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(57) ABSTRACT

The present invention provides, among other things, meth-
ods of purifying messenger RNA (mRNA) including the
steps of subjecting an impure preparation comprising in
vitro synthesized mRNA to a denaturing condition, and
purifying the mRNA from the impure preparation from step
(a) by tangential flow filtration, wherein the mRNA purified
from step (b) is substantially free of prematurely aborted
RNA sequences and/or enzyme reagents used in in vitro
synthesis.

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

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This patent application claims the benefit of U.S.
Provisional Patent Application Ser. No. 61/784,996, filed
Mar. 14, 2013, the entirety of which is incorporated herein
by reference.

BACKGROUND OF THE INVENTION

[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, it is important to ensure the
production of highly pure and safe mRNA product. Tradi-
tionally, RNA purification typically employs spin columns
and involves the use of caustic or flammable solvents, such
as ethanol, which is undesirable for therapeutic administra-
tion and large scale production.

SUMMARY OF THE INVENTION

[0003] The present invention provides improved methods
of purifying mRNA that is suitable for administration as a
pharmaceutical product based on tangential flow filtration
(TFF). Prior to the present invention, RNA purification
typically employs spin columns and involves the use of
caustic or flammable solvents, such as ethanol, which is
undesirable for therapeutic administration and large scale
production. Further, the prior art method typically does not
allow for the separation of incomplete transcripts known as
premature aborts or “shortmers,” which is reported to be
highly immunostimulatory and the presence of which may
greatly alter the toxicity and tolerability profile of mRNA as
active pharmaceutical ingredient (API). The present inven-
tion is, in part, based on the discovery that tangential flow
filtration is surprisingly effective to remove reactants,
enzymes, by products, in particular, the shortmers, from
mRNA production mixture. As described herein, tangential
flow filtration, particularly in combination with a pre-treat-
ment using a denaturing agent, can effectively remove
reactants, enzymes and byproducts including prematurely
aborted RNA sequences (i.e., shortmers), while still main-
taining the integrity of mRNA. More surprisingly, the pres-
ent inventors have demonstrated that tangential flow filtra-
tion can be successfully performed using only aqueous
buffers as solvents without using any caustic or flammable
solvents. Thus, the present invention provides a more effec-
tive, reliable, and safer method of purifying mRNA from
large scale manufacturing process therapeutic applications.
[0004] In one aspect, the present invention provides,
among other things, methods of purifying messenger RNA
(mRNA) including the steps of (a) subjecting an impure
preparation comprising in vitro synthesized mRNA to a
denaturing condition, and (b) purifying the mRNA from the
impure preparation from step (a) by tangential flow filtra-
tion, wherein the mRNA purified front step (b) is substan-
tially free of prematurely aborted RNA sequences and/or
enzyme reagents used in in vitro synthesis.

[0005] In some embodiments, step (a) comprises adding a
protein denaturing agent to the impure preparation. In some
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embodiments, step (a) comprises incubating the impure
preparation with the protein denaturing agent added at room
temperature for about 1-10 minutes (e.g., about 2-9, 2-8, 2-7,
3-10, 3-9, 3-8, 3-7, 3-6, 4-10, 4-9, 4-8, 4-7, 4-6 minutes). In
some embodiments, step (a) comprises incubating the
impure preparation with the protein denaturing agent added
at room temperature for about 1, 2, 3,4, 5, 6,7, 8,9, or 10
minutes. In some embodiments, step (a) comprises incubat-
ing the impure preparation with the protein denaturing agent
added at room temperature for about 5 minutes. In some
embodiments, a suitable protein denaturing agent is selected
from the group consisting of urea, guanidinium thiocyanate,
KCl, sodium dodecyl sulfate, sarcosyl, other detergents, and
combinations thereof.

[0006] In sonic embodiments, step (a) comprises adding
urea to the impure preparation to achieve a resulting urea
concentration of about 1 M or greater. In some embodi-
ments, the resulting urea concentration is about 2 M or
greater, 3 M or greater, 4 M or greater, 5 M or greater, 6 M
or greater, 7 M or greater, 8 M or greater, 9 M or greater, or
10 M or greater.

[0007] In some embodiments, step (a) comprises adding
guanidinium thiocyanate to the impure preparation to
achieve a resulting guanidinium thiocyanate concentration
of'about 1 M or greater. In some embodiments, the resulting
guanidinium thiocyanate concentration is about 2 M or
greater, 3 M or greater, 4 M or greater, 5 M or greater, 6 M
or greater, 7 M or greater, 8 M or greater, 9 M or greater, or
10 M or greater.

[0008] In some embodiments, step (a) comprises adding
KCl to the impure preparation to achieve a resulting KCI
concentration of about 1 M or greater. In some embodi-
ments, the resulting KCI concentration is about 2 M or
greater, 3 M or greater, 4 M or greater, or 5 M or greater.
[0009] Insome embodiments, the tangential flow filtration
is performed using only aqueous solvents. In some embodi-
ments, the tangential flow filtration is performed using water
as solvent. In some embodiments, the tangential flow filtra-
tion is performed at a feed rate of approximately 100-200
ml./minute (e.g., approximately 100-180 mI./minute, 100-
160 m[/minute, 100-140 mL/minute, 110-190 mI/minute,
110-170 mL/minute, or 110-150 mL/minute) and/or a flow
rate of approximately 10-50 mI/minute (e.g., approximately
10-40 mL/minute, 10-30 mL/minute, 20-50 mL/minute, or
20-40 mL/minute). In some embodiments, the tangential
flow filtration is performed 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 mL/minute.

[0010] In some embodiments, the mRNA purified from
step (b) contains less than about 5% (e.g., less than about
4%, 3%, 2%, or 1%) of prematurely aborted RNA sequences
and/or enzyme reagents used in in vitro synthesis. In some
embodiments, the mRNA purified from step (b) 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 and/or enzyme reagents used in in
vitro synthesis. In some embodiments, the mRNA purified
from step (b) contains less than 0.5% of prematurely aborted
RNA sequences and/or enzyme reagents used in in vitro
synthesis. In some embodiments, the mRNA purified from
step (b) contains less than 0.1% of prematurely, aborted
RNA sequences and/or enzyme reagents used in in vitro
synthesis. In some embodiments, the mRNA purified from
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step (b) contains undetectable prematurely aborted RNA
sequences and/or enzyme reagents used in in vitro synthesis
as determined by eithidium bromide and/or Coomassie
staining.

[0011] In some embodiments, the prematurely aborted
RNA sequences comprise less than 15 bases (e.g., less than
14,13, 12, 11, 10, 9 or 8 bases). In some embodiments, the
prematurely aborted RNA sequences comprise about 8-12
bases.

[0012] Insome embodiments, the enzyme reagents used in
in synthesis comprise T7 RNA polymerase, DNAse I, pyro-
phosphatase, and/or RNAse inhibitor. In some embodi-
ments, the enzyme reagents used in in vitro synthesis
comprise T7 RNA polymerase.

[0013] Insome embodiments, the tangential flow filtration
is performed before a cap and poly-A tail are added to the in
vitro synthesized mRNA. In some embodiments, the tan-
gential flow filtration is performed after a cap and poly-A tail
are added to the in vitro synthesized mRNA. In some
embodiments, the tangential flow filtration is performed
both before and after a cap and poly-A tail are added to the
in vitro synthesized mRNA.

[0014] In some embodiments, the in vitro synthesized
mRNA is greater than about 1 kb, 1.5 kb, 2 kb, 2.5 kb, 3 kb,
3.5kb, 4 kb, 4.5 kb, or 5 kb in length. In some embodiments,
the in vitro synthesized mRNA comprises one or more
modifications to enhance stability. In some embodiments,
the one or more modifications are selected from modified
nucleotide, modified sugar phosphate backbones, 5' and/or 3'
untranslated region. In some embodiments, the in vitro
synthesized mRNA is unmodified.

[0015] In some embodiments, the mRNA purified from
step (b) has an integrity greater than about 95% (e.g., greater
than about 96%, 97%, 98%, 99% or more). In some embodi-
ments, the mRNA purified from step (b) has an integrity
greater than 98%. In some embodiments, the mRNA purified
from step (b) has an integrity greater than 99%. In some
embodiments, the mRNA purified from step (b) has an
integrity of approximately 100%.

[0016] The present invention also provides methods for
manufacturing messenger RNA (mRNA) including the steps
of synthesizing mRNA in vitro, and purifying the in vitro
synthesized mRNA according to methods described herein.
[0017] The present invention also provides messenger
RNA (mRNA) purified according to the methods described
herein.

[0018] 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.

[0019] 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

[0020] The following figures are for illustration purposes
only and not for limitation.
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[0021] FIG. 1 shows exemplary protein levels in in vitro
transcription of FFL mRNA samples purified according to
provided methods, including exposure to urea, along with
various controls as shown by gel electrophoresis and
Coomassie staining.

[0022] FIG. 2 shows exemplary firefly luciferase (FFL)
mRNA levels in in vitro transcription samples purified
according to provided methods as compared to mRNA
purified according to traditional methods as shown by aga-
rose gel electrophoresis and ethidium bromide staining.
[0023] FIG. 3 shows exemplary protein levels in in vitro
transcription samples of FFL, mRNA purified according to
provided methods, including TFF with and without exposure
to 5M urea, as compared to mRNA purified according to
traditional methods gel electrophoresis and Coomassie
staining.

[0024] FIG. 4 depicts exemplary fluorescence data gath-
ered from translated purified FFL. mRNA provided from
provided methods as compared to purified mRNA provided
from traditional methods.

[0025] FIG. 5 shows exemplary protein levels from in
vitro transcription samples of Factor IX (FIX) mRNA puri-
fied, according to provided, methods, including exposure to
proteinase K and/or SM Urea, as compared to mRNA
purified according to traditional methods gel electrophoresis
and Coomassie staining.

[0026] FIG. 6 shows exemplary FIX mRNA levels in in
vitro transcription samples purified according to provided
methods as shown by agarose gel electrophoresis and
ethidium bromide staining.

[0027] FIG. 7 shows exemplary protein levels in in vitro
transcription samples of cystic fibrosis transmembrane con-
ductance regulator (CCPR) mRNA purified according to
provided methods, including exposure to 2M KCl, as com-
pared to mRNA purified according to traditional methods gel
electrophoresis and Coomassie staining.

[0028] FIG. 8 shows exemplary CFTR mRNA levels in in
vitro transcription samples purified according to provided
methods, including exposure to 2M KCl, as shown by
agarose gel electrophoresis and ethidium bromide staining.
[0029] FIG. 9 shows exemplary CFTR mRNA levels in in
vitro transcription samples purified according to provided
methods, including exposure to 2M KCl, as compared to
mRNA purified according to traditional methods as shown
by agarose gel electrophoresis and ethidium bromide stain-
ing.

DEFINITIONS

[0030] 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.

[0031] 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.
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[0032] 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).

[0033] 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.

[0034] Expression: As used herein, “expression” of a
nucleic acid sequence refers to translation of an mRNA into
a polypeptide (e.g., heavy chain or light chain of antibody),
assemble multiple polypeptides (e.g., heavy chain or light
chain of antibody) into an intact protein (e.g., antibody)
and/or post-translational modification of a polypeptide or
fully assembled protein (e.g., antibody). In this application,
the terms “expression” and “production,” and grammatical
equivalent, are used inter-changeably.

[0035] Functional: As used herein, a “functional” biologi-
cal molecule is a biological molecule m a form in which it
exhibits a property and/or activity by which it is character-

ized,

[0036] 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.

[0037] 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.

[0038] 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.

[0039] In Vivo: As used herein, the term “in vivo” refers
to events that occur within a multi-cellular organism, such as
a human and a non-human animal. In the context of cell-
based systems, the term may be used to refer to events that
occur within a living cell (as opposed to, for example, in
vitro systems).

[0040] isolated: As used herein, the term “isolated” refers
to a substance and/or entity, that has been (1) separated from
at least 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
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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.).

[0041] messenger RNA (mRMA): 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.

[0042] 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).

[0043] 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
sonic 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,
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-



US 2022/0411781 Al

dine, CS5-propynyl-cytidine, C5-methylcytidine,
2-aminoadenosine, 7-deazaadenosine, 7-deazaguanosine,
8-oxoadenosine, 8-oxoguanosine, O(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'-deoxyribose,
arabinose, and hexose); and/or modified phosphate groups
(e.g., phosphorothioates and 5'-N-phosphoramidite link-
ages). In some embodiments, the present invention is spe-
cifically 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.
[0044] Patient: As used herein, the term “patient” or
“subject” refers to any organism to which a provided com-
position may be administered, e.g., fir 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.

[0045] 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.

[0046] Prematurely aborted RATA 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.

[0047] Salt: As used herein the terns “salt” refers to an
ionic compound that does or may result from a neutraliza-
tion reaction between an acid and a base.

[0048] Subject: As used herein, the term “subject” refers
to a human or any non-human (e.g., mouse, rat, rabbit, dog,
cat, cattle, swine, sheep, horse or primate). A human
includes pre- and post-natal forms. In many embodiments, a
subject is a human being. A subject can be a patient, which
refers to a human presenting to a medical provider for
diagnosis or treatment of a disease. The term “subject” is
used herein interchangeably with “individual” or “patient” A
subject can be afflicted with or is susceptible to a disease or
disorder but may or may not display symptoms of the
disease or disorder.

[0049] 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
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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.

[0050] 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 g, 500 pg, 100 pg, 50 pg, 10 pg, or less.

DETAILED DESCRIPTION

[0051] 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 tangential flow filtration. In some embodiments, an
inventive method according to the present invention
includes steps of (a) subjecting an impure preparation com-
prising in vitro synthesized mRNA to a denaturing condi-
tion, and (b) purifying the mRNA from the impure prepa-
ration from step (a) by tangential flow filtration, wherein the
mRNA purified from step (b) is substantially free of prema-
turely aborted. RNA sequences and/or enzyme reagents used
in in vitro synthesis.

[0052] 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

[0053] 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.

[0054] mRNAs according to the present invention may be
synthesized according to any of a variety of known methods.
For example, mRNAs according to the present invention
may be synthesized via in vitro transcription (IVT). Briefly,
IVT is typically performed with a linear or circular DNA
template containing a promoter, a pool of ribonucleotide
triphosphates, a buffer system that may include DTT and
magnesium ions, and an appropriate RNA polymerase (e.g.,



US 2022/0411781 Al

T3, T7, SP6 RNA polymerase), DNAse I, pyrophosphatase,
andlor 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 impu-
rities and a preparation containing one or more of these
impurities may be referred to as an impure preparation.

[0055] mRNAs according to the present invention may be
purified on a commercial scale. In some embodiments, the
mRNA is purified at a scale of or greater than 0.1 grams, 0.5
grams, 1 gram, 2 grams, 3 grams, 4 grams, 5 grams, 6 grams,
7 grams, 8 grams, 9 grams, 10 gram, 20 grams, 30 grams, 40
grams, 50 grams, 60 grams, 70 grams, 80 grams, 90 grams,
100 grams, 200 grams, 300 grams, 400 grams, 500 grams,
600 grams, 700 grams, 800 grams, 900 grams, or 1,000
grams per batch.

[0056] 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 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, or 15 kb in length. In some embodiments,
the present invention may be used to purify mRNA contain-
ing one or more modifications that typically enhance stabil-
ity. In some embodiments, one or more modifications are
selected from modified nucleotide, modified sugar phos-
phate 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.

[0057] 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, purities (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,
5-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-
mannosyl-queosine, wybutoxosine, and phosphoramidates,
phosphorothioates, peptide nucleotides, methylphospho-
nates, 7-deazaguanosine, 5-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,
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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.

[0058] 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.

[0059] Thus, in some embodiments, mRNAs include a 5'
cap structure. A 5' cap is typicallyadded 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 5'5'5 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.

[0060] 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 front
bacteria, fungi, plants, and/or animals.

[0061] In some embodiments, mRNAs include a 5' and/or
3" untranslated region. In some embodiments, a 5' untrans-
lated region includes one or more elements that affect an
mRINA’s stability or translation, for example, an iron
responsive element. In some embodiments, a 5' untranslated
region may be between about 50 and 500 nucleotides in
length.

[0062] 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.

[0063] 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, Factor IX, and CTIR, are described in detail in the
Examples section.

Denaturing Conditions and Denaturation Agents

[0064] Typically, changing the conformation of a protein
or nucleic acid either temporarily or permanently by dis-
rupting intermolecular forces is called denaturation. Dena-
turation results in structural change and often to a loss of
activity. 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 the protein or
nucleic acid from solution. Surprisingly, as described herein,
using a denaturing condition in combination with tangential
flow filtration (TFF) can facilitate mRNA purification while
still maintaining the integrity of mRNA.

[0065] As used herein, the term “denaturing condition”
refers to any chemical or physical conditions that can cause
denaturation. Exemplary denaturing conditions include, but
are not limited to, chemical reagents, high temperatures,
extreme pH, etc.

[0066] In some embodiments, a denaturing condition is
achieved through adding one or more denaturing agents to
an impure preparation containing mRNA to be purified. In
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some embodiments, a denaturing agent suitable for the
present invention is a protein and/or DNA denaturing agent.
In some embodiments, a denaturing agent may be: 1) an
enzyme (such as a serine proteinase or a DNase), 2) an acid,
3) a solvent, 4) a cross-linking agent, 5) a chaotropic agent,
6) a reducing agent, and/or 7) high ionic strength via high
salt concentrations. In some embodiments, a particular agent
may fall into more than one of these categories.

[0067] In some embodiments, one or more enzymes may
be used as denaturing agents to degrade proteins and DNA
templates used in mRNA synthesis. In some embodiments,
suitable enzymes include, but are not limited to, serine
proteases such as chymotrypsin and chymotrypsin-like ser-
ine proteases, trypsin and trypsin-like serine proteases,
elastase and elastase-like serine proteases, subtilisin and
subtilisin-like serine proteases, and combinations thereof,
deoxyribonucleases (DNases) such as deoxyribonuclease I,
1T and/or 1V, restriction enzymes such as EcoRI, EcoRII,
BamHI, HindIII, Spel, Sphl, Stul, Xbal, and combination
thereof.

[0068] In some embodiments, an acid may be used as a
denaturing agent. In some embodiments, a suitable acid may
be acetic acid, formic acid, oxalic acid, citric acid, benzoic
acid, chloroacetic acid, dichloroacetic acid, trichloroacetic
acid, ascorbic acid, sulfosalicylic acid, and combinations
thereof.

[0069] In some embodiments, a solvent may be used as a
denaturing agent. In some embodiments, a solvent may be
isopropyl alcohol, acetone, methyl ethyl ketone, methyl
isobutyl ketone, ethanol, methanol, denatoniurn, and com-
binations thereof.

[0070] In some embodiments, a chaotropic agent may be
sued as a denaturing agent. Choatropic agents are substances
which disrupt the structure of macromolecules such as
proteins and nucleic acids by interfering with non-covalent
forces such as hydrogen bonds and van der Waals forces. In
some embodiments, a chaotropic agent may be urea, thio-
urea, guanidinium chloride, guanidinium thiocyanate, gua-
nidinium isothiocyanate, lithium acetate, magnesium chlo-
ride, sodium dodecyl sulfate, lithium perchlorate and
combination thereof.

[0071] In some embodiments, an impure preparation con-
taining mRNA to be purified is treated with urea. In some
embodiments, an amount of urea is added such that the
resulting urea concentration is about 1M or greater. In some
embodiments, urea is added such that the resulting urea
concentration is about 2 M or greater, 3 M or greater, 4 M
or greater, 5 M or greater, 6 M or greater, 7 M or greater, 8
M or greater, 9 M or greater, or 10 M or greater. In some
embodiments, an impure preparation containing mRNA to
be purified is treated with guanidinium thiocyanate. In some
embodiments, an amount of guanidinium thiocyanate is
added such that the resulting guanidinium thiocyanate con-
centration is about 1 M or greater. In some embodiments,
guanidinium thiocyanate is added such that the resulting
guanidinium thiocyanate concentration is about 2 M or
greater, 3 M or greater, 4 M or greater, 5 M or greater, 6 M
or greater, 7 M or greater, 8 M or greater, 9 M or greater, or
10 M or greater.

[0072] In some embodiments, a reducing agent may be
used as a denaturing agent. Reducing agents are compounds
that donate an electron to another species, thus becoming
oxidized itself. In some embodiments, a reducing agent may
be lithium aluminum hydride, sodium amalgam, diborane,
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sodium borohydride, sulfites, diisobutylaluminum hydride,
phosphites, carbon monoxide, 2-mercaptoethanol, dithio-
threitol, or tris(2-carboxyethyl)phosphine, and combinations
thereof.

[0073] In some embodiments, one or more of pH, heat,
and/or heavy metals (such as lead, mercury or cadmium)
may also be used a denaturing agents. Extremes of pH are
known to cause a protein to denature. Although the back-
bone of a protein chain is neutral, the amino acid residues
that comprise the protein often contain acidic and basic
groups. These groups are usually charged and can form salt
bridges with a group of opposite charge. Accordingly,
extremes of pH can change the charges on these acidic and
basic groups, disrupting salt bridges.

[0074] In some embodiments, less drastic changes in pH
may also affect the activity and solubility of a protein. Like
individual amino acids, proteins have an isoelectric point at
which the number of negative charges equals the number of
positive charges. This is frequently the point of minimum
water solubility. At the isoelectric pH, there is no net charge
on the molecule. Individual molecules have a tendency to
approach one another, coagulate, and precipitate out of
solution. At a pH above or below the isoelectric pH, the
molecules have a net negative or positive charge, respec-
tively. Thus when proteinmolecules approach each other,
they have the same overall charge and repulse each other.

[0075] In some embodiments, heat may be used as a
denaturing agent. Heat can supply kinetic energy to protein
molecules, causing their atoms to vibrate more rapidly. In
some embodiments, this will disrupt relatively weak forces
such as hydrogen bonds and hydrophobic interactions. Heat
is also used in sterilization to denature and hence destroy the
enzymes in bacteria.

[0076] In some embodiments, salts of metal ions such as
mercury(II), lead(Il), and silver may be used as denaturing
agents due to their ability to form strong bonds with disulfide
groups and with the carboxylate ions of the acidic amino
acids. Thus, they disrupt both disulfide bridges and salt
linkages and cause the protein to precipitate out of solution
as an insoluble metal-protein salt.

[0077] In some embodiments, high concentrations of salt
(high salinity) may also be used as a denaturing agent. High
concentrations of salts are known to cause both proteins and
nucleic acids to precipitate from an aqueous solution. In
some embodiments, a high concentration of salt may be
between 1M and 10M, inclusive. In some embodiments, a
high concentration of salt may be between 2M and 9M,
inclusive. In some embodiments, a high concentration of salt
may be between 2M and 8M, inclusive. In some embodi-
ments, a high concentration of salt may be between 2M and
5M, inclusive. In some embodiments, a high concentration
of salt may be greater than 1M concentration. In some
embodiments, a high concentration of salt may be greater
than 2M concentration. In some embodiments, a high con-
centration of salt may be greater than 3M concentration. In
some embodiments, a high concentration of salt may be
greater than 4M concentration. In some embodiments, a high
concentration of salt may be greater than SM concentration.
In some embodiments, a high concentration of salt may be
greater than 6M concentration. In some embodiments, a high
concentration of salt may be greater than 7M concentration.
In some embodiments, a high concentration of salt may be
greater than 8M concentration. In some embodiments, a
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single salt is used as a denaturing agent. In some embodi-
ments, more than one salt is used as a denaturing agent.
[0078] In some embodiments, a salt used as a denaturing
agent may be a calcium salt, an iron salt, a magnesium salt,
a potassium salt, a sodium salt, or a combination thereof.
Exemplary specific salts suitable for use as denaturing
agents in some embodiments include, but are not limited to,
potassium chloride (KCl), sodium chloride (NaCl), lithium
chloride (LiCl), calcium chloride (CaCl,), potassium bro-
mide (KBr), sodium bromide (NaBr), lithium bromide
(LiBr). In some embodiments, the denaturing agent the
impure preparation is subjected to is potassium chloride
(KCI). In some embodiments, KCl is added such that the
resulting KC1 concentration is about 1M or greater. In some
embodiments, KCI is added such that the resulting KC1
concentration is about 2 M or greater, 3 M or greater, 4 M
or greater, or 5 M or greater.

[0079] In some embodiments, it may be desirable to
incubate the impure preparation with one or more denaturing
agents for a period of time. In some embodiments, the
impure preparation is incubated with a denaturing agent for
less than one minute. In some embodiments, the impure
preparation is incubated with a denaturing agent for one
minute. In some embodiments, the impure preparation is
incubated with a denaturing agent for two minutes. In some
embodiments, the impure preparation is incubated with a
denaturing agent for three minutes. In some embodiments,
the impure preparation is incubated with a denaturing agent
for four minutes. In some embodiments, the impure prepa-
ration is incubated with a denaturing agent for five minutes.
In some embodiments, the impure preparation is incubated
with a denaturing agent for ten minutes. In some embodi-
ments, the impure preparation is incubated with a denaturing
agent for one hour. In some embodiments, the impure
preparation is incubated with a denaturing agent for two
hours.

[0080] In some embodiments, the impure preparation is
incubated with one or more denaturing agents at room
temperature (e.g., about 20-25° C.). In some embodiments,
the impure preparation is incubated with one or more
denaturing agents at a temperature below room temperature.
In some embodiments, the impure preparation is incubated
with one or more denaturing agents at a temperature above
room temperature.

Purification

[0081] In several embodiments, before and/or after expo-
sure to a denaturing condition, tangential flow filtration is
used to purify the mRNA from an impure preparation. In
some embodiments, tangential flow filtration is performed
before a cap and poly-A tail are added to the in vitro
synthesized mRNA. In some embodiments, tangential flow
filtration is performed after a cap and poly-A tail are added
to the in vitro synthesized mRNA. In some embodiments,
tangential flow filtration is performed both bef=ore and after
a cap and poly-A tail are added to the in vitro synthesized
mRNA.

Traditional Membrane Filtration

[0082] Generally, membrane 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. There are two major forms
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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.

[0083] Traditional membrane filtration is also known as
“dead-end” filtration. In this format, the feed is loaded onto
a membrane and forced through by positive or negative
pressure. Dead-end filtration tends to be inexpensive and
simple, with the major drawbacks being fouling or clogging
of the membrane with non- or slowly-permeating solute
(also referred to as the retentate), and concentration polar-
ization. Generally, membranes tend to clog or foul more
rapidly as driving forces increase. As a membrane fouls or
clogs, the rate of filtration is reduced and eventually no
permeate is able to pass through until the filter is changed or
cleaned. Concentration polarization is a phenomenon
wherein non-permeable solute collects on the surface of a
filter and eventually forms a type of secondary membrane,
which further impedes travel of permeable solute across the
membrane. As a result, dead-end filtration is typically used
in batch type processes.

Tangential Flow Filtration

[0084] Tangential flow filtration (TFT), also referred to as
cross-flow filtration, is a type of filtration wherein the
material to be filtered is passed tangentially across a filter
rather than through it. In TFF, undesired permeate passes
through the filter, while the desired retentate passes along the
filter and is collected downstream. It is important to note that
the desired material is typically contained in the retentate in
TFF, which is the opposite of what one normally encounters
in traditional-dead end filtration.

[0085] Depending upon the material to be filtered, TFF is
usually used for either microfiltration or ultrafiltration.
Microfiltration is typically defined as instances where the
filter has a pore size of between 0.05 um and 1.0 pm,
inclusive, while ultrafiltration typically involves filters with
a pore size of less than 0.05 um. Pore size also determines
the nominal molecular weight limits (NAM-1), also referred
to as the molecular weight cut off MWCO) for a particular
filter, with microfiltration membranes typically having
NMWLs of greater than 1,000 kilodaltons (kDa) and ultra-
filtration filters having NMWLs of between 1 kDa and 1,000
kDa.

[0086] A principal advantage of tangential flow filtration is
that non-permeable particles 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 widely used in industrial pro-
cesses requiring continuous operation since down time is
significantly reduced because filters do not generally need to
be removed and cleaned.

[0087] Tangential flow filtration can be used for several
purposes including concentration and diafiltration, among
others. Concentration is a process whereby solvent is
removed from a solution while solute molecules are
retained. In order to effectively concentrate a sample, a
membrane having a NMWL or MWCO that is substantially
lower than the molecular weight of the solute molecules to
be retained is used. Generally, one of skill may select a filter
having a NMWL or MWCO of three to six times below the
molecular weight of the target molecule(s).



US 2022/0411781 Al

[0088] Diafiltration is a fractionation process whereby
small undesired particles are passed through a filter while
larger desired molecules are maintained in the retentate
without changing the concentration of those molecules in
solution. Diafiltration is often used to remove salts or
reaction buffers from a solution. Diafiltration may be either
continuous or discontinuous. In continuous diafiltration, a
diafiltration solution is added to the sample teed at the same
rate that filtrate is generated. In discontinuous diafiltration,
the solution is first diluted and then concentrated back to the
starting concentration. Discontinuous diafiltration may be
repeated until a desired concentration of the solute mol-
ecules is reached.

[0089] 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 fitter,
carrying with it permeable molecules. In some embodi-
ments, the transmembrane pressure is between 1 and 30
pounds per square inch (psi), inclusive.

[0090] 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 50 and 500 ml./minute. In some
embodiments, the feed rate is between 50 and 400 mL/min-
ute. 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/minute. In some
embodiments, the feed rate is between 100 and 200 mL/min-
ute. 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 mL/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 embodi-
ments, the feed rate is 220 mL/min or greater.

[0091] 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, I11. 1995). See also U.S. Pat. Nos. 5,256,294
and 5,490,937 for a description of high-pertbrinance tan-
gential flow filtration (HP-TFF), which represents an
improvement to TFF. In some embodiments, the flow rate is
between 10 and 100 mL/minute. In some embodiments, the
flow rate is between 10 and 90 m[/minute. In some embodi-
ments, 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 flow rate is between
10 and 60 mIL/minute. In some embodiments, the flow rate
is between 10 and 50 mI/minute. In some embodiments, the
flow rate is between 10 and 40 mI/minute. In some embodi-
ments, the flow rate is between 20 and 40 mL/minute. In
some embodiments, the flow rate is 30 mL/minute.
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[0092] 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 mL/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 ml./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 mL/minute.
[0093] Further flow rates to accommodate large (commer-
cial) scale purification would entail the tangential flow
filtration being performed at a feed rate of approximately 10
L-200 L/minute. (e.g., approximately 10-180 L/minute, 100-
160 L/minute, 100-140 L/minute, 110-190 L/minute, 110-
170 L/minute, or 110-150 L/minute) and/or a flow rate of
approximately 10-50 L/minute (e.g., approximately 10-40
L/minute, 10-30 L/minute, 20-50 L/minute, or 20-40 L/min-
ute). In some embodiments, the tangential flow filtration is
performed at a feed rate of approximately 100, 110, 120,
130, 140, 150, 160, 170, 180, 190, or 200 L/minute and/or
a flow rate of approximately 10, 20, 30, 40, or 50 L/minute.
[0094] As described above, filters used in TFF may have
any of a variety of pore sizes, and thus NMWLs. In some
embodiments, a filter will have a NMWL of between 100
kDa and 1,000 kDa. In some embodiments, a filter will have
a NMWL of between 200 kDa and 700 kDa. In some
embodiments, a filter will have a NMWL between 200 kDa
and 500 kDa. In some embodiments, a filter has a NNTWL
of 300 kDa. In some embodiments, a filter has a NMWL of
500 kDa.

[0095] In some embodiments, a tangential flow filtration
according to the invention is performed using only aqueous
solvents. In some embodiments, a tangential flow filtration
according to the invention is performed using water as the
solvent.

Characterization of Purified mRNA

[0096] In various 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.

[0097] A particular advantage provided by the present
invention is the ability to remove or eliminate a high degree
of prematurely aborted RNA sequences (also known as
“shortmers”), In some embodiments, 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 embodiments, 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 embodi-
ments, 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
contains undetectable prematurely aborted RNA sequences
as determined by, e.g., eithidium bromide and/or Coomassic
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staining. In some embodiments, prematurely aborted RNA
sequences comprise less than 15 bases (e.g., less than 14, 13,
12, 11, 10, 9 or 8 bases). In some embodiments, the
prematurely aborted RNA sequences comprise about 8-12
bases.

[0098] 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.

[0099] 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%.

EXAMPLES
Example 1

Generation and Purification of Messenger RNA
(mRNA

[0100] Synthesis of mRNA

[0101] 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.

[0102] 101011 In the following examples, unless other-
wise described, mRNA was synthesized via in-vitro tran-
scription from a linearized DNA template. To produce the
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desired mRNA pre-cursor (IVT) construct, a mixture of
~100 ug of linearized DNA, rNTPs (3.33 mM), DTT (10
mM), T7 RNA polymerase, RNAse inhibitor, Pyrophos-
phatase and reaction buffer (10x, 800 mM Hopes (pHS.0),
20 mM Spermidine, 250 mM MgCl,, pH 7.7) was prepared
with RNase-free water to a final volume of 2.24 mL. The
reaction mixture is incubated at 37° C. for a range of time
between 20 minutes-120 minutes. Upon completion, the
mixture is treated with DNase I for an additional 15 minutes
and quenched accordingly.

Addition of 5' Cap and 3' Tail

[0103] 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 (20 mM), S-adenosyl methionine, RN Ase inhibitor,
2'-O-Methyltransferase and guanylyl transferase are mixed
together with reaction buffer (10x, 500 mM Tris-HC1 (pHS.
0), 60 mM KCl, 12.5 mM MgCl,) to a final concentration of
8.3 mL. Upon denaturation, the mRNA is cooled on ice and
then added to the reaction mixture. The combined solution
is incubated for a range of time at 37° C. for 20-90 minutes.
Upon completion, aliquots of ATP (20 mM), PolyA Poly-
merase and tailing reaction buffer (10x, 500 mM Tris-HC1
(pH8.0), 2.5M NaCl, 100 mM MgCl,) are added and the
total reaction mixture is further incubated at 37° C. for a
range of time from 20-45 minutes. Upon completion, the
final reaction mixture is quenched and purified accordingly.

Purification via Tangential Flow Filtration

[0104] In the following examples, unless otherwise
described, the tangential flow filtration (TFF) system con-
sisted of a filtration membrane and a peristaltic pump
(Millipore Labscale TFF 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? (Spectrum Labs). Before use, the filter cartridge
was washed with nuclease free water and further cleaned
with 0.2N NaOH. Finally the system was cleaned with
nuclease free water until the pH of permeate and retentate
reached a pH

Example 2

Analysis of Purified mRNA

[0105] Testing for Presence of Enzymes in Purified
mRNA
[0106] Unless otherwise described, standard Coomassie-

stained protein gels were performed to determine the pres-
ence of any residual reagent enzymes present before and
after purifications. In some instances, BCA assays were
performed as well.

Assessment of mRNA Integrity via Agarose Gel Electro-
phoresis Assays

[0107] Unless otherwise described, messenger RNA size
and integrity were assessed 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, messenger
RNA bands were visualized using ethidium bromide.
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In Vitro mRNA Integrity Assays

[0108] Unless otherwise described, in vitro transfections
of firefly luciferase mRNA were performed using HEK293T
cells. Transfections of one microgram of each mRNA con-
struct 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 FFLL. mRNA, cell lysates were analyzed for luciferase
production via bioluminescence assays.

Bioluminescence Analysis

[0109] In examples including a fluorescent assessment of
provided RNA, the bioluminescence assay was conducted
using a Promega Luciferase Assay System (Item #E1500),
unless otherwise specified. The Luciferase Assay Reagent
was prepared by adding 10 mL of Luciferase Assay Buffer
to Luciferase Assay Substrate and mix via vortex. Approxi-
mately 20 uLL of homogenate samples were loaded onto a
96-well plate followed by 20 ul of plate control to each
sample. Separately, 120 pl, of Luciferase Assay Reagent
(prepared as described above) was added to each well of a
96-well flat bottomed plate. Each plate was then inserted
into the appropriate chambers using a Molecular Device
Flex Station instrument and measure the luminescence
(measured in relative light units (RLU)).

Example 3

Generation and Purification of Firefly Luciferase
(FFL) Messenger RNA (mRNA)

[0110] This example illustrates that, according to various
embodiments, a combination of tangential flow filtration
(TFF) and a denaturing agent may be used according to
provided methods to product a highly purified mRNA prod-
uct. In this example, urea is used as the protein denaturing
agent.

[0111] In this example, a five milligram batch of firefly
luciferase (FFL) RNA (SEQ ID NO: 1, below) was tran-
scribed via the in vitro methods described above to produce
the aforementioned intermediate construct with no cap and
no polyA tail. This reaction maintained a total volume of
2.24 mL and was quenched upon completion by an equiva-
lent volume of I OM urea, bringing the final urea concen-
tration to SM. The resultant solution was incubated for five
minutes at room temperature and transferred to the tangen-
tial flow filtration (TFF) system reservoir. The sample was
diluted to 200 mL with nuclease free water and washed with
1200 mL nuclease free water by ultrafiltration of 200 mL at
a time. Following this, the sample was treated with 200 mL
10 mM Sodium Citrate (pH 6.4) followed by 600 ml wash
with nuclease free water. Finally the sample was concen-
trated to 2 mL and the final concentration was determined
via absorption at 260 nm (A

max)'

Codon-Optimized Firefly Luciferase (FFL) mRNA
(SEQ ID NO: 1)
X,AUGGAAGAUGCCAAAAACAUUAAGAAGGGCCCA
GCGCCAUUCUACCCACUCGAAGACGGGACCGCCGG
CGAGCAGCUGCACAAAGCCAUGAAGCGCUACGCCC

UGGUGCCCGGCACCAUCGCCUUUACCGACGCACAU
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-continued
AUCGAGGUGGACAUUACCUACGCCGAGUACUUCGA
GAUGAGCGUUCGGCUGGCAGAAGCUAUGARGCGCU
AUGGGCUGAAUACAAACCAUCGGAUCGUGGUGUGC
AGCGAGAAUAGCUUGCAGUUCUUCAUGCCCGUGUU
GGGUGCCCUGUUCAUCGGUGUGGCUGUGGCCCCAG
CUAACGACAUCUACAACGAGCGCGAGCUGCUGAAC
AGCAUGGGCAUCAGCCAGCCCACCGUCGUAUUCGU
GAGCAAGARAGGGCUGCAARAGAUCCUCAACGUGC
AAAAGAAGCUACCGAUCAUACAAAAGAUCAUCAUC
AUGGAUAGCAAGAC CGACUACCAGGGCUUCCARAG
CAUGUACACCUUCGUGACUUCCCALUUGCCACCCE
GCUUCAACGAGUACGACUUCGUGCCCGAGAGCUUC
GACCGGGACARAACCAUCGCCCUGAUCAUGAACAG
UAGUGGCAGUACCGGAUUGCCCARGGGCGUAGCCC
UACCGCACCGCACCGCUUGUGUCCGAUUCAGUCAU
GCCCGCGACCCCAUCUUCGGCARCCAGAUCAUCCC
CGACACCGCUAUCCUCAGCGUGGUGCCAUUUCACC
ACGGCUUCGGCAUGUUCACCACGCUGGGCUACUUG
AUCUGCGGCUUUCGGGUCGUGCUCAUGUACCGCUU
CGAGGAGGAGCUAUUCUUGCGCAGCUUGCARGACU
AUAAGAUUCAAUCUGCCCUGCUGGUGCCCACACUA
UUUAGCUUCUUCGCUAAGAGCACUCUCAUCGACAA
GUACGACCUAAGCAACUUGCACGAGAUCGCCAGCG
GCGEEECGCCECUCAGCARGGAGGUAGGUGAGGCC
GUGGCCAAACGCUUCCACCUACCAGGCAUCCGCCA
GGGCUACGGCCUGACAGARACAACCAGCGCCAUUC
UGAUCACCCCCGAAGGGGACGACAAGCCUGGCGCA
GUAGGCAAGGUGGUGCCCUUCUUCGAGGCURAGGU
GGUGGACUUGGACACCGGUAAGACACUGGGUGUGA
ACCAGCGCGECGAGCUGUGCGUCCGUGGCCCCAUG
AUCAUGAGCGGCUACGUUAACAACCCCGAGGCUAC
AAACGCUCUCAUCGACAAGGACGGCUGGCUGCACA
GCGGCGACAUCGCCUACUGGGACGAGGACGAGCAC
UUCUUCAUCGUGGACCGGCUGAAGAGCCUGAUCAA
AUACAAGGGCUACCAGGUAGCCCCAGCCGAACUGG
AGAGCAUCCUGCUGCAACACCCCAACAUCUUCGAC
GCCEEEGUCGCCGECCUGCCCGACGACGAUGCCRE
CGAGCUGCCCGCCGCAGUCGUCGUGCUGGAACACE

GUAAAACCAUGACCGAGAAGGAGAUCGUGGACUAU
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-continued
GUGGCCAGCCAGGUUACAACCGCCAAGAAGCUGCG
CGGUGGUGUUGUGUUCGUGGACGAGGUGCCUARRG
GACUGACCGGCAAGUUGGACGCCCGCARGAUCCGC

GAGAUUCUCAUUAAGGCCAAGAAGGGCGGCAAGAU

CGCCGUGUAY,
5' and 3' UTR Sequences:
(SEQ ID NO: 2)
X, =
GGGAUCCUACC
(SEQ ID NO: 3)
Y, =
UUUGAAUU
[0112] Approximately 5 mg of TFF-purified firefly lucifer-

ase RNA was capped and tailed in a final reaction volume of
9 mL, as described above. A portion of this reaction mixture
(6.7 ml) was treated with SM urea for 5 minutes at morn
temperature (RT) and purified using TFF. Approximately 1.5
mg of the cap/tail reaction mixture was purified via TFF
using solely water and isolated. Separately, another small
portion of the cap/tail reaction mixture was purified using a
Qiagen RNeasy Purification kit according to published pro-
tocol. The three isolated final mRNA batches were aliquot-
ted and transfected into HEK293T cells as described below.
Cell lysates were analyzed for the presence of FFL protein
via fluorescence detection (FFL activity).

[0113] In this example, in order to remove reaction
enzymes in this example, a portion of the FFL. mRNA IVT
reaction mixture was subjected to 10M urea resulting in a
final concentration of SM urea. This solution was incubated
for five minutes at room temperature and then purified via
TFF as described above. FIG. 1 shows a coomassie stained
protein gel which shows the resulting mRNA isolated after
TFF employing the aforementioned urea conditions. There
is no detectable enzyme present upon completion.

[0114] After producing the capped and tailed FFL mRNA
product, TFF methods were employed further to purify the
final target mRNA. Portions of the same cap/tail reaction
mixture were separately aliquotted and purified either via
TFF with no urea or via spin-column methods (Qiagen
RNeasy Kit) for comparison. A comparison of the final
mRNA isolated either by TFF or spin column was made
using gel electrophoresis and is depicted in FIG. 2. Further,
residual enzyme levels were monitored via protein gel (FIG.
3). In FIG. 2, one cart clearly see the respective “IVT” FFL
mRNA bands migrating at ~1900 nt with the capped & tailed
(C/T) final mRNA approximately 2100 nt long. The “short-
mer” band typically observed using spin-column isolation
after the cap/tail step is indeed observed in Lane 4.

[0115] It is apparent that the shortmer band is not present
after the cap/tail step when TFF-purified mRNA is
employed. While substantial amounts of enzyme reagents
can be removed using either purification method, shortmer
impurities cannot. This demonstrated that the tangential flow
filtration methods described herein are a successful and
efficient method for purification of prematurely aborted
sequences during mRNA transcription.

[0116] In order to determine whether provided mRNA can
be translated into the desired protein, a comparison of each
of the isolated FFL mRNA constructs (-ITT vs spin-column)
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was made. Each of the three constructs listed below were
transfected into HEK293T cells and corresponding FFL
protein production was assessed via FFL protein activity in
the form of FFL luminescence upon exposure to luciferin
(vada supra).

[0117] FFL Constructs:

[0118] 1.FFLIVT purified via TFF (urea) and C/T step via
TFF (no urea)

[0119] 2. FFL IVT purified via TFF (urea) and C/T step via
TFF (urea)

[0120] 3. FFL IVT purified via spin column and C/T step

via spin column

[0121] A comparison of luminescence output of FFL pro-
tein produced from each is represented in FIG. 4. The
integrity of the TFF-purified FFL mRNA is maintained
throughout the tangential flow filtration process under the
conditions described (exposure to 5M urea).

Example 4

Generation and Purification of Factor IX (FIX)
mRNA

[0122] This example further illustrates that, according to
various embodiments, a combination of tangential flow
filtration (TFF) and a denaturing agent may be used accord-
ing to provided methods to product a highly purified mRNA
product. In this example, guanidinium thiocyanate is used as
the protein denaturing agent.

[0123] In this example, a second species of mRNA was
produced and purified, this time coding for Factor IX (SEQ
ID NO: 4, below). Initially, a five milligram batch of Factor
IX (FIX) RNA was transcribed via in vitro methods as
described above to produce the aforementioned RNA with
no cap and no polyA tail. This reaction maintained a total
volume of 2.24 mL and was quenched upon completion by
the addition of Proteinase K (4 mg/ml IVT reaction) which
was incubated in the reaction mixture at 37° C. for 5
minutes. Upon completion, 6M guanidinium thiocyanate
(4.3 mL, final 4M) was added and the resultant solution was
incubated for five minutes at room temperature and trans-
ferred to the TFF system reservoir. The sample was diluted
to 200 mL nuclease free water and washed with 1600 mL
nuclease free water by ultrafiltration of 200 mL at a time.
Upon completion, the sample was concentrated to ~2 mL
and the final concentration was determined via absorption at
260 nm (A

ma)-

Human Factor IX (FIX) mRNA
(SEQ ID NO:

X, AUGCAGCGCGUGAACAUGAUCAUGGCAGAAUCA

4)

CCAGGCCUCAUCACCAUCUGCCUUUUAGGAUAUCU
ACUCAGUGCUGAAUGUACAGUUUUUCUUGAUCAUG
AAAACGCCAACAAAAUUCUGAGGCGGAGAAGGAGG
UAUAAUUCAGGUAAAUUGGAAGAGUUUGUUCAAGG
GAACCUUGAGAGAGAAUGUAUGGAAGAAAAGUGUA
GUUUUGAAGAAGCACGAGAAGLUUUUGAAAACACU
GAAAGAACAACUGAAUUUUGGAAGCAGUAUGUUGA

UGGAGAUCAGUGUGAGUCCAAUCCAUGUUUAAAUG



US 2022/0411781 Al

-continued
GCGGCAGUUGCAAGGAUGACAUUAAUUCCUAUGAA
UGUUGGUGUCCCUUUGGAUUUGAAGGAAAGAACTG
UGAAUUAGAUGUAACAUGUAACAUUAAGAAUGGCA
GAUGCGAGCAGUUUUGUARAAAUAGUGCUGAUAAC
AAGGUGGUUUGCUCCUGUACUGAGGGAUAUCGACU
UGCAGAARACCAGAAGUCCUGUGAACCAGCAGUGC
CAUUUCCAUGUGGAAGAGUUUCUGUUUCACAAACY
UCUAAGCUCACCCGUGCUGAGGCUGUUUUUCCUGA
UGUGGACUAUGUAAAUUCUACUGAAGCUGAAACCA
UUUUGGAUAACAUCACUCAAAGCACCCAAUCAUUY
ARUGACUUCACUCGGGUUGUUGGUGGAGAAGAUGC
CARAACCAGGUCAAUUCCCUUGGCAGGUUGUUUUGA
AUGGUAAAGUUGAUGCAUUCUGUGGAGGCUCUAUC
GUUAAUGAAAAAUGGAUUGUAACUGCUGCCCACUG
UGUUGAAACUGGUGUUAAAAUUACAGUUGUCGCAG
GUGAACAUAAUAUUGAGGAGACAGAACAUACAGAG
CAAAAGCGAAAUGUGAUUCGAAUUAUUCCUCACCA
CAACUACAAUGCAGCUAUUAAUAAGUACAACCAUG
ACAUUGCCCUUCUGGAACUGGACGAACCCUUAGUG
CUAAACAGCUACGUUACACCUAUUUGCAUUGCUGA
CAAGGAAUACACGAACAUCUUCCUCAAAUUUGGAU
CUGGCUAUGUAAGUGGCUGGGGAAGAGUCUUCCAC
ARAGGGAGAUCAGCUUUAGUUCUUCAGUACCUUAG
AGUUCCACUUGUUGACCGAGCCACAUGUCUUCGAU
CUACAAAGUUCACCAUCUAUAACAACAUGUUCUGU
GCUGGCUUCCAUGAAGGAGGUAGAGAUUCAUGUCA
AGGAGAUAGUGGGGGACCCCAUGUUACUGAAGUGG
ARGGGACCAGUUUCUUAACUGGAAUUAUUAGCUGG
GGUGAAGAGUGUGCAAUGAAAGGCARAUAUGGAAU
AUAUACCAAGGUAUCCCGGUAUGUCAACUGGAUUA
AGGAAAAAACAAAGCUCACUUAAY,

5' and 3' UTR Sequences:

(SEQ ID NO:

X =
GGACAGAUCGCCUGGAGACGCCAUCCACGCUGUUU

UGACCUCCAUAGAAGACACCGGGACCGAUCCAGCC

UCCGCGGCCGGGAACGGUGCAUUGGAACGCGGAUU

CCCCGUGCCAAGAGUGACUCACCGUCCUUGACACG
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-continued
(SEQ ID NO: 6)
v, =
CGGEGUGGCAUCCCUGUGACCCCUCCCCAGUGCCUC

UCCUGGCCCUGGAAGUUGCCACUCCAGUGCCCAC
CAGCCUUGUCCUAAUAAAAUUAAGUUGCAUC

[0124] The above method was also performed as described
above, with the addition of actinomycin D (10 pg/ml IVT
reaction) during the Proteinase K step. By quenching the
IVT reaction with Proteinase K (with or without actinomy-
cin D), one can also successfully achieve removal of all
enzymes (FIG. 5). While Proteinase K may facilitate
removal, large scale manufacturing of an mRNA drug sub-
stance would require this enzyme to be made at large scale
incurring additional unnecessary costs, and therefore may
not be a desired approach in some embodiments. As shown
in FIG. 6, FIX mRNA produced as described above (with
and without actinomycin D), as well as FIX mRNA purified
using SM urea, does not contain detectable levels of short-
mers, similar to the results for FFL mRNA as described in
Example 3.

Example 5

Generation and Purification of Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR)
mRNA

[0125] This example further illustrates that, according to
various embodiments, a combination of tangential flow
filtration (TFF) and a denaturing agent may be used accord-
ing to provided methods to product a highly purified mRNA
product. In this example, potassium chloride is used as the
protein denaturing agent.

[0126] In this example, a third species of mRNA was
produced and purified, this time coding for the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR,
SEQ ID NO: 7, below). Initially, a five milligram batch of
CFTR RNA was transcribed via in vitro methods as
described above to produce the aforementioned RNA with
no cap and no polyA tail. This reaction maintains a total
volume of 2.24 ml, and was quenched upon completion by
addition of 2M KCI (200 mL). The resultant solution was
incubated for five minutes at room temperature and trans-
ferred to the TFF system reservoir. The sample was diafil-
trated at a constant volume of 200 mL with 2M KCL in
nuclease-free water for three to four diavolumes. After this
time, the resultant solution was washed with 400 mL nucle-
ase-free water by ultrafiltration of 200 mL at a time. Fol-
lowing this, the sample was treated with 200 mL. 1 mM
Sodium Citrate (pH6.4) followed by 600 ml wash with
nuclease free water. Finally, the sample was concentrated to
2 mL and the final concentration was determined via absorp-
tion at 260 nm (A,,,,.)-

Codon-Optimized Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) mRNA

(SEQ ID NO: 7)
X | AUGCAGCGGUCCCCGCUCGAAAAGGCCAGUGUC

GUGUCCAAACUCUUCUUCUCAUGGACUCGGCCUAU

CCUUAGAAAGGGGUAUCGGCAGAGGCUUGAGUUGU
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-continued
CUGACAUCUACCAGAUCCCCUCGGUAGAUUCGGCE
GAUAACCUCUCGGAGAAGCUCGAACGGGARUGGGA
CCGCGAACUCGCGUCUAAGARAAACCCGAAGCUCA
UCAACGCACUGAGAAGGUGCUUCUUCUGGCGGUUC
AUGUUCUACGGUAUCUUCUUGUAUCUCGGGGAGGU
CACAAAAGCAGUCCAACCCCUGUUGUUGGGUCGCA
UUAUCGCCUCGUACGACCCCGAUAACARAGAAGAA
CGGAGCAUCGCGAUCUACCUCGGGAUCGGACUGUG
UUUGCUUUUCAUCGUCAGAACACUUUUGUUGCAUC
CAGCAAUCUUCGGCCUCCAUCACAUCGGUAUGCAG
AUGCGAAUCGCUAUGUUUAGCUUGAUCUACAAARA
GACACUGARACUCUCGUCGCGGGUGUUGGAUAAGA
UUUCCAUCGGUCAGUUGGUGUCCCUGCUUAGUAAU
AACCUCAACAAAUUCGAUGAGGGACUGGCGCUGGT
ACAUUUCGUGUGGAUUGCCCCGUUGGAAGUCGCCC
UUUUGAUGGGGCUUAUUUGGGAGCUGUUGCAGGCA
UCUGCCUUUUGUGGCCUGGGAUUUCUGAUUGUGUU
GGCAUUGUUUCAGGCUGGGCUUGGGCGGAUGAUGA
UGAAGUAUCGCGACCAGAGAGCGCCUARAAUCUCG
GAAAGACUCGUCAUCACUUCGGAAAUGAUCGAAAA
CAUCCAGUCGGUCAAAGC CUAUUGCUGGGAAGARG
CUAUGGAGAAGAUGAUUGAARACCUCCGCCARACU
GAGCUGARACUGACCCGCAAGECCECCUAUGUCCE
GUAUUUCAAUUCGUCAGCGUUCUUCUUUUCCGGGU
UCUUCGUUGUCUUUCUCUCGGUUUUGCCUUAUGCT
UUGAUUAAGGGGAUUAUCCUCCGCARGAUUUUCAC
CACGAUUUCGUUCUGCAUUGUAUUGCGCAUGGCAG
UGACACGGCAAUUUCCGUGGGCCGUGCAGACAUGG
UAUGACUCGCUUGGAGCGAUCAACAAAARUCCAAGA
CUUCUUGCAARAGCAAGAGUACAAGACCCUGGAGU
ACARUCUUACUACUACGGAGGUAGUAAUGGAGAAU
GUGACGGCUUUUUGGGAAGAGGGULUUGGAGAACT
GUUUGAGARAGCAAAGCAGAAUAACAACAACCGCA
AGACCUCAAAUGGGGACGAUUCCCUGUUUUUCUCG
AACUUCUCCCUGCUCGGAACACCCGUGUUGAAGGA
CAUCAAUUUCAAGAUUGAGAGGGGACAGCUUCUCG
CGGUAGCGGGAAGCACUGGUGCGGGARAAACUAGE
CUCUUGAUGGUGAUUAUGGGGGAGCUUGAGCCCAG

CGAGGGGAAGAUUAAACACUCCGGGCGUAUCUCAU
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UCUGUAGCCAGUUUUCAUGGAUCAUGCCCGGAACC
AUUARAGAGAACAUCAUUUUCGGAGUAUCCUAUGA
UGAGUACCGAUACAGAUCGGUCAUUAAGGCGUGCC
AGUUGGAAGAGGACAUUUCUAAGUUCGCCGAGAAG
GAUAACAUCGUCUUGGGAGAAGGGGGUAUUACAUU
GUCGGGAGGGCAGCCAGCGCGGAUCAGCCUCGCGA
GAGCGGUAUACAAAGAUGCAGAUUUGUAUCUGCUU
GAUUCACCGUUUGGAUACCUCGACGUAUUGACAGA
AAAAGAAAUCUUCGAGUCGUGCGUGUGUAAACUUA
UGGCUAAUAAGACGAGAAUCCUGGUGACAUCARAA
AUGGAACACCUUAAGAAGGCGGACAAGAUCCUGAU
CCUCCACGAAGGAUCGUCCUACUUUUACGGCACUU
UCUCAGAGUUGCAAAACUUGCAGCCGGACUUCUCA
AGCARACUCAUGGCGUGUGACUCAUUCGACCAGUU
CAGCGCGCAACGGCGGAACUCGAUCUUGACGGARA
CGCUGCACCGAUUCUCGCUUGAGGGUGAUGCCCCE
GUAUCGUGGACCGAGACAAAGAAGCAGUCGUUUAA
GCAGACAGGAGAAUUUGGUGAGAAAAGAAAGAACA
GUAUCUUGAAUCCUAUUAACUCAAUUCGCAAGUUC
UCAAUCGUCCAGAARACUCCACUGCAGAUGAAUGG
AAUUGAAGAGGAUUCGGACGAACCCCUGGAGCGCA
GGCUUAGCCUCGUGCCGGAUUCAGAGCAAGGGGAG
GCCAUUCUUCCCCGGAUUUCGGUGAUUUCAACCER
ACCUACACUUCAGGCGAGGCGAAGGCAAUCCGUGE
UCAACCUCAUGACGCAUUCGGUAAACCAGGGGCAA
AACAUUCACCGCAARACGACGGCCUCAACGAGAAA
AGUGUCACUUGCACCCCAGGCGAAUUUGACUGAAC
UCGACAUCUACAGCCGUAGGCUUUCGCAAGAAACC
GGACUUGAGAUCAGCGAAGAAAUCAAUGAAGAAGA
UUUGAAAGAGUGUUUCUUUGAUGACAUGGARUCAA
UCCCAGCGGUGACAACGUGGAACACAUACUUGCGU
UACAUCACGGUGCACAAGUCCUUGAUUTUCGUCCU
CAUCUGGUGUCUCGUGAUCUUUCUCGCUGAGGUCE
CAGCGUCACUUGUGGUCCUCUGGCUGCUUGGUAAU
ACGCCCUUGCAAGACARAGGCAAUUCUACACACUC
AAGARACAAUUCCUAUGCCGUGAUUAUCACUUCUA
CAAGCUCGUAUUACGUGUUUUACAUCUACGUAGGA
GUGGCCGACACUCUGCUCGCGAUGGGUUUCUUCCG

AGGACUCCCACUCGUUCACACGCUUAUCACUGUCU
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CCAAGAUUCUCCACCAUAAGAUGCUUCAUAGCGUA
CUGCAGGCUCCCAUGUCCACCUUGAAUACGCUCAR
GGCGGGAGGUAUUUUGAAUCGCUUCUCAARAGAU
aUUGCAAUUUUGGAUGACCUUCUGCCCCUGACGAU
CUUCGACUUCAUCCAGUUGUUGCUGAUCGUGAUUG
GGGCUAUUGCAGUAGUCGCUGUCCUCCAGCCUUAC
AUUUUUGUCGCGACCGUUCCGGUGAUCGUGGCGUU
UAUCAUGCUGCGGGCCUAUUUCUUGCAGACGUCAC
AGCAGCUUAAGCAACUGGAGUCUGAAGGGAGGUCG
CCUAUCUU1ACGCAUCUUGUGACCAGUUUGAAGGE
AUUGUGGACGUUGCGCGCCUUUGGCAGGCAGCCCU
ACUUUGAAACACUGUUCCACARAGCGCUGAAUCTC
CAUACGGCAAAUUGGUUUUUGUAUUUGAGUACCCU
CCGAUGGUUUCAGAUGCGCAUUGAGAUGAUUUUUG
UGAUCUUCUUUAUCGCGGUGACUUUUAUCUCCAUC
UUGACCACGGGAGAGGGCGAGEGACGGGUCGGUAT
RLAUCCUGACACUCGCCAUGAACAUUAUGAGCACU
UUGCAGUGGGCAGUGAACAGCUCGAUUGAUGUGGA
UAGCCUGAUGAGGUCCGUUUCGAGGGUCUUUAAGU
UCAUCGACAUGCCGACGGAGGGARAGCCCACAARA
AGUACGAAACCCUAUAAGAAUGGGCAAUUGAGUAA
GGUAAUGAUCAUCGAGAACAGUCACGUGAAGAAGG
AUGACAUCUGGCCUAGCGGGGCUCAGAUGACCEUG
AAGGACCUGACGGCAARAAUACACCGAGGGAGGGAA
CGCAAUCCUUGAAAACAUCUCGUUCAGCAUUAGCC
CCGGUCAGCGUGUGGGGUUGCUCGGGAGGACCGEE
UCAGGAARAUCGACGUUGCUGUCGGCCUUCUUGAG
ACUUCUGAAUACAGAGGGUGAGAUC CAGAUCGACG
GCGUUUCGUGGGAUAGCAUCACCUUGCAGCAGUGG
CGGAAAGCGUUUGGAGUAAUCCCCCARRAGGUCUU
UAUCUUUAGCGGAACCUUCCGARAGAAUCUCGAUC
CUUAUGAACAGUGGUCAGAUCAAGAGAUUUGGARA
GUCGCGGACGAGGUUGGCCUUCGGAGUGUARUCGA
GCAGUUUCCGGGAARACUCGACUUUGUCCUUGUAG
AUGGGGGAUGCGUCCUGUCGCAUGGGCACAAGCAG
CUCAUGUGCCUGGCGCGAUCCGUCCUCUCUARAGE
GAAAAUUCUUCUCUUGGAUGAACCUUCGGCCCAUC
UGGACCCGGUAACGUAUCAGAUCAUCAGAAGGACA

CUUAAGCAGGCGUUUGCCGACUGCACGGUGAUUCU

Dec. 29, 2022
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CUGUGAGCAUCGUAUCGAGGCCAUGCUCGAAUGCC
AGCAAUUUCUUGUCAUCGAAGAGAAUAAGGUCCGC
CAGUACGACUCCAUCCAGAAGCUGCUUAAUGAGAG
AUCAUUGUUCCGGCAGGCGAUUUCACCAUCCGAUA
GGGUGAAACUUUUUCCACACAGARAUUCGUCGAAG
UGCAAGUCCARACCGCAGAUCGCGGCCUUGARRGA
AGAGACUGAAGAAGAAGUUCAAGACACGCGUCUUU
AAY,

5' and 3' UTR Sequences:

(SEQ ID NO: 5)
X, =
GGACAGAUCGCCUGGAGACGCCAUCCACGCUGUUU

UGACCUCCAUAGAAGACACCGGGACCGAUCCAGCC
UCCGCGGCCGGGAACGGUGCAUUGGAACGCGGAUU
CCCCGUGCCAAGAGUGACUCACCGUCCUUGACACG

(SEQ ID NO: 6)
Y, =
CGGGUGGCAUCCCUGUGACCCCUCCCCAGUGCCUC

UCCUGGCCCUGGAAGUUGCCACUCCAGUGCCCACC
AGCCUUGUCCUAAUAAAAUUAAGUUGCAUC

[0127] In this example, in order to remove reaction
enzymes, 2M KCl diafiltration was used. Exposure to large
volumes of 2M KCI resulted in successful removal of all
enzymes present in the reaction mixture (including T7
polymerase) as determined via protein gel electrophoresis
(FIG. 7). As shown is agarose gel electrophoresis, the target
messenger RNA remains intact after exposure to such con-
ditions (FIG. 8).

[0128] Further, upon capping and tailing of the CFTR IVT
construct, one can successfully purify the final CFTR tran-
script (capped and tailed) via TFF using 2M KCl. When
comparing this final isolated product to the same product
purified via spin-column methods, one observes a greatly
diminished “shortmer” band as determined via gel electro-
phoresis (FIG. 9).

Equivalents and Scope

[0129] 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 he limited to the above Description, but rather is
as set forth in the following claims:
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 7

<210> SEQ ID NO 1
<211> LENGTH: 1671
<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically synthesized oligonucleotide

<400> SEQUENCE: 1

gggauccuac cauggaagau

ucgaagacgg gaccgcagge

ccggcaccau cgccuuuacce

ucgagaugag cguucggcug

ggaucguggu gugcagcgag

ucaucggugu ggcuguggec

gcaugggcau cagccagece

ucaacgugca aaagaagcua

acuaccaggg cuuccaaagce

acgaguacga cuucgugccc

acaguagugg caguaccgga

uccgauucag ucaugcccge

uccucagegu ggugccauuu

ucugeggeuu ucgggucgug

ugcaagacua uaagauucaa

agagcacucu caucgacaag

cgeegeucag caaggaggua

gccagggcua cggecugaca

acaagccugg cgcaguagge

acaccgguaa gacacugggu

ucaugagcgyg cuacguuaac

ggcugcacag cggcgacauc

ggcugaagag ccugaucaaa

uccugcugca acaccccaac

ccggegageu geccgecgea

agaucgugga cuauguggcc

uguucgugga cgaggugcecu

agauucucau uaaggccaag

<210> SEQ ID NO 2

<211> LENGTH: 11
<212> TYPE: RNA

gccaaaaaca

gagcagcugce

gacgcacaua

gcagaagcua

aauagcuuge

ccagcuaacg

accgucguau

ccgaucauac

auguacaccu

gagagcuucg

uugceccaagy

gaccccaucu

caccacggeu

cucauguacc

ucugeecuge

uacgaccuaa

ggugaggecey

gaaacaacca

aagguggugc

gugaaccagc

aaccccgagg

gccuacuggg

uacaagggcu

aucuucgacg

gucguecguge

agccagguua

aaaggacuga

aagggcggca

uuaagaaggg

acaaagccau

ucgaggugga

ugaagcgcua

aguucuucau

acaucuacaa

ucgugagcaa

aaaagaucau

ucgugacuuc

accgggacaa

gcguageceu

ucggcaacca

ucggecauguu

gcuucgagga

uggugeccac

gcaacuugca

uggccaaacy

gegecauucu

ccuucuucga

geggegageu

cuacaaacgc

acgaggacga

accagguagce

ccggggucgce

uggaacacgg

caaccgccaa

ceggcaaguu

agaucgccgu

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

cccagegeca

gaagcgcuac

cauuaccuac

ugggcugaau

geeceguguug

cgagcgegag

gaaagggcug

caucauggau

ccauuugcca

aaccaucgcce

accgcaccgce

gaucaucccc

caccacgcug

ggagcuauuc

acuauuuagc

cgagaucgcec

cuuccaccua

gaucaccccce

ggcuaaggug

gugcguccgu

ucucaucgac

gcacuucuuc

ccecagecgaa

cggecugecec

uaaaaccaug

gaagcugcgce

ggacgeccge

guauuugaau

uucuacccac

gcccugguge

gceegaguacu

acaaaccauc

ggugcecugu

cugcugaaca

caaaagaucc

agcaagaccg

cceggeuuca

cugaucauga

accgeuuguyg

gacaccgcua

ggcuacuuga

uugcgcageu

uucuucgcua

agcggegyggy

ccaggecaucc

gaaggggacyg

guggacuugg

ggccccauga

aaggacggcu

aucguggacc

cuggagagca

gacgacgaug

accgagaagy

ggugguguug

aagauccgey

u

<223> OTHER INFORMATION: chemically synthesized oligonucleotide

60
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1560

1620

1671
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<400>

SEQUENCE: 2

gggauccuac ¢

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 3

LENGTH: 8

TYPE: RNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: chemically synthesized oligonucleotide

SEQUENCE: 3

uuugaauu

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 4

LENGTH: 1626

TYPE: RNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: chemically synthesized oligonucleotide

SEQUENCE: 4

ggacagaucyg ccuggagacg ccauccacgc uguuuugace uccauagaag acaccgggac

cgauccagcc uccgeggecg ggaacggugce auuggaacgce ggauuccccg ugccaagagu

gacucaccgu ccuugacacg augeagcegeg ugaacaugau cauggcagaa ucaccaggece

ucaucaccau cugccuuuua ggauaucuac ucagugcuga auguacaguu uuucuugauc

augaaaacgce caacaaaauu cugaggegga gaaggaggua uaauucaggu aaauuggaag

aguuuguuca agggaaccuu gagagagaau duauggaaga aaaguguagu uuugaagaag

cacgagaagu uuuugaaaac acugaaagaa caacugaauu uuggaagcag uauguugaug

gagaucagug ugaguccaau ccauguuuaa auggcggcag uugcaaggau gacauuaauu

ccuaugaaug uuggugucce uuuggauuug aaggaaagaa cugugaauua gauguaacau

guaacauuaa gaauggcaga ugcgagcagu uuuguaaaaa uagugcugau aacaaggugg

uuugcuccug uacugaggga uaucgacuug cagaaaacca gaaguccugu gaaccageag

ugccauuucce auguggaaga guuucuguuu cacaaacuuc uaagcucacc cgugcugagg

cuguuuuuce ugauguggac uauguaaauu cuacugaagc ugaaaccauu uuggauaaca

ucacucaaag cacccaauca uuuaaugacu ucacucgggu uguuggugga gaagaugcca

aaccagguca auucccuugg cagguuguuu ugaaugguaa aguugaugca uucuguggag

gcucuaucgu uaaugaaaaa uggauuguaa cugcugccca cuguguugaa acugguguua

aaauuacagu ugucgcaggu gaacauaaua uugaggagac agaacauaca gagcaaaagce

gaaaugugau ucgaauuauu ccucaccaca acuacaaugc agcuauuaau aaguacaacc

augacauugc ccuucuggaa cuggacgaac ccuuagugcu aaacagcuac guuacaccua

uuugcauuge ugacaaggaa uacacgaaca ucuuccucaa auuuggaucu ggcuauguaa

guggcugggg aagagucuuc cacaaaggga gaucagcuuu aguucuucag uaccuuagag

uuccacuugu ugaccgagcc acaugucuuc gaucuacaaa dJuucaccauc uauaacaaca

uguucuguge uggcuuccau gaaggaggua gagauucaug ucaaggagau agugggggac

cccauguuac ugaaguggaa gggaccaguu ucuuaacugg aauuauuage uggggugaag

agugugcaau gaaaggcaaa uauggaauau auaccaaggu aucccgguau gucaacugga

11

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500
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uuaaggaaaa aacaaagcuc acuuaacggg uggcaucccu gugaccccuc cccagugecu

cuccuggecee uggaaguuge cacuccagug cccaccagec uuguccuaau aaaauuaagu

ugcauc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 5

LENGTH: 140

TYPE: RNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: chemically synthesized oligonucleotide

SEQUENCE: 5

ggacagaucg ccuggagacg ccauccacgc uguuuugacc uccauagaag acaccgggac

cgauccagee uccgeggecyg ggaacgguge auuggaacgce ggauuccceg ugccaagagu

gacucaccgu ccuugacacg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 6

LENGTH: 100

TYPE: RNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: chemically synthesized oligonucleotide

SEQUENCE: 6

cggguggcau cccugugacce ccucccecagu geccucuccug goccuggaag uugccacucc

agugcccace agccuugucce uaauaaaauu aaguugcauc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 7

LENGTH: 4683

TYPE: RNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: chemically synthesized oligonucleotide

SEQUENCE: 7

ggacagaucyg ccuggagacg ccauccacgc uguuuugace uccauagaag acaccgggac

cgauccagce uccgeggecg ggaacggugce auuggaacgce ggauuccccg ugccaagagu

gacucaccgu ccuugacacg augeageggu ccecegeucga aaaggecagu gucgugucca

aacucuucuu cucauggacu cggccuaucc uuagaaaggg guaucggcag aggcuugagu

ugucugacau cuaccagauc cceucgguag auucggcegga uaaccucucg gagaageucg

aacgggaaug ggaccgcgaa cucgcgucua agaaaaaccc gaagcucauc aacgcacuga

gaaggugcuu cuucuggegg uucauguucu acgguaucuu cuuguaucuc ggggagguca

caaaagcagu ccaaccccug uuguuggguc gcauuaucgce cucguacgac cccgauaaca

aagaagaacg gagcaucgcg aucuaccucg ggaucggacu guguuugcuu uucaucguca

gaacacuuuu guugcaucca gcaaucuucg gccuccauca caucgguaug cagaugegaa

ucgcuauguu uagcuugauc uacaaaaaga cacugaaacu cucgucgcgg guguuggaua

agauuuccau cggucaguug gugucccugc uuaguaauaa ccucaacaaa uucgaugagg

gacuggegeu ggcacauuuc guguggauug ccceguugea agucgeccuu uugaugggece

uuauuuggga geuguugceag gcaucugecu uuuguggcecu gggauuucug auuguguugg

cauuguuuca ggcugggcuu gggcggauga ugaugaagua ucgcgaccag agagcgggua

1560

1620

1626

60

120

140

60

100

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900
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aaaucucgga aagacucguc aucacuucgg aaaugaucga aaacauccag ucggucaaag 960
ccuauugcug ggaagaagcu auggagaaga ugauugaaaa ccuccgccaa acugagcuga 1020
aacugacccg caaggcggceg uauguccggu auuucaauuc gucagcguuc uucuuuuccg 1080
gguucuucgu ugucuuucuc ucgguuuugce cuuaugccuu gauuaagggg auuauccucc 1140
gcaagauuuu caccacgauu ucguucugca uuguauugcg cauggcagug acacggcaau 1200
uuccguggge cgugcagaca ugguaugacu cgcuuggagc gaucaacaaa auccaagacu 1260
ucuugcaaaa gcaagaguac aagacccugg aguacaaucu uacuacuacg gagguaguaa 1320
uggagaaugu gacggcuuuu ugggaagagg guuuuggaga acuguuugag aaagcaaagc 1380
agaauaacaa caaccgcaag accucaaaug gggacgauuc ccuguuuuuc ucgaacuucu 1440
cccugcucgg aacacccgug uugaaggaca ucaauuucaa gauugagagg ggacagcuuc 1500
ucgcgguage gggaagcacu ggugcgggaa aaacuagccu cuugauggug auuauggggg 1560
agcuugagcc cagcgaggdg aagauuaaac acuccgggeg uaucucauuc uguagccagu 1620
uuucauggau caugcccgga accauuaaag agaacaucau uuucggagua uccuaugaug 1680
aguaccgaua cagaucgguc auuaaggcgu gccaguugga agaggacauu ucuaaguucg 1740
ccgagaagga uaacaucguc uugggagaag gggguauuac auugucggga gggcagcgag 1800
cgcggaucag ccucgcgaga gcgguauaca aagaugcaga uuuguaucug cuugauucac 1860
cguuuggaua ccucgacgua uugacagaaa aagaaaucuu cgagucgugce guguguaaac 1920
uuauggcuaa uaagacgaga auccugguga caucaaaaau ggaacaccuu aagaaggcgg 1980
acaagauccu gauccuccac gaaggaucgu ccuacuuuua cggcacuuuc ucagaguugc 2040
aaaacuugca gccggacuuc ucaagcaaac ucauggggug ugacucauuc gaccaguuca 2100
gecgeggaacg geggaacucg aucuugacgg aaacgcugca ccgauucucg cuugagggug 2160
augcccceggu aucguggacce gagacaaaga agcagucguu uaagcagaca ggagaauuug 2220
gugagaaaag aaagaacagu aucuugaauc cuauuaacuc aauucgcaag uucucaaucg 2280
uccagaaaac uccacugcag augaauggaa uugaagagga uucggacgaa ccccuggagc 2340
gcaggcuuag ccucgugccg gauucagagce aaggggaggce cauucuuccce cggauuucgg 2400
ugauuucaac cggaccuaca cuucaggcga ggcgaaggca auccgugcuc aaccucauga 2460
cgcauucggu aaaccaggdg caaaacauuc accgcaaaac gacggccuca acgagaaaag 2520
ugucacuugc accccaggceg aauuugacug aacucgacau cuacagccgu aggcuuucgc 2580
aagaaaccgg acuugagauc agcgaagaaa ucaaugaaga agauuugaaa gaguguuucu 2640
uugaugacau ggaaucaauc ccagcgguga caacguggaa cacauacuug cguuacauca 2700
cggugcacaa guccuugauu uucguccuca ucuggugucu cgugaucuuu cucgcugagg 2760
ucgcagcguc acuugugguc cucuggcugce uugguaauac gcccuugcaa gacaaaggca 2820
auucuacaca cucaagaaac aauuccuaug ccgugauuau cacuucuaca agcucguauu 2880
acguguuuua caucuacgua ggaguggcecg acacucugcu cgcgaugggu uucuuccgag 2940
gacucccacu cguucacacg cuuaucacug ucuccaagau ucuccaccau aagaugcuuc 3000
auagcguacu gcaggcuccce auguccaccu ugaauacgcu caaggcggga gguauuuuga 3060
aucgcuucuc aaaagauauu gcaauuuugg augaccuucu gccccugacg aucuucgacu 3120

ucauccaguu guugcugauc gugauugggg cuauugcagu agucgcuguc cuccagccuu 3180
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acauuuuugu cgcgaccguu ccggugaucg uggcguuuau caugcugegg gecuauuucu 3240
ugcagacguc acagcagcuu aagcaacugg agucugaagg gaggucgccu aucuuuacgce 3300
aucuugugac caguuugaag ggauugugga cguugcgcege cuuuggcagg cagcccuacu 3360
uugaaacacu guuccacaaa gcgcugaauc uccauacgge aaauugguuu uuguauuuga 3420
guacccuccg augguuucag augcgcauug agaugauuuu ugugaucuuc uuuaucgcegg 3480
ugacuuuuau cuccaucuug accacgggag agggcgaggg acgggucggu auuauccuga 3540
cacucgccau gaacauuaug agcacuuugc agugggcagu gaacagcucg auugaugugg 3600
auagccugau gagguccguu ucgagggucu uuaaguucau cgacaugecg acggagggaa 3660
agcccacaaa aaguacgaaa cccuauaaga augggcaauu gaguaaggua augaucaucg 3720
agaacaguca cgugaagaag gaugacaucu ggccuagegg gggucagaug accgugaagg 3780
accugacggc aaaauacacc gagggaggga acgcaauccu ugaaaacauc ucguucagca 3840
uuagcccegg ucagegugug ggguugcucg ggaggaccgg gucaggaaaa ucgacguugce 3900
ugucggccuu cuugagacuu cugaauacag agggugagau ccagaucgac ggcguuucgu 3960
gggauagcau caccuugcag caguggcgga aagcguuugg aguaaucccce caaaaggucu 4020
uuaucuuuag cggaaccuuc cgaaagaauc ucgauccuua ugaacagugg ucagaucaag 4080
agauuuggaa agucgcggac gagguuggec uucggagugu aaucgagcag uuuccgggaa 4140
aacucgacuu uguccuugua gaugggggau gcguccuguc gcaugggcac aagcagcuca 4200
ugugccugge gcgauccguc cucucuaaag cgaaaauucu ucucuuggau gaaccuucgg 4260
cccaucugga cccgguaacg uaucagauca ucagaaggac acuuaagcag gcguuugcecg 4320
acugcacggu gauucucugu gagcaucgua ucgaggccau gcucgaaugce cagcaauuuc 4380
uugucaucga agagaauaag guccgccagu acgacuccau ccagaagcug cuuaaugaga 4440
gaucauuguu ccggcaggeg auuucaccau ccgauagggu gaaacuuuuu ccacacagaa 4500
auucgucgaa gugcaagucc aaaccgcaga ucgcggcocuu gaaagaagag acugaagaag 4560
aaguucaaga cacgcgucuu uaacgggugg caucccugug accccuccec agugcecucuc 4620
cuggeccugg aaguugccac uccagugcecece accagcecuug uccuaauaaa auuaaguugce 4680
auc 4683

1-31. (canceled)
32. A method of manufacturing messenger RNA (mRNA)

comprising:

(a) synthesizing mRNA in vitro to provide an impure
preparation of mRNA; and

(b) purifying the mRNA;
wherein purifying the mRNA comprises:

(1) subjecting the impure preparation of mRNA to a
denaturing condition; and

(ii) subjecting the treated impure preparation from step
(b)(@) to tangential flow filtration.

33. The method of claim 32, wherein the in vitro synthe-
sized mRNA is greater than about 1 kb, 1.5 kb, 2 kb, 2.5 kb,
3 kb, 3.5 kb, 4 kb, 4.5 kb, or 5 kb in length.

34. The method of claim 32, wherein the in vitro synthe-
sized mRNA comprises one or more modifications to
enhance stability.

35. The method of claim 34, wherein the one or more
modifications are selected from modified nucleotide, modi-
fied sugar phosphate backbones, 5' and/or 3' untranslated
region.

36. The method of claim 32, wherein the in vitro synthe-
sized mRNA is unmodified.

37. The method of claim 32, wherein the denaturing
condition is achieved through adding one or more denatur-
ing agents selected from an enzyme, an acid, a solvent, a
cross-linking agent, a chaotropic agent, and/or high salt.

38. The method of claim 37, wherein the impure prepa-
ration is incubated with the one or more denaturing agents
at a temperature below room temperature.

39. The method of claim 37, wherein the impure prepa-
ration is incubated with the one or more denaturing agents
at a temperature above room temperature.

40. The method of claim 32, wherein the tangential flow
filtration is performed before a cap and poly-A tail are added
to the in vitro synthesized mRNA.
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41. The method of claim 32, wherein the tangential flow
filtration is performed after a cap and poly-A tail are added
to the in vitro synthesized mRNA.

42. The method of claim 32, wherein the tangential flow
filtration is performed both before and after a cap and a
poly-A tail are added to the in vitro synthesized mRNA.

43. The method of claim 32, wherein the feed rate is
between 50 ml/minute and 500 mI./minute.

44. The method of claim 32, wherein the feed rate is
between 10 L/minute and 200 L/minute.

45. The method of claim 32, wherein the flow rate of the
permeate is between 10 mI/minute and 100 mI/minute.

* * * * *



