according to the present invention has an
integrity greater than 98%. In some embodiments, mRNA
purified according to the present invention has an integrity
greater than 99%. In some embodiments, mRNA purified
according to the present invention has an integrity of
approximately 100%.

[0125] Large-scale batch production of mRNA for thera-
peutic applications

[0126] The present invention addresses an urgent need for
the large-scale production of purified mRNAs that have the
high degree of purity and integrity required for therapeutic
applications. Existing methods are typically small in scale
and cannot be scaled up to the extent that is required to make
commercial production of mRNA that is suitable for admin-
istration to a human subject sufficiently cost-effective. In
contrast, the methods of the invention are fully scalable as
demonstrated in the examples and allow the cost-effective
large-scale production of pharmaceutical-grade mRNA.
[0127] Each batch of purified mRNA produced in accor-
dance with the invention comprises 5 gram or more of a
single mRNA species suitable for administration to a human
subject. In some embodiments, a single batch comprises 10
gram or more of a single mRNA species. In a particular
embodiment, a single batch comprises 25 gram or more of
a single mRNA species.

[0128] The method of the invention yields purified mRNA
batches that are substantially free of impurities from an
mRNA synthesis process. In particular, the batches are

X,-SEQ ID NO: 1-¥,
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substantially free of prematurely aborted RNA sequences,
DNA templates, and/or enzyme reagents used in in vitro
synthesis of the single mRNA species. For example, a batch
of purified mRNA produced in accordance with the inven-
tion contains less than about 5% of enzyme reagents used in
in vitro synthesis. The purified mRNA in each batch typi-
cally has an integrity greater than about 95%.

[0129] The mRNA batches produced in accordance with
the methods of the invention can be used for to prepare a
therapeutic agent, requiring one or more downstream pro-
cessing step(s). Typically, each mRNA batch will be formu-
lated, e.g. by encapsulating the mRNA into lipid nanopar-
ticles, liposomes, polymer-based polyplexes, etc. that can be
administered to a patient. Typical routes of administration,
but not exclusively, involve intravenous or pulmonary deliv-
ery of the purified mRNA.

EXAMPLES

Example 1. Generation and Purification of
Messenger RNA (mRNA)

Messenger RNA Synthesis

[0130] Firefly Euciferase (FFL), Argininosuccinate Syn-
thetase (ASS1), and human Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) messenger RNA were syn-
thesized by in vitro transcription from a plasmid DNA
template encoding the gene, which was followed by the
addition of a §' cap structure (Cap 1) (Fechter, P.; Brownlee,
G. G. “Recognition of mRNA cap structures by viral and
cellular proteins” J. Gen. Virology 2005, 86, 1239-1249) and
a 3' poly(A) tail of approximately 200 nucleotides in length
as determined by gel electrophoresis. 5' and 3' untranslated
regions present in each mRNA product are represented as X
and Y, respectively and defined as stated (vide infra). The
synthesis of the target messenger RNA construct involved a
two-step process in which the initial strand consisting of the
coding sequence flanked by 5' and 3' untranslated regions is
synthesized. This uncapped and untailed construct was puri-
fied and processed further via a capping step, followed by a
poly-A addition tailing step. A second purification step at the
conclusion of the tailing reaction was performed in a similar
fashion to the initial purification process.

Exemplary Codon-Optimized Cystic Fibrosis Transmem-
brane Conductance Regulator (CFTR) mRNA

Construct Design:
[0131]

[SEQ ID No: 1]

AUGCAGCGGUCCCCGCUCGAAAAGGCCAGUGUCGUGUCCAAACUCUUCUUCUCAU

GGACUCGGCCUAUCCUUAGAAAGGGGUAUCGGCAGAGGCUUGAGUUGUCUGACA

UCUACCAGAUCCCCUCGGUAGAUUCGGCGGAUAACCUCUCGGAGAAGCUCGAACG

GGAAUGGGACCGCGAACUCGCGUCUAAGAAAAACCCGAAGCUCAUCAACGCACUG

AGAAGGUGCUUCUUCUGGCGGUUCAUGUUCUACGGUAUCUUCUUGUAUCUCGGG

GAGGUCACAAAAGCAGUCCAACCCCUGUUGUUGGGUCGCAUUAUCGCCUCGUACG

ACCCCGAUAACAAAGAAGAACGGAGCAUCGCGAUCUACCUCGGGAUCGGACUGUG
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-continued
UUUGCUUUUCAUCGUCAGAACACUUUUGUUGCAUCCAGCAARUCUUCGGCCUCCAU

CACAUCGGUAUGCAGAUGCGAAUCGCUAUGUUUAGCUUGAUCUACAAAARAGACA
CUGAAACUCUCGUCGCGGGUGUUGGAUAAGAUUUCCAUCGGUCAGUUGGUGUCC
CUGCUUAGUAAUAACCUCAACAAAUUCGAUGAGGGACUGGCGCUGGCACAUUUC
GUGUGGAUUGCCCCGUUGCAAGUCGCCCUUUUGAUGGGCCUUAUUUGGGAGCUG
UUGCAGGCAUCUGCCUUUUGUGGCCUGGGAUUUCUGAUUGUGUUGGCAUUGUUU
CAGGCUGGGCUUGGGCGGAUGAUGAUGAAGUAUCGCGACCAGAGAGCGGGUAAA
AUCUCGGAAAGACUCGUCAUCACUUCGGAAAUGAUCGAAAACAUCCAGUCGGUCA
AAGCCUAUUGCUGGGAAGAAGCUAUGGAGAAGAUGAUUGAAAACCUCCGCCAAA
CUGAGCUGAAACUGACCCGCAAGGCGGCGUAUGUCCGGUAUUUCAAUUCGUCAGC
GUUCUUCUUUUCCGGGUUCUUCGUUGUCUUUCUCUCGGUUUUGCCUUAUGCCUUG
AUUAAGGGGAUUAUCCUCCGCAAGAUUUUCACCACGAUUUCGUUCUGCAUUGUA
UUGCGCAUGGCAGUGACACGGCAAUUUCCGUGGGCCGUGCAGACAUGGUAUGAC
UCGCUUGGAGCGAUCAACAAAAUCCAAGACUUCUUGCAAAAGCAAGAGUACAAG
ACCCUGGAGUACAAUCUUACUACUACGGAGGUAGUAAUGGAGAAUGUGACGGCU
UUUUGGGAAGAGGGUUUUGGAGAACUGUUUGAGAAAGCAAAGCAGAAUAACAAC
AACCGCAAGACCUCAAAUGGGGACGAUUCCCUGUUUUUCUCGAACUUCUCCCUGC
UCGGAACACCCGUGUUGAAGGACAUCAAUUUCAAGAUUGAGAGGGGACAGCUUC
UCGCGGUAGCGGGAAGCACUGGUGCGGGAAAAACUAGCCUCUUGAUGGUGAUUA
UGGGGGAGCUUGAGCCCAGCGAGGGGAAGAUUAAACACUCCGGGCGUAUCUCAU
UCUGUAGCCAGUUUUCAUGGAUCAUGCCCGGAACCAUUAAAGAGAACAUCAUUU
UCGGAGUAUCCUAUGAUGAGUACCGAUACAGAUCGGUCAUUAAGGCGUGCCAGU
UGGAAGAGGACAUUUCUAAGUUCGCCGAGAAGGAUAACAUCGUCUUGGGAGAAG
GGGGUAUUACAUUGUCGGGAGGGCAGCGAGCGCGGAUCAGCCUCGCGAGAGCGG
UAUACAAAGAUGCAGAUUUGUAUCUGCUUGAUUCACCGUUUGGAUACCUCGACG
UAUUGACAGAAAAAGAAAUCUUCGAGUCGUGCGUGUGUAAACUUAUGGCUAAUA
AGACGAGAAUCCUGGUGACAUCAAAAAUGGAACACCUUAAGAAGGCGGACAAGA
UCCUGAUCCUCCACGAAGGAUCGUCCUACUUUUACGGCACUUUCUCAGAGUUGCA
AAACUUGCAGCCGGACUUCUCAAGCAAACUCAUGGGGUGUGACUCAUUCGACCAG
UUCAGCGCGGAACGGCGGAACUCGAUCUUGACGGAAACGCUGCACCGAUUCUCGC
UUGAGGGUGAUGCCCCGGUAUCGUGGACCGAGACAAAGAAGCAGUCGUUUAAGC
AGACAGGAGAAUUUGGUGAGAAAAGAAAGAACAGUAUCUUGAAUCCUAUUAACU
CAAUUCGCAAGUUCUCAAUCGUCCAGAAAACUCCACUGCAGAUGAAUGGAAUUG
AAGAGGAUUCGGACGAACCCCUGGAGCGCAGGCUUAGCCUCGUGCCGGAUUCAGA
GCAAGGGGAGGCCAUUCUUCCCCGGAUUUCGGUGAUUUCAACCGGACCUACACUU
CAGGCGAGGCGAAGGCAAUCCGUGCUCAACCUCAUGACGCAUUCGGUAAACCAGG
GGCAAAACAUUCACCGCAAAACGACGGCCUCAACGAGAAAAGUGUCACUUGCACC
CCAGGCGAAUUUGACUGAACUCGACAUCUACAGCCGUAGGCUUUCGCAAGAAACC

GGACUUGAGAUCAGCGAAGAAAUCAAUGAAGAAGAUUUGAAAGAGUGUUUCUUU
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-continued
GAUGACAUGGAAUCAAUCCCAGCGGUGACAACGUGGAACACAUACUUGCGUUAC

AUCACGGUGCACAAGUCCUUGAUUUUCGUCCUCAUCUGGUGUCUCGUGAUCUUUC
UCGCUGAGGUCGCAGCGUCACUUGUGGUCCUCUGGCUGCUUGGUAAUACGCCCUU
GCAAGACAAAGGCAAUUCUACACACUCAAGAAACAAUUCCUAUGCCGUGAUUAUC
ACUUCUACAAGCUCGUAUUACGUGUUUUACAUCUACGUAGGAGUGGCCGACACUC
UGCUCGCGAUGGGUUUCUUCCGAGGACUCCCACUCGUUCACACGCUUAUCACUGU
CUCCAAGAUUCUCCACCAUAAGAUGCUUCAUAGCGUACUGCAGGCUCCCAUGUCC
ACCUUGAAUACGCUCAAGGCGGGAGGUAUUUUGAAUCGCUUCUCAAAAGAUAUU
GCAAUUUUGGAUGACCUUCUGCCCCUGACGAUCUUCGACUUCAUCCAGUUGUUGC
UGAUCGUGAUUGGGGCUAUUGCAGUAGUCGCUGUCCUCCAGCCUUACAUUUUUG
UCGCGACCGUUCCGGUGAUCGUGGCGUUUAUCAUGCUGCGGGCCUAUUUCUUGCA
GACGUCACAGCAGCUUAAGCAACUGGAGUCUGAAGGGAGGUCGCCUAUCUUUAC
GCAUCUUGUGACCAGUUUGAAGGGAUUGUGGACGUUGCGCGCCUUUGGCAGGCA
GCCCUACUUUGAAACACUGUUCCACAAAGCGCUGAAUCUCCAUACGGCAAAUUGG
UUUUUGUAUUUGAGUACCCUCCGAUGGUUUCAGAUGCGCAUUGAGAUGAUUUUU
GUGAUCUUCUUUAUCGCGGUGACUUUUAUCUCCAUCUUGACCACGGGAGAGGGC
GAGGGACGGGUCGGUAUUAUCCUGACACUCGCCAUGAACAUUAUGAGCACUUUG
CAGUGGGCAGUGAACAGCUCGAUUGAUGUGGAUAGCCUGAUGAGGUCCGUUUCG
AGGGUCUUUAAGUUCAUCGACAUGCCGACGGAGGGAAAGCCCACAAAAAGUACG
AAACCCUAUAAGAAUGGGCAAUUGAGUAAGGUAAUGAUCAUCGAGAACAGUCAC
GUGAAGAAGGAUGACAUCUGGCCUAGCGGGGGUCAGAUGACCGUGAAGGACCUG
ACGGCAAAAUACACCGAGGGAGGGAACGCAAUCCUUGAAAACAUCUCGUUCAGCA
UUAGCCCCGGUCAGCGUGUGGGGUUGCUCGGGAGGACCGGGUCAGGAAAAUCGA
CGUUGCUGUCGGCCUUCUUGAGACUUCUGAAUACAGAGGGUGAGAUCCAGAUCG
ACGGCGUUUCGUGGGAUAGCAUCACCUUGCAGCAGUGGCGGAAAGCGUUUGGAG
UAAUCCCCCAAAAGGUCUUUAUCUUUAGCGGAACCUUCCGAAAGAAUCUCGAUCC
UUAUGAACAGUGGUCAGAUCAAGAGAUUUGGAAAGUCGCGGACGAGGUUGGCCU
UCGGAGUGUAAUCGAGCAGUUUCCGGGAAAACUCGACUUUGUCCUUGUAGAUGG
GGGAUGCGUCCUGUCGCAUGGGCACAAGCAGCUCAUGUGCCUGGCGCGAUCCGUC
CUCUCUAAAGCGAAAAUUCUUCUCUUGGAUGAACCUUCGGCCCAUCUGGACCCGG
UAACGUAUCAGAUCAUCAGAAGGACACUUAAGCAGGCGUUUGCCGACUGCACGG
UGAUUCUCUGUGAGCAUCGUAUCGAGGCCAUGCUCGAAUGCCAGCAAUUUCUUG
UCAUCGAAGAGAAUAAGGUCCGCCAGUACGACUCCAUCCAGAAGCUGCUUAAUGA
GAGAUCAUUGUUCCGGCAGGCGAUUUCACCAUCCGAUAGGGUGAAACTUUUUUCC
ACACAGAAAUUCGUCGAAGUGCAAGUCCAAACCGCAGAUCGCGGCCUUGAAAGAA

GAGACUGAAGAAGAAGUUCAAGACACGCGUCUUUAA
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Exemplary Codon-Optimized Firefly Luciferase (FFL) mRNA
Construct design:

X,-SEQ ID NO: 2-Y,
AUGGAAGAUGCCAAAAACAUUAAGAAGGGCCCAGCGCCAUUCUACCCACUCGAAG
ACGGGACCGCCGGCGAGCAGCUGCACAAAGCCAUGAAGCGCUACGCCCUGGUGCC
CGGCACCAUCGCCUUUACCGACGCACAUAUCGAGGUGGACAUUACCUACGCCGAG
UACUUCGAGAUGAGCGUUCGGCUGGCAGAAGCUAUGAAGCGCUAUGGGCUGAAU
ACAAACCAUCGGAUCGUGGUGUGCAGCGAGAAUAGCUUGCAGUUCUUCAUGCCCG
UGUUGGGUGCCCUGUUCAUCGGUGUGGCUGUGGCCCCAGCUAACGACAUCUACAA
CGAGCGCGAGCUGCUGAACAGCAUGGGCAUCAGCCAGCCCACCGUCGUAUUCGUG
AGCAAGAAAGGGCUGCAAAAGAUCCUCAACGUGCAAAAGAAGCUACCGAUCAUA
CAAAAGAUCAUCAUCAUGGAUAGCAAGACCGACUACCAGGGCUUCCAAAGCAUGU
ACACCUUCGUGACUUCCCAUUUGCCACCCGGCUUCAACGAGUACGACUUCGUGCC
CGAGAGCUUCGACCGGGACAAAACCAUCGCCCUGAUCAUGAACAGUAGUGGCAGU
ACCGGAUUGCCCAAGGGCGUAGCCCUACCGCACCGCACCGCUUGUGUCCGAUUCA
GUCAUGCCCGCGACCCCAUCUUCGGCAACCAGAUCAUCCCCGACACCGCUAUCCU
CAGCGUGGUGCCAUUUCACCACGGCUUCGGCAUGUUCACCACGCUGGGCUACUUG
AUCUGCGGCUUUCGGGUCGUGCUCAUGUACCGCUUCGAGGAGGAGCUAUUCUUGC
GCAGCUUGCAAGACUAUAAGAUUCAAUCUGCCCUGCUGGUGCCCACACUAUUUAG
CUUCUUCGCUAAGAGCACUCUCAUCGACAAGUACGACCUAAGCAACUUGCACGAG
AUCGCCAGCGGCGGGGCGCCGCUCAGCAAGGAGGUAGGUGAGGCCGUGGCCAAAC
GCUUCCACCUACCAGGCAUCCGCCAGGGCUACGGCCUGACAGAAACAACCAGCGC
CAUUCUGAUCACCCCCGAAGGGGACGACAAGCCUGGCGCAGUAGGCAAGGUGGUG
CCCUUCUUCGAGGCUAAGGUGGUGGACUUGGACACCGGUAAGACACUGGGUGUG
AACCAGCGCGGCGAGCUGUGCGUCCGUGGCCCCAUGAUCAUGAGCGGCUACGUUA
ACAACCCCGAGGCUACAAACGCUCUCAUCGACAAGGACGGCUGGCUGCACAGCGG
CGACAUCGCCUACUGGGACGAGGACGAGCACUUCUUCAUCGUGGACCGGCUGAAG
AGCCUGAUCAAAUACAAGGGCUACCAGGUAGCCCCAGCCGAACUGGAGAGCAUCC
UGCUGCAACACCCCAACAUCUUCGACGCCGGGGUCGCCGGCCUGCCCGACGACGA
UGCCGGCGAGCUGCCCGCCGCAGUCGUCGUGCUGGAACACGGUAAAACCAUGACC
GAGAAGGAGAUCGUGGACUAUGUGGCCAGCCAGGUUACAACCGCCAAGAAGCUG
CGCGGUGGUGUUGUGUUCGUGGACGAGGUGCCUAAAGGACUGACCGGCAAGUUG
GACGCCCGCAAGAUCCGCGAGAUUCUCAUUAAGGCCAAGAAGGGCGGCAAGAUCG

CCGUGUAA

Exemplary Codon-Optimized Human Argininosuccinate Synthetase

Construct design:
X,-SEQ ID NO: 3-Y,

AUGAGCAGCAAGGGCAGCGUGGUGCUGGCCUACAGCGGCGGCCUGGACACCAGCU
GCAUCCUGGUGUGGCUGAAGGAGCAGGGCUACGACGUGAUCGCCUACCUGGCCAA
CAUCGGCCAGAAGGAGGACUUCGAGGAGGCCCGCAAGAAGGCCCUGAAGCUGGGC

GCCAAGAAGGUGUUCAUCGAGGACGUGAGCCGCGAGUUCGUGGAGGAGUUCAUC

[SEQ ID NO:

2]

(ASS1) mRNA

[SEQ ID NO:

3]
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-continued
UGGCCCGCCAUCCAGAGCAGCGCCCUGUACGAGGACCGCUACCUGCUGGGCACCA
GCCUGGCCCGCCCCUGCAUCGCCCGCARAGCAGGUGGAGAUCGCCCAGCGCCAGEE
CGCCAAGUACGUGAGCCACGGCGCCACCEECAAGGGCAACGACCAGGUGCGCUUC
GAGCUGAGCUGCUACAGCCUGGCCCCCCAGAUCAAGGUGAUCGCCCCCUGGCGCA
UGCCCGAGUUCUACAACCGCUUCAAGGGCCGCAACGAC CUGAUGGAGUACGCCAR
GCAGCACGGCAUCCCCAUCCCCGUGACCCCCARGAACCCCUGGAGCAUGCACGAG

AACCUGAUGCACAUCAGCUACGAGGCCGGCAUCCUGGAGAACCCCAAGAACCAGG
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CCCCCCCCGGCCUGUACACCAAGACCCAGGACCCCGCCAAGGCCCCCAACACCCCC

GACAUCCUGGAGAUCGAGUUCAAGAAGGGCGUGCCCGUGAAGGUGACCAACGUG
AAGGACGGCACCACCCACCAGACCAGCCUGGAGCUGUUCAUGUACCUGAACGAGG
UGGCCGGCAAGCACGGCGUGGGCCGCAUCGACAUCGUGGAGAACCGCUUCAUCGG
CAUGAAGAGCCGCGGCAUCUACGAGACCCCCGCCGGCACCAUCCUGUACCACGCC
CACCUGGACAUCGAGGCCUUCACCAUGGACCGCGAGGUGCGCAAGAUCAAGCAGG
GCCUGGGCCUGAAGUUCGCCGAGCUGGUGUACACCGGCUUCUGGCACAGCCCCGA
GUGCGAGUUCGUGCGCCACUGCAUCGCCAAGAGCCAGGAGCGCGUGGAGGGCAAG
GUGCAGGUGAGCGUGCUGAAGGGCCAGGUGUACAUCCUGGGCCGCGAGAGCCCCC
UGAGCCUGUACAACGAGGAGCUGGUGAGCAUGAACGUGCAGGGCGACUACGAGC
CCACCGACGCCACCGGCUUCAUCAACAUCAACAGCCUGCGCCUGAAGGAGUACCA
CCGCCUGCAGAGCAAGGUGACCGCCAAGUGA

5/
Xy

and 3’

UTR Sequences

GGACAGAUCGCCUGGAGACGCCAUCCACGCUGUUUUGACCUCCAUAGAAGACACC
GGGACCGAUCCAGCCUCCGCGGCCGGGAACGGUGCAUUGGAACGCGGAUUCCCCG
UGCCAAGAGUGACUCACCGUCCUUGACACG

Yy

CGGGUGGCAUCCCUGUGACCCCUCCCCAGUGCCUCUCCUGGCCCUGGAAGUUGCC
ACUCCAGUGCCCACCAGCCUUGUCCUAAUAAAAUUAAGUUGCAUCAAGCU

Y5

GGGUGGCAUCCCUGUGACCCCUCCCCAGUGCCUCUCCUGGCCCUGGAAGUUGCCA
CUCCAGUGCCCACCAGCCUUGUCCUAAUAAAAUUAAGUUGCAUCAAAGCU

Synthesis of mRNA

[0132] In each of the examples below, the synthesis of
mRNA was conducted under complete RNAse-free condi-
tions. All tubes, vials, pipette tips, pipettes, buffers, etc. were
required to be nuclease-free, unless explicitly stated other-
wise.

[0133] In the following examples, unless otherwise
described, mRNA was synthesized via in vitro transcription
from a linearized DNA template. To produce the desired
mRNA pre-cursor (IVT) construct, a mixture of -8 mg of
linearized DNA, rNTPs (7.25 mM), DTT (10 mM), T7 RNA
polymerase, RNAse Inhibitor, Pyrophosphatase and reaction
buffer (10x, 800 mM Hepes (pH 8.0), 20 mM Spermidine,
250 mM MgCfr, pH 7.7) was prepared with RNase-free
water to a final volume of 180 mL. The reaction mixture is
incubated at 37° C. for a range of time between 20 minutes-
60 minutes. Upon completion, the mixture is treated with
DNase I for an additional 15 minutes and quenched accord-

ingly.

[SEQ ID NO: 4]

[SEQ ID NO: 5]

[SEQ ID NO: 6]

Addition of S' Cap and 3' Tail

[0134] The purified mRNA product from the aforemen-
tioned IVT step (and possibly initial TFF filtration as well)
was denatured at 65° C. for 10 minutes. Separately, portions
of GTP (1.0 mM), S-adenosyl methionine, RNAse inhibitor,
2'-O-Methyltransferase and guanylyl transferase are mixed
together with reaction buffer (10x, 500 mM Tris-HCI1 (pH
8.0), 60 mM KCl, 12.5 mM MgCl2) to a final concentration
of 1.6 L. Upon denaturation, the mRNA was cooled on ice
and then added to the reaction mixture. The combined
solution was incubated for a range of time at 37° C. for
25-90 minutes. Upon completion, aliquots of ATP (2.0 mM),
PolyA Polymerase and tailing reaction buffer (10x, 500 mM
Tris-HCI (pH 8.0), 2.5 M NaCl, 100 mM MgCl2) were
added and the total reaction mixture was further incubated at
37° C. for a range of time from 20-45 minutes. Upon
completion, the final reaction mixture was quenched and
purified accordingly.
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Purification of mRNA

Precipitation of mRNA

[0135] Messenger RNA can be precipitated using a variety
of methods. For example, the use of lithium chloride,
potassium chloride, guanidinium chloride, guanidinium
thiocyanate, guanidinium isothiocyanate, ammonium
acetate and other salts afford efficient precipitation of
mRNA from the reaction mixture.

Tangential Flow Filtration

[0136] In the following examples, unless otherwise
described, the tangential flow filtration (TFF) system con-
sisted of a filtration membrane and a peristaltic pump
(Spectrum system) with tangential circulation of the fluid
across the membrane at a feed rate of ~130 mL/min with a
30 mL/min flow rate for the permeate. The TFF membrane
employed was a MidiKros 500 kDa mPES 115 cm® (Spec-
trum Labs). Before use, the filter cartridge was washed with
nuclease free water and further cleaned with 0.2 N NaOH.
Finally the system was cleaned with nuclease free water
until the pH of permeate and retentate reached a pH ~6.
Isolation of mRNA via TFF can be accomplished as depicted
in FIG. 1.

Purification of Firefly Luciferase mRNA

[0137] In a representative example of mRNA purification,
a 1 gram batch of firefly luciferase (FFL) mRNA was
transcribed via in vitro methods to produce the aforemen-
tioned intermediate construct with no cap and no polyA tail.
This reaction maintained a total volume of ~180 mL and was
quenched upon completion by the addition of DNAse I (~9.0
KU). The resulting solution was treated with a homogeneous
solution of 4 M guanidinium thiocyanate, 0.5% sodium
lauryl sarcosyl, and 25 mM sodium citrate (1500 mL),
bringing the total volume to 1.68 L. The resultant mixture
was kept at ambient temperature for ~5 minutes followed by
further treatment of 1.1 L of absolute ethanol. The mRNA
slowly precipitated and the suspension was kept at ambient
temperature for ~5 minutes. Upon completion, the entire
heterogeneous suspension was pumped through a filtration
membrane using tangential flow filtration (TFF).

[0138] In this example, modified polyethersulfone
(mPES) hollow fiber membranes were employed with a
surface area of 2600 cm?. The resulting heterogenous mix-
ture (post-precipitation) was pumped through the filter sys-
tem at a flow rate of 750 mL/min for approximately 8 min
in portions. Upon completion, the resulting captured pre-
cipitate was rinsed with the guanidinium buffer/ethanol
combined buffer solution followed by 80% ethanol (500 mL,
750 mL/min) and repeated multiple times (>5x). Once
completely washed, the solid mRNA distributed across the
membrane was treated with RNAse-free water (250 mL) and
re-circulated over 5-10 minutes to ensure dissolution. This
process was repeated until there was no more mRNA
recovered. Upon completion, the resulting mRNA solution
was further dialyzed with 1 mM sodium citrate (pH 6.4)
using a 100 KDa MWCO membrane to remove any residual
ethanol and obtained a final mRNA product in the proper
storage solution. Final concentration was determined via
absorption at 260 nm (A,,,.). Messenger RNA purity was
determined via UV absorption (260/280 ratio) as well as
protein gels (silver stain, SYPRO stain, coomassie, etc).
Messenger RNA integrity was determined via gel electro-
phoresis as well as in vitro/in vivo analysis of protein
production.
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Purification of ASS1 mRNA

[0139] In a second representative example of mRNA
purification, a 1 gram batch of ASS1 mRNA was transcribed
via in vitro methods to produce the aforementioned inter-
mediate construct with no cap and no polyA tail. This
reaction maintained a total volume of ~180 ml and was
quenched upon completion by the addition of DNAse I (~9.0
KU). The resulting solution was treated with a homogeneous
solution of 4 M guanidinium thiocyanate, 0.5% sodium
lauryl sarcosyl, and 25 mM sodium citrate (1500 mL),
bringing the total volume to 1.68 L. The resultant mixture
was kept at ambient temperature for ~5 minutes followed by
further treatment of 1.1 L of absolute ethanol. The messen-
ger RNA slowly precipitated and the suspension was kept at
ambient temperature for ~5 minutes. Upon completion, the
entire heterogeneous suspension was pumped through a
filtration membrane using tangential flow filtration (TFF)
and isolated as described above.

Purification of CFTR mRNA

[0140] In a third representative example of mRNA puri-
fication, a 1.5 gram batch of modified CFTR mRNA being
transcribed via in vitro methods to produce the aforemen-
tioned intermediate construct with no cap and no polyA tail.
This reaction maintains a total volume of ~270 mL and is
quenched upon completion by the addition of DNAse I
(~13.5 KU). The resulting solution was treated with a
homogeneous solution of 4 M guanidinium thiocyanate,
0.5% sodium lauryl sarcosyl, and 25 mM sodium citrate
(1500 mL), bringing the total volume to 1.77 L. The
resultant mixture was kept at ambient temperature for ~5
minutes followed by further treatment of 1.1 L of absolute
ethanol. The mRNA slowly precipitated and the suspension
was kept at ambient temperature for ~5 minutes. Upon
completion, the entire heterogeneous suspension was
pumped through a filtration membrane using tangential flow
filtration (TFF) and isolated as described above.

Example 2. Analysis of Purified mRNA

[0141]
mRNA

Testing for Presence of Enzymes in Purified

SYPRO Stain Gels

[0142] Standard SYPRO-stained protein gels were per-
formed to determine the presence of any residual reagent
enzymes present before and after purifications. Gels were
run at 200V for 35 minutes.

Silver Stain Gels

[0143] Silver stains of all mRNA batches and fractions
were performed using SilverQuest® (Life Technologies,
Catalog #LC6070) using the manufacturer’s protocol.
Briefly, samples were loaded (with and without treatment of
RNAse) and monitored as compared to loaded enzyme
control lanes. Gels were run at 200 V for 35 minutes.
Exposure time was allotted for 8 minutes.

Assessment of mRNA Integrity Via Agarose Gel Electro-
phoresis Assays

[0144] Unless otherwise described, mRNA size and integ-
rity were assessed via gel electrophoresis. Either self-poured
1.0% agarose gel or Invitrogen E-Gel precast 1.2% agarose
gels were employed. Messenger RNA was loaded at 1.0-1.5
ug quantities per well. Upon completion, mRNA bands were
visualized using ethidium bromide.
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In Vitro mRNA Integrity Assays

[0145] Unless otherwise described, in vitro transfections
of firefly luciferase (FFL), argininosuccinate synthetase
(ASS1) mRNA, and CFTR mRNA were performed using
HEK293T cells. Transfections of one microgram of each
mRNA construct were performed in separate wells using
lipofectamine. Cells were harvested at select time points
(e.g. 4 hour, 8 hour, etc.) and respective protein production
was analyzed. For FFL. mRNA, cell lysates were analyzed
for luciferase production via bioluminescence assays. For
ASS1 mRNA, cell lysates were analyzed for ASS1 produc-
tion via ELISA assays. For CFTR mRNA, cell lysates were
analyzed for CFTR production via western blot procedures

Luciferase Assay

[0146] The bioluminescence assay was conducted using a
Promega Luciferase Assay System (Item #E1500). The
Luciferase Assay Reagent was prepared by adding 10 mL of
Luciferase Assay Buffer to Luciferase Assay Substrate and
mix via vortex. 20 ul. of homogenate samples were loaded
onto a 96-well plate, followed by 20 uL of plate control to
each sample. Separately, 120 uL. of Luciferase Assay
Reagent (prepared as described above) was loaded into each
well of a 96-well flat bottomed plate. Each plate was inserted
into the appropriate chambers using a Molecular Device
Flex Station instrument and the luminescence was measured
in relative light units (RLU).

ASS1 ELISA Assay

[0147] Standard ELISA procedures were followed
employing mouse anti-ASS1 2D1-2E12 IgG as the capture
antibody with rabbit anti-ASS1 #3285 IgG as the secondary
(detection) antibody (Shire Human Genetic Therapies).
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG was used for activation of the 3,3',5,5'-tetramethylben-
zidine (TMB) substrate solution. The reaction was quenched
using 2N H,SO, after 20 minutes. Detection was monitored
via absorption (450 nm) on a Molecular Device SpectraMax
instrument. Untreated mouse serum and organs and human
ASS1 protein were used as negative and positive controls,
respectively.

CFTR Western Blot Analysis

[0148] Western blots were performed on protein samples
obtained using immunoprecipitation methods (Dynabeads
G). In general, cells or tissue homogenates were processed
and treated with Dynabead G pre-bound to anti-human
CFTR antibody (R&D Systems, MAB25031). Detection of
human CFTR protein was accomplished using Ab570.

Example 3. Purification Results

[0149] This example demonstrates that firefly luciferase
(FFL) mRNA, argininosuccinate synthetase (ASS1) mRNA
and cystic fibrosis transmembrane conductance regulator
(CFTR) mRNA have been successfully purified using pre-
cipitation followed by tangential flow filtration with removal
of enzymatic reagents as well as shortmers. Many typical
chaotropic conditions were successfully employed to pre-
cipitate the mRNA as listed above.

[0150] To demonstrate this success, a large scale produc-
tion (~1 gram) of modified CFTR mRNA IVT reaction
mixture was subjected to 4 M guanidinium buffer solution
(described above). The resulting mixture was then treated
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with absolute ethanol and incubated for five minutes at room
temperature. Isolation of the precipitated mRNA was
achieved via TFF as described above. FIG. 2 represents a
silver stained protein gel that shows the resulting mRNA
isolated after TFF employing the aforementioned condi-
tions. There is no detectable enzyme present upon comple-
tion (T7 polymerase, DNAse I, pyrophosphatase, RNAse
Inhibitor). Lanes 1-3 contained modified CFTR after elution
1 (El), elution 2 (E2) and elution 3 (E3). Lanes 4-7
contained control enzymes present in the IVT reaction. FIG.
3 represents a silver stained protein gel that shows pure
mRNA resulting from a larger scale (1.5 gram batch) pre-
cipitation and filtration process showing no residual enzyme.
Lanes 1-6 contained mRNA after elutions 1-6. Lanes 7-10
contained control enzymes present in the IVT reaction (T7
polymerase, DNAse I, RNAse Inhibitor, and pyrophos-
phatase). FIG. 4 demonstrates that the modified CFTR
mRNA is fully intact after such purification. It shows the
results of agarose (1.0%) gel electrophoresis of modified
CFTR mRNA after purification via precipitation and filtra-
tion. Lane 1 contained a RiboRuler HR ladder. Lane 2-7
contained modified CFTR mRNA purified via filtration after
precipitation.

[0151] This process is widely applicable to multiple dif-
ferent mRNA constructs. For example, a second mRNA
construct was synthesized and purified using this method. In
this instance, argininosuccinate synthetase (ASS1) mRNA
was produced and precipitated using methods described
above. The solid precipitate was loaded onto the TFF system
and isolated according to the process described. FIG. 5
represents a silver-stain analysis of the resulting isolated
ASS1 mRNA showing no residual enzyme present (T7
polymerase, DNAse I, RNAse inhibitor, pyrophosphatase).
Lanes 1-5 contained mRNA after elutions 1-5. Lanes 6-9
contained control enzymes present in the IV T reaction. Lane
10 contained RNase A as a control because mRNA samples
were pre-treated with RNAse A prior to loading. As dem-
onstrated in FIG. 5, no enzymes were present after extensive
exposure to silver stain development. This was further
confirmed using SYPRO staining for residual enzymes as
shown in FIG. 6. Using this method, one can again demon-
strate the purity of the ASS1 mRNA as isolated using this
process. Lanes 1-5 contained mRNA after elutions 1-5.
Lanes 6-9 contained control enzymes present in the IVT
reaction. In addition to this, RNA gel electrophoresis
showed that the ASS1 mRNA integrity was maintained with
full length ASS1 mRNA fully intact after this process (FIG.
7). In FIG. 7, Lane 1 contained a RiboRuler HR ladder and
lanes 2-6 contained ASS1 mRNA after elutions 1-5.

[0152] To further demonstrate that this purification tech-
nique is widely applicable to multiple different mRNA
constructs, FFL mRNA was synthesized and purified using
this method. The mRNA was precipitated using 4 M gua-
nidinium buffer system and filtered. FIG. 8 represents a
silver-stain analysis of the resulting isolated FFL. mRNA
showing no residual enzyme present. Lanes 1-4 contained
FFL mRNA purified via a single precipitation (XL1) or a
double precipitation (XL2), with lanes 2-4 containing dif-
ferent elutions from the second precipitation recovery. Lanes
6-9 contained control enzymes present in the IVT reaction.
As demonstrated in FIG. 8, no enzymes were present after
extensive exposure to silver stain development. Further, one
can see that a single precipitation appears to be sufficient in
removing all of the unwanted residual enzyme. This was
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further confirmed using SYPRO staining for residual
enzymes as shown in FIG. 9. Using this method, one can
again demonstrate the purity of the FFL. mRNA isolated
using this process. In FIG. 9, lanes 1-4 contained FFL
mRNA purified via a single precipitation (XL1) or a double
precipitation (XL2), with lanes 2-4 containing different
elutions from the second precipitation recovery. Lanes 6-9
contained control enzymes present in the IVT reaction. In
addition to this, RNA gel electrophoresis showed that the
FFL mRNA integrity was maintained with full length FFL,
mRNA fully intact after this process (FIG. 10). Further, the
mRNA shows no difference after multiple re-precipitations.
In FIG. 10, lane 1 contained a RiboRuler HR ladder and
lanes 2-5 contained FFL mRNA purified via a single pre-
cipitation (XL.1) or a double precipitation (XL2).

[0153] Upon subjecting this isolated mRNA further to
afford a capped and tailed final product, TFF methods were
employed further to purify the final target mRNA. FIG. 11
demonstrates that precipitation, followed by capture and
elution using tangential flow filtration, resulted in a success-
fully pure final mRNA product. In FIG. 11, lanes 1-3
contained ASS1 mRNA from a cap/tail reaction purified via
a single precipitation (E1-3=elution 1-3). Lanes 4-6 con-
tained key control enzymes present in both reaction steps.
Lane 7 contained an RNase I control because mRNA
samples were pre-treated with RN Ase I prior to loading. In
addition to this, RNA gel electrophoresis showed that the
FFL mRNA integrity was maintained with full length FFL
mRNA fully intact after this process (FIG. 12). In FIG. 12,
lanes 1-3 contained capped and tailed ASS1 mRNA.
[0154] While such characterization affords information
with respect to purity and mRNA size/integrity, a true
measure of mRNA quality further lies within its ability to
produce the desired protein. Therefore, a comparison of each
of the isolated FFL. mRNA constructs (TFF vs. spin-column)
was made. Each of the three constructs listed below were
transfected into HEK293T cells and the corresponding FFL
protein production was assessed via FFL protein activity in
the form of FFL luminescence upon exposure to luciferin
(vida supra). Cells were harvested 24 hours post-transfec-
tion.

FFL Constructs:

[0155] 1. FFL mRNA purchased from an outside vendor
[0156] 2. FFL mRNA purified via commercial kit

[0157] 3. FFL mRNA purified via precipitation-TFF
method

[0158] A comparison of luminescence output of FFL pro-

tein produced from each is represented in FIG. 13. The
integrity of the TFF-purified FFL. mRNA was maintained
throughout the precipitation and tangential flow filtration
process under the conditions described.

[0159] Further, successful detection of human CFTR pro-
tein was achieved from transfection of hCFTR mRNA
isolated using the aforementioned process. FIG. 14 shows
successful production of human CFTR protein after trans-
fection of h(CFTR mRNA purified via either commercial kits
or the aforementioned TFF-based precipitation method.
Visualization of this “C-band” for CFTR protein, which is
indicative of a full length, properly trafficked CFTR protein,
supports the full integrity and active nature of the isolated
mRNA via such conditions. This process is further easily
scalable. For example, a separate mRNA construct was
synthesized and purified at the 5 gram scale using this
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method. In this instance, argininosuccinate synthetase
(ASS1) mRNA was produced and precipitated using meth-
ods described above. The solid precipitate was loaded onto
the TFF system and isolated according to the process
described.

[0160] Integrity of the manufactured mRNA drug sub-
stance was demonstrated using two separate methods. FIG.
15 shows the length of an exemplary mRNA from an in vitro
transcription (IVT) sample of argininosuccinate synthetase
(ASS1) mRNA purified and filtered according to provided
methods. mRNA length was demonstrated via agarose gel-
on-a-chip electrophoresis. Intact and full length mRNA was
confirmed using gel electrophoresis (FIG. 16) for both the
IVT pre-cursor as well as the final capped and tailed
construct. Full integrity remained for ASS1 mRNA post
large-scale (5G) precipitation.

[0161] As demonstrated previously, FIG. 17 shows that
precipitation, followed by capture and elution using tangen-
tial flow filtration, resulted in a successfully pure final
mRNA product. Lane 1 contained ASS1 mRNA from a
cap/tail reaction purified via a single precipitation. Lanes 2-8
contained key control enzymes present in both reaction
steps. Lane 9 contained an RNase I control because mRNA
samples were pre-treated with RNAse 1 prior to loading.
Such a silver stain method demonstrates that no residual
enzymes are present.

[0162] While such characterization affords information
with respect to purity and mRNA size/integrity, a true
measure of mRNA quality further lies within its ability to
produce the desired protein. Therefore, a comparison of the
isolated ASS1 mRNA constructs (TFF vs. spin-column) was
made (FIG. 18). Each of the constructs listed below were
transfected into HEK293T cells and the corresponding ASS1
protein production was assessed via ELISA methods. Cells
were harvested ~18 hours post-transfection.

[0163] A further demonstration of scalability was
achieved with synthesis and purification of CFTR mRNA at
the 10 gram scale using this method. In this instance, cystic
fibrosis transmembrane conductance regulator (CFTR)
mRNA was produced and precipitated using methods
described above. The solid precipitate was loaded onto the
TFF system and isolated according to the process described.
Integrity of the manufactured mRNA drug substance was
demonstrated using agarose gel electrophoresis. Intact and
full length mRNA was confirmed (FIG. 19) for both the IVT
pre-cursor as well as the final capped and tailed construct.
Full integrity remained for CFTR mRNA post large-scale
(10G) precipitation.

[0164] Again, purity of the manufactured product at the 10
gram scale was demonstrated via silver stain as shown in
FIG. 20. Lane 1 contains CFTR mRNA from a cap/tail
reaction purified via a single precipitation. Lanes 2-8 con-
tained key control enzymes present in both reaction steps.
Lane 9 contained an RNase I control because mRNA
samples were pre-treated with RNAse I prior to loading.
Such a silver stain method demonstrates that no residual
enzymes are present.

[0165] As described above, such characterization affords
information with respect to purity and mRNA size/integrity,
however a true measure of mRNA quality further lies within
its ability to produce the desired protein. Therefore, various
amounts of CFTR mRNA were transfected into HEK293T
cells and the corresponding CFTR protein production was
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assessed via western blot methods (FIG. 21). Cells were
harvested ~18 hours post-transfection.

[0166] In another embodiment, further demonstration of
scalability was achieved with synthesis and purification of
ASS1 mRNA at the 25 gram scale using this method. In this
instance, argininosuccinate synthetase (ASS1) mRNA was
produced and precipitated using methods described above.
The solid precipitate was loaded onto the TFF system and
isolated according to the process described. Integrity of the
manufactured mRNA drug substance was demonstrated
using agarose gel electrophoresis. Intact and full length

18
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mRNA was confirmed (FIG. 22) for ASS1 mRNA post
large-scale (25G) precipitation.

EQUIVALENTS AND SCOPE

[0167] 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 limited to the above Description, but rather is
as set forth in the following claims:

SEQUENCE LISTING

Sequence total guantity: 6
SEQ ID NO: 1 moltype = RNA 1length =
FEATURE Location/Qualifiers

4443

misc_feature 1..4443

note = Synthetic polynucleotide
source 1..4443

mol_type = other RNA

organism = synthetic construct
SEQUENCE: 1
atgcagcggt ccccgctcga aaaggccagt gtegtgtcca aactcttett ctcatggact 60
cggectatce ttagaaaggg gtatcggcag aggcttgagt tgtctgacat ctaccagatce 120
cccteggtag attcggcgga taacctctceg gagaagctcg aacgggaatg ggaccgcgaa 180
ctcgegtcta agaaaaaccc gaagctcatc aacgcactga gaaggtgett cttctggegg 240
ttcatgttct acggtatctt cttgtatctce ggggaggtca caaaagcagt ccaacccctg 300
ttgttgggtc gcattatcge ctegtacgac cccgataaca aagaagaacg gagcatcgceg 360
atctacctcg ggatcggact gtgtttgctt ttcatcgtca gaacactttt gttgcatcca 420
gcaatcttcg gectccatca catcggtatg cagatgcgaa tcgctatgtt tagettgatc 480
tacaaaaaga cactgaaact ctcgtcgegg gtgttggata agatttccat cggtcagttg 540
gtgtcectge ttagtaataa cctcaacaaa ttcgatgagg gactggcget ggcacattte 600
gtgtggattg ccccgttgeca agtcgeectt ttgatgggec ttatttggga getgttgcag 660
gcatctgect tttgtggect gggatttcetg attgtgttgg cattgtttca ggctgggett 720
gggcggatga tgatgaagta tcgegaccag agagcgggta aaatctcgga aagactcgte 780
atcacttcgg aaatgatcga aaacatccag tcggtcaaag cctattgetg ggaagaagct 840
atggagaaga tgattgaaaa cctccgccaa actgagctga aactgacccg caaggcggcg 900
tatgtccggt atttcaattc gtcagegtte ttctttteeg ggttecttegt tgtctttcte 960
tcggttttge cttatgcctt gattaagggg attatcctcecc gcaagatttt caccacgatt 1020
tcgttetgea ttgtattgeg catggcagtg acacggcaat ttccgtggge cgtgcagaca 1080
tggtatgact cgcttggagc gatcaacaaa atccaagact tcttgcaaaa gcaagagtac 1140
aagaccctgg agtacaatct tactactacg gaggtagtaa tggagaatgt gacggetttt 1200
tgggaagagg gttttggaga actgtttgag aaagcaaagc agaataacaa caaccgcaag 1260
acctcaaatg gggacgattc cctgtttttc tcgaacttct ccctgctegg aacacccgtg 1320
ttgaaggaca tcaatttcaa gattgagagg ggacagcttc tcgcggtagc gggaagcact 1380
ggtgcgggaa aaactagcct cttgatggtyg attatggggg agcttgagcc cagcgagggg 1440
aagattaaac actccgggceg tatctcatte tgtageccagt tttcatggat catgcccgga 1500
accattaaag agaacatcat tttcggagta tcctatgatg agtaccgata cagatcggtc 1560
attaaggcgt gccagttgga agaggacatt tctaagttcg ccgagaagga taacatcgte 1620
ttgggagaag ggggtattac attgtcggga gggcagcgag cgcggatcag cctcgcgaga 1680
gcggtataca aagatgcaga tttgtatctg cttgattcac cgtttggata cctcgacgta 1740
ttgacagaaa aagaaatctt cgagtcgtgc gtgtgtaaac ttatggctaa taagacgaga 1800
atcctggtga catcaaaaat ggaacacctt aagaaggcgg acaagatcct gatcctccac 1860
gaaggatcgt cctactttta cggcactttc tcagagttgc aaaacttgca gccggacttc 1920
tcaagcaaac tcatggggtg tgactcattc gaccagttca gcgcggaacg gcggaactcg 1980
atcttgacgg aaacgctgca ccgattcteg cttgagggtg atgccccggt atcgtggacce 2040
gagacaaaga agcagtcgtt taagcagaca ggagaatttg gtgagaaaag aaagaacagt 2100
atcttgaatc ctattaactc aattcgcaag ttctcaatcg tccagaaaac tccactgcag 2160
atgaatggaa ttgaagagga ttcggacgaa cccctggagce gcaggcttag cctegtgecg 2220
gattcagagc aaggggaggc cattcttccc cggatttcgg tgatttcaac cggacctaca 2280
cttcaggcga ggcgaaggca atccgtgctce aacctcatga cgcattcggt aaaccagggg 2340
caaaacattc accgcaaaac gacggcctca acgagaaaag tgtcacttge accccaggcg 2400
aatttgactg aactcgacat ctacagccgt aggctttcge aagaaaccgg acttgagatc 2460
agcgaagaaa tcaatgaaga agatttgaaa gagtgtttct ttgatgacat ggaatcaatc 2520
ccagcggtga caacgtggaa cacatacttg cgttacatca cggtgcacaa gtccttgatt 2580
ttcgtectca tectggtgtet cgtgatcttt ctegectgagg tcgcagegte acttgtggte 2640
ctctggetge ttggtaatac gcccttgcaa gacaaaggca attctacaca ctcaagaaac 2700
aattcctatg ccgtgattat cacttctaca agctcgtatt acgtgtttta catctacgta 2760
ggagtggccg acactctget cgcgatgggt ttcecttceccgag gactcccact cgttcacacg 2820
cttatcactg tctccaagat tctccaccat aagatgcttc atagcgtact gcaggctccce 2880
atgtccacct tgaatacgct caaggcggga ggtattttga atcgcttctce aaaagatatt 2940
gcaattttgg atgaccttct gececcctgacg atcttcegact tcatccagtt gttgetgatce 3000
gtgattgggg ctattgcagt agtcgctgtc ctccagectt acatttttgt cgcgaccgtt 3060
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-continued

ccggtgatcg tggegtttat catgctgegg gectatttet tgcagacgtc acagcagett 3120
aagcaactgg agtctgaagg gaggtcgcct atctttacge atcttgtgac cagtttgaag 3180
ggattgtgga cgttgcgege ctttggcagg cagccctact ttgaaacact gttccacaaa 3240
gcgctgaate tccatacgge aaattggttt ttgtatttga gtaccctecg atggtttcag 3300
atgcgcattg agatgatttt tgtgatctte tttatcgcgg tgacttttat ctccatcttg 3360
accacgggag agggcgaggg acgggtcggt attatcctga cactcgccat gaacattatg 3420
agcactttgc agtgggcagt gaacagctcg attgatgtgg atagcctgat gaggtccgtt 3480
tcgagggtet ttaagttcat cgacatgcceg acggagggaa agcccacaaa aagtacgaaa 3540
ccctataaga atgggcaatt gagtaaggta atgatcatcg agaacagtca cgtgaagaag 3600
gatgacatct ggcctagegg gggtcagatg accgtgaagg acctgacggce aaaatacacc 3660
gagggaggga acgcaatcct tgaaaacatc tcgttcagca ttagccccgg tcagegtgtg 3720
gggttgcteg ggaggaccgg gtcaggaaaa tcgacgttge tgtcggectt cttgagactt 3780
ctgaatacag agggtgagat ccagatcgac ggcgtttcgt gggatagcat caccttgcag 3840
cagtggcgga aagcgtttgg agtaatcccce caaaaggtcect ttatctttag cggaaccttce 3900
cgaaagaatc tcgatcctta tgaacagtgg tcagatcaag agatttggaa agtcgcggac 3960
gaggttggcce ttcggagtgt aatcgagcag tttcecgggaa aactcgactt tgteccttgta 4020
gatgggggat gcgtcctgtce gcatgggcac aagcagctca tgtgcctgge gcgatcecgte 4080
ctctctaaag cgaaaattct tcectcecttggat gaaccttcgg cccatctgga cccggtaacg 4140
tatcagatca tcagaaggac acttaagcag gcgtttgceg actgcacggt gattctctgt 4200
gagcatcgta tcgaggccat gcetcgaatge cagcaattte ttgtcatcga agagaataag 4260
gtccgecagt acgactccat ccagaagctg cttaatgaga gatcattgtt ccggcaggeg 4320
atttcaccat ccgatagggt gaaacttttt ccacacagaa attcgtcgaa gtgcaagtcc 4380
aaaccgcaga tcgcggcectt gaaagaagag actgaagaag aagttcaaga cacgcgtctt 4440
taa 4443
SEQ ID NO: 2 moltype = RNA Ilength = 1653
FEATURE Location/Qualifiers
misc_feature 1..1653

note = Synthetic polynucleotide
source 1..1653

mol_type = other RNA

organism = synthetic construct
SEQUENCE: 2
atggaagatg ccaaaaacat taagaagggc ccagcgccat tctacccact cgaagacggg 60
accgccggeg agcagctgca caaagccatg aagcgctacg ccctggtgcc cggcaccatce 120
gectttaceg acgcacatat cgaggtggac attacctacg ccgagtactt cgagatgage 180
gttcggetgg cagaagctat gaagcgctat gggctgaata caaaccatcg gatcgtggtg 240
tgcagcgaga atagcttgca gttcttecatg ccegtgttgg gtgccctgtt catceggtgtg 300
gctgtggece cagctaacga catctacaac gagcgcgagc tgctgaacag catgggcatc 360
agccagccca ccgtegtatt cgtgagcaag aaagggctgce aaaagatcct caacgtgcaa 420
aagaagctac cgatcataca aaagatcatc atcatggata gcaagaccga ctaccagggc 480
ttccaaagca tgtacacctt cgtgacttce catttgecac ccggcttcaa cgagtacgac 540
ttcgtgccceg agagcttcega ccgggacaaa accatcgccce tgatcatgaa cagtagtgge 600
agtaccggat tgcccaaggg cgtagcccta ccgcaccgca ccgcttgtgt ccgattcagt 660
catgccegeg accccatctt cggcaaccag atcatccceg acaccgctat cctcagegtg 720
gtgccattte accacggett cggcatgttc accacgctgg gctacttgat ctgeggettt 780
cgggtcgtge tcatgtaccg cttcgaggag gagctattcect tgcgcagctt gcaagactat 840
aagattcaat ctgccctgcet ggtgcccaca ctatttaget tcttcgctaa gagcactctce 900
atcgacaagt acgacctaag caacttgcac gagatcgcca gcggcggggce gccgctcage 960
aaggaggtag gtgaggccgt ggccaaacgc ttccacctac caggcatccg ccagggctac 1020
ggcctgacag aaacaaccag cgccattetg atcacccccg aaggggacga caagcctgge 1080
gcagtaggca aggtggtgcece cttcttcgag gctaaggtgg tggacttgga caccggtaag 1140
acactgggtg tgaaccagcg cggcgagctg tgcgtceegtg gecccatgat catgagcegge 1200
tacgttaaca accccgaggc tacaaacgct ctcatcgaca aggacggctg gctgcacage 1260
ggcgacatcg cctactggga cgaggacgag cacttcttca tcgtggaccg gctgaagage 1320
ctgatcaaat acaagggcta ccaggtagcc ccagccgaac tggagagcat cctgctgcaa 1380
caccccaaca tcttecgacge cggggtegec ggectgeceg acgacgatge cggcgagetg 1440
cccgecgecag tegtegtget ggaacacggt aaaaccatga ccgagaagga gatcgtggac 1500
tatgtggcca gccaggttac aaccgccaag aagctgcgeg gtggtgttgt gttcecgtggac 1560
gaggtgccta aaggactgac cggcaagttyg gacgcccgca agatccgcga gattctcatt 1620
aaggccaaga agggcggcaa gatcgceegtg taa 1653
SEQ ID NO: 3 moltype = RNA Ilength = 1239
FEATURE Location/Qualifiers
misc_feature 1..1239

note = Synthetic polynucleotide
source 1..1239

mol_type = other RNA

organism = synthetic construct
SEQUENCE: 3
atgagcagca agggcagcgt ggtgctggec tacagcggeg gectggacac cagctgcatc 60
ctggtgtggc tgaaggagca gggctacgac gtgatcgcct acctggccaa catcggccag 120
aaggaggact tcgaggaggc ccgcaagaag gccctgaage tgggcgccaa gaaggtgttce 180
atcgaggacg tgagccgcga gttegtggag gagttcatcet ggcccgccat ccagagcagce 240
gececctgtacg aggaccgcta cctgctggge accagcctgg cccgeccctg catcgecege 300
aagcaggtgg agatcgccca gegegaggge gccaagtacg tgagccacgg cgccaccgge 360
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20
-continued

aagggcaacg accaggtgcg cttecgagetg agectgctaca gectggcccce ccagatcaag 420
gtgatcgcce cctggegecat geccgagtte tacaaccget tcaagggccg caacgacctg 480
atggagtacg ccaagcagca cggcatccece atccccgtga cccccaagaa cccctggage 540
atggacgaga acctgatgca catcagctac gaggccggca tcctggagaa ccccaagaac 600
caggccccce ccggectgta caccaagacce caggaccccg ccaaggcccc caacacccece 660
gacatcctgg agatcgagtt caagaagggc gtgcccgtga aggtgaccaa cgtgaaggac 720
ggcaccacce accagaccag cctggagcetyg ttcatgtacc tgaacgaggt ggccggcaag 780
cacggcegtgg gecgcatcga catcgtggag aaccgcttca tcggcatgaa gagccgcegge 840
atctacgaga cccccgecgg caccatcctg taccacgcce acctggacat cgaggcectte 900
accatggacc gcgaggtgeg caagatcaag cagggcctgg gectgaagtt cgccgagetg 960
gtgtacaccg gcttetggeca cagccccgag tgcgagttcg tgcgccactg catcgeccaag 1020
agccaggagce gegtggaggg caaggtgcag gtgagegtge tgaagggcca ggtgtacatc 1080
ctgggcegeg agagccccect gagectgtac aacgaggage tggtgagcat gaacgtgcag 1140
ggcgactacg agcccaccga cgccaccgge ttcatcaaca tcaacagect gegectgaag 1200
gagtaccacc gcctgcagag caaggtgacce gccaagtga 1239
SEQ ID NO: 4 moltype = RNA 1length = 140
FEATURE Location/Qualifiers
misc_feature 1..140

note = Synthetic polynucleotide
source 1..140

mol_type = other RNA

organism = synthetic construct
SEQUENCE: 4
ggacagatcg cctggagacg ccatccacge tgttttgacc tccatagaag acaccgggac 60
cgatccagee tccgeggeceg ggaacggtge attggaacge ggattccceg tgccaagagt 120
gactcaccgt ccttgacacg 140
SEQ ID NO: 5 moltype = RNA 1length = 105
FEATURE Location/Qualifiers
misc_feature 1..105

note = Synthetic polynucleotide
source 1..105

mol_type = other RNA

organism = synthetic construct
SEQUENCE: 5
cgggtggcat ccctgtgacce ccteccecagt gectctectg gecctggaag ttgccactcce 60
agtgcccacc agccttgtcec taataaaatt aagttgcatc aagcet 105
SEQ ID NO: 6 moltype = RNA 1length = 105
FEATURE Location/Qualifiers
misc_feature 1..105

note = Synthetic polynucleotide
source 1..105

mol type = other RNA

organism = synthetic construct
SEQUENCE: 6
gggtggcate cctgtgacce ctceccccagtg cctctectgg ccectggaagt tgccactcecca 60
gtgcccacca gecttgtect aataaaatta agttgcatca aagcet 105

1-52. (canceled)
53. A method of purifying messenger RNA (mRNA),
comprising
(a) precipitating mRNA;
(b) treating the precipitated mRNA to a membrane filtra-
tion process; and

(c) eluting the precipitated mRNA from the membrane by
re-solubilizing the mRNA,;

wherein the membrane filtration process is tangential flow
filtration.

54. The method of claim 53, wherein the membrane used
for the membrane filtration is selected from the group
consisting of polyethersulfone (mPES) (not modified),
polyethersulfone (mPES) hollow fiber membrane, polyvi-
nylidene fluoride (PVDF), cellulose acetate, nitrocellulose,
MCE (mixed cellulose esters), ultra-high MW polyethylene
(UPE), polyfluorotetraethylene (PTFE), nylon, polysulfone,
polyether sulfone, polyacrilonitrile, polypropylene, polyvi-
nyl chloride, and combinations thereof.

55. The method of claim 53, wherein the precipitated
mRNA is captured by a membrane having a surface area
greater than 2,000 cm?.

56. The method of claim 53, wherein the precipitating
mRNA comprises treating mRNA with a denaturing agent,
salt, surfactant or solvent suitable for precipitating the
mRNA.

57. The method of claim 56, wherein the denaturing agent
is selected from the group consisting of lithium chloride,
potassium chloride, guanidinium chloride, guanidinium
thiocyanate, guanidinium isothiocyanate, ammonium
acetate and combinations thereof.

58. The method of claim 57, wherein the denaturing agent
is guanidinium thiocyanate.

59. The method of claim 57, wherein the precipitating
comprises treating with 4M guanidinium thiocyanate, and
0.5% sodium lauryl sarcosyl and/or 25 mM sodium citrate.

60. The method of claim 56, wherein the solvent suitable
for precipitating the mRNA is absolute ethanol or isopropyl
alcohol.
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61. The method of claim 60, wherein the solvent is
absolute ethanol.

62. The method of claim 53, wherein the method further
comprises a step of washing the precipitated mRNA before
eluting.

63. The method of claim 62, wherein the washing step
comprises multiple rinse cycles using a wash solution com-
prising a guanidinium buffer and ethanol, followed by about
70-80% ethanol.

64. The method of claim 63, wherein the multiple rinse
cycles are more than 5 cycles.

65. The method of claim 53, wherein the eluting step
comprises re-solubilizing the captured precipitated mRNA
with RNAse-free water.

66. The method of claim 65, wherein the RNAse-free
water is re-circulated for 5-10 minutes.
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67. The method of claim 53, wherein the method further
comprises a step of dialyzing the purified mRNA solution.

68. The method of claim 67, wherein the purified mRNA
solution is dialyzed with 1 mM sodium citrate using a 100
kDa molecular weight cut-off (MWCO) membrane.

69. The method of claim 53, wherein the mRNA is
purified at a scale of or greater than 1 gram, 5 gram, 10 gram,
100 gram, 1 kg, 10 kg, or 100 kg per batch.

70. A composition comprising messenger RNA manufac-
tured according to the method of claim 53.

71. A composition comprising in vitro synthesized mes-
senger RNA (mRNA), wherein the composition is substan-
tially free of DNA template used in in vitro synthesis.

72. A method of manufacturing mRNA comprising puri-
fying the in vitro synthesized mRNA according to the
method of claim 53.



