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LIPID NANOPARTICLE COMPOSITIONS
AND METHODS OF FORMULATING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of U.S. patent
application Ser. No. 17/508,786, filed Oct. 22, 2021, which
claims priority to U.S. Provisional Applications 63/151,523,
filed Feb. 19, 2021; 63/182,428, filed Apr. 30, 2021, and
63/191,655, filed May 21, 2021.

TECHNICAL FIELD

Provided are compositions and methods of formulating
lipid nanoparticles encapsulating polynucleotides.

BACKGROUND

The degradability of mRNA makes it an appealing target
from a safety and pharmacokinetic perspective; however,
this same instability is a significant hurdle both in preserving
potency in storage and effective delivery through various in
vivo routes of administration. mRNA reactivity that can lead
to loss in potency through the formation of lipid-mRNA
adducts. There is a need to control the unwanted reactions,
e.g., on the level of the raw material, formulation process,
and final drug product to control such adduct formation.

SUMMARY

In some aspects, the disclosure provides a lipid nanopar-
ticle composition comprising a polynucleotide and an ion-
izable lipid, wherein the composition comprises less than
about 10% of an ionizable lipid-polynucleotide adduct
impurity relative to the amount of the polynucleotide as
measured by HPLC.

In some aspects, the disclosure provides a process for
preparing a lipid nanoparticle composition comprising an
ionizable lipid and a polynucleotide, wherein the process
comprising: combining the ionizable lipid and the poly-
nucleotide to provide the composition, and then treating the
composition to reduce adduct formation.

In some aspects, the disclosure provides a process for
preparing a lipid nanoparticle composition comprising an
ionizable lipid and a polynucleotide, wherein the process
comprising one or more of:

(a) treating the ionizable lipid with a reductive treatment
agent;

(b) treating the ionizable lipid with a reducing agent;

(c) treating the ionizable lipid with a chelating agent;

(d) treating the polynucleotide with a reducing agent; and

(e) treating the polynucleotide with a chelating agent;
and then combining the ionizable lipid with the polynucle-
otide.

In some aspects, the disclosure provides a process for
preparing a lipid nanoparticle composition comprising a
polynucleotide and an ionizable lipid, wherein the compo-
sition comprises a reduced amount of an ionizable lipid-
polynucleotide adduct impurity as compared to a control
composition, the process comprising combining a first
preparation comprising the ionizable lipid and a second
preparation comprising the polynucleotide, wherein one or
both of the preparations has been treated with a reducing
agent, a chelating agent, or a combination thereof,
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wherein in the control composition neither the first nor
second preparation has been treated with a reducing agent or
a chelating agent.

In some aspects, provided herein is a lipid nanoparticle
composition prepared by the process described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic diagram of an exemplary oxidation
and degradation pathway that leads to formation of the
mRNA-aldehyde (branched or unbranched) adduct species.

FIG. 1B depicts chemical structures of oxidized Com-
pound III (herein referred to as “Compound III-N-oxide”),
secondary amines, and aldehydes.

FIG. 2 is a schematic diagram of how IG can be isolated
and detected from compositions comprising mRNA.

FIG. 3 shows overlaid chromatograms of compositions
comprising Compound III or Compound III-N-oxide ana-
lyzed by reversed phase HPL.C with charged aerosol detec-
tion (CAD)

FIG. 4 shows overlaid chromatograms of compositions
containing synthesized Compound III-N-oxide either in neu-
tral buffer (*) or in acidic buffer (**) analyzed by reversed
phase HPLC with charged aerosol detection (CAD).

FIG. 5 shows overlaid HPLC chromatograms of compo-
sitions comprising mRNA and Compound III (*) and of
compositions comprising mRNA, Compound III, and ami-
nooxy-PEG (*%*); (1) main peak; (2) IG.

FIG. 6A shows overlaid HPLC chromatograms of com-
positions comprising mRNA alone (*) and of compositions
comprising mRNA and synthesized Compound III-N-oxide

FIG. 6B shows overlaid HPLC chromatograms of com-
positions comprising mRNA; Compound III, and straight
chain aldehyde; compositions with lowest to highest
amounts of straight chain aldehyde are marked by arrows as
follows: 0 percent (¥), 0.03 percent (**), 0.10 percent (¥**),
0.50 percent (¥*%*), and 2 percent (¥¥¥*%*)

FIG. 6C is a graph showing results of percentage 1G group
detected in compositions comprising mRNA, Compound 111,
and various concentrations (0%, 0.03%, 0.10%, 0.50%, or
2%) of straight chain aldehyde.

FIG. 7 is a graph showing percentage of IG group
detected in compositions comprising mRNA and synthe-
sized Compound III-N-oxide or comprising mRNA with
Compound III.

FIG. 8 is a graph showing percentage of IG detected in
LNP compositions comprising mRNA and Compound III or
comprising mRNA and Compound III that was purified
chromatographically to greater than 99 percent with no
detectable Compound III-N-oxide component.

FIG. 9 is a gel showing protein content separated by
electrophoresis from cell-free translation reactions compris-
ing non-translating control (1), deformulated LNPs that had
comprised mRNA and Compound I1I (2), main peak isolated
by HPLC from formulated LNPs comprising mRNA and
Compound IIT (3), or IG isolated by HPLC from formulated
LNPs comprising mRNA and Compound III (4).

FIGS. 10A-10B are bar graphs showing results of fluo-
rescent activated cell sorting (FACs) with cells transfected
either with unmodified RNA (1), main peak isolated by
HPLC from LNPs comprising mRNA and MC3 (3), or I1G
isolated by HPLC from LNPs comprising mRNA and MC3
).

FIG. 11 is a graph showing percentage of IG detected in
LNP compositions comprising mRNA and Compound III or
comprising mRNA and Compound III that was pre-treated
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prior to formulation with select immobilized reducing
agents—e.g. Si-DPP, Ag-Thiol, Si-Cysteine, or Si-Thiol.

FIGS. 12A-12B are overlaid HPLC chromatograms of
LNP compositions comprising mRNA and Compound I1I for
which no components or at least one component was pre-
treated prior to formulation with Chelex-100 resin contain-
ing immobilized iminodiacetic acid. FIG. 12B is an
expanded portion of the chromatogram in FIG. 12A.

FIG. 13 is a graph showing percentage of IG detected in
LNP compositions comprising mRNA and Compound I1I for
which no components or at least one component was pre-
treated prior to formulation with Chelex-100 resin contain-
ing immobilized iminodiacetic acid; only mRNA pre-
treated; only Compound III pre-treated; both mRNA and
Compound III pre-treated; neither mRNA nor Compound I1I
pre-treated.

FIG. 14 is a graph showing percentage of IG detected in
LNP compositions comprising mRNA and Compound III or
comprising mRNA, Compound III, and 1 mM of select
anti-oxidants—e.g. ascorbic acid, L-cysteine, BHA, methio-
nine, lipoic acid, homo cysteine, DDT, DTE, cystamine,
DTT, glutathione, N-acetyl cysteine, sodium borohydrate,
sodium thiosulfate, TCEP, or sodium thioglycolate, or potas-
sium metabisulfite.

FIG. 15 is a graph showing percentage of 1G detected in
LNP compositions comprising mRNA and Compound III or
comprising mRNA, Compound III, and 5 mM of select
reducing agents—e.g. potassium metabisulfite, sodium
metabisulfite, or N-acetylcysteine.

FIG. 16 is a graph showing percentage of IG detected in
LNP compositions comprising mRNA and Compound III
prepared with select concentrations of sodium metabisulfite
(KDS) prior to formulation and for which KDS was
removed following formulation by dialysis with 20 mM
Tris.

FIG. 17 is a graph showing percentage of 1G detected in
LNP compositions comprising mRNA and Compound VI or
comprising mRNA, Compound VI, and 5 mM of select
reducing agents—e.g. potassium metabisulfite, sodium
metabisulfite, or N-acetylcysteine.

FIG. 18 is a graph showing percentage of 1G detected in
LNP compositions comprising mRNA (formulated at two
different concentrations), Compound III, and either PBS and
stored at 5° C. or Tris and stored at 5° C. (data shown with
squares), or at =20° C. (data shown with triangles).

FIG. 19 is a graph showing percentage of IG detected in
LNP compositions comprising mRNA and Compound VI
either in 1xPBS or in 100 mM Tris.

FIG. 20 is a graph showing percentage of IG detected over
time in LNP compositions comprising mRNA and Com-
pound III stored at select temperatures.

FIG. 21 is a schematic diagram of how mRNA-aldehyde
adduct impurity species can be detected by enzymatic diges-
tion to nucleosides and LC-MS/MS analysis.

FIG. 22 shows overlaid HPLC chromatograms of com-
positions comprising mRNA and Compound III (Blue)
alone, Compound III with Methoxyamine hydrochloride
(green), and Compound III with PFBHA hydrochloride.

FIG. 23 shows overlaid mRNA purity profile (RPIP, top
figure), Lipid purity profile (CAD, mid figure), and PFBHA
profile (UV@280 nm, bottom figure) of compositions com-
prising mRNA and Compound I1I extracted with n-heptane
(black) and Compound III treated with PFBHA hydrochlo-
ride and extracted with n-Heptane(Blue (bottom line in top
and bottom figure).

FIG. 24 shows identification of LP in formulated mRNA-
LNPs by RP-IP. FIG. 24 A shows that RP-IP HPLC provides
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high resolution mRNA length-based separations to assess
content and quality of mRNA products, as shown by the
separation of 6 mRNAs of different lengths (659, 785, 914,
1106, 2498, and 2993 nucleotides) across retention times of
9.5-15 minutes. FIG. 24B shows the RP-IP analysis of pure
mRNA (blue) yields a single main peak (retention time 15
min), with shorter degradation products and impurities elut-
ing prior (retention time 10-14.5 min), while mRNA
extracted from an mRNA-LNP formulation (black) yields an
additional late-eluting peak (retention time 19-21 min); the
UV spectrum at each peak apex obtained from an on-line 3D
UV detector shows an identical profile with maximum
absorbance of 260 nm (inset). FIG. 24C shows that CE
analysis of the same extract mRNA as FIG. 24B shows a
single peak, with no additional late-eluting species. FIG.
24D shows LP species in mRNA extracted from an mRNA-
LNP formulation can be further resolved with adjusted
gradient conditions and show a polydisperse fingerprint of
species. FIG. 24E provides a graphical representation of data
from experiments in which an mRNA-LNP formulation was
held for three months at four different storage temperatures,
and sampled at 1, 2, and 3 months for analysis by RP-IP;
each data point is a single incubation condition run in a
single RP-IP assay.

FIG. 25 shows second dimension intact analysis of iso-
lated MP and LP. FIG. 25A shows a RP-IP chromatogram of
mRNA extracted from the mRNA-LNP (black) overlaid
with RP-IP re-analysis of isolated MP (blue) and LP (red),
showing preserved retention time of each isolated region.
FIG. 25B shows the CE electropherogram of mRNA
extracted from the mRNA-LNP (black) overlaid with elec-
tropherograms of the isolate MP (blue) and LP (red), show-
ing no different in migration time. FIG. 25C shows the SEC
chromatograms of mRNA extracted from the mRNA-LNP
(black) overlaid with the SEC chromatograms of isolated
MP (blue) and LP (red), showing no presence of aggregation
in either fraction.

FIG. 26 shows identification of single modified mucleo-
sides by LC/MS/MS. FIG. 26A shows that isolated MP and
LP were subjected to enzymatic degradation to single
nucleosides and analyzed by LC/MS/MS; extracted ion
chromatograms (EIC) of selected m/z corresponding to
various unmodified nucleosides, lipid-modified nucleosides,
and carry-over lipid in LP (red) and MP mRNA (blue)
fractions are overlaid. The selected m/z for EICs include
unmodified nucleosides (cytidine [C; 2.3 min], N1-methylp-
seudouridine (N1-MeW; 3 min], adenosine [A; 5 min],
guanosine [G; 6 min], lipid (11.9 min), and several lipid-
modified nucleosides (9.5 and 11 min) observed in LP
mRNA fractions. FIG. 26B shows the precursor ion at m/z
526.30 is isolated and subjected to collision-induced disso-
ciation. Based on fragmentation pattern, the original nucleo-
side was determined to be cytidine. The fragment ion of m/z
112.05 corresponds to the exact mass of protonated cytosine
(nucleobase). The characteristic neutral mass loss of 132 Da
corresponds to the monoisotopic residue mass of ribose.
MS/MS fragmentation pattern of lipid modified cytidine is
provided as an example, but similar characteristic neutral
mass losses (132.05 Da) and their corresponding base frag-
ments were observed for other lipid-modified nucleosides as
well.

FIG. 27 shows contribution of mRNA and lipid to adduct
formation. FIG. 27A provides a lipid component deconvo-
lution that shows that combinations including ionizable lipid
resulted in significant adduct formation with mRNA by
RP-IP. FIG. 27B shows that RP-IP adduct profiles of mRNA
extracted from a binary system (black) and mRNA-LNP
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(blue) with the corresponding ionizable lipid show the same
qualitative peak profile. FIG. 27C shows that seven different
ionizable lipids were prepared in binaries with mRNA,
yielding a variety of peak profiles and abundances of adduct
species in the overlaid RP-IP chromatograms. FIG. 27D
shows that adduct formation in a binary reaction with a
highly reactive lipid was evaluated by RP-IP at 1 day
(black), 2 days (blue), and 7 days (red). The discrete peak at
1 day likely corresponds to a single modification, and the
broad peak at 7 days likely corresponds to the accumulation
of multiple modifications per mRNA molecule. FIG. 27E
shows that adduct formation in binary reactions was evalu-
ated with mRNA molecules of different lengths by RP-IP at
equivalent mRNA masses. An increase in LP with length is
consistent with a constant rate of modification on the single
nucleotide level. FIG. 27F shows that RP-TP chromato-
graphs of 659 (red), 1106 (black), and 2498-nucleotide
(blue) mRNAs show an increase and left shift of each adduct
peak with increasing mRNA length. FIG. 27G shows adduct
formation as a function of mRNA length was assessed by
RP-IP for mRNA-LNP and corresponding binaries. A posi-
tive correlation was observed, with more adduct at longer
mRNA lengths.

FIG. 28 shows N-oxide as a driver of adduct formation.
FIG. 28A shows tertiary-amine containing ionizable lipids
currently used in RNA LNP products. FIG. 28B shows how
N-oxide can form through oxidation of the tertiary amine
and can further undergo acid/base-catalyzed hydrolysis at
the amine to generate aldehydes and secondary amines. FIG.
28C shows that N-oxide acid hydrolysis products were
detected by RP-UPLC-CAD MS/MS. A CAD chromato-
gram shows the N-oxide standard (brown), acid-precipitated
N-oxide standard with (pink) and without (blue) aminooxy-
PEG label, and a buffer baseline (black). Secondary amines
from the hydrolysis of N-oxide eluted at 8.7, 10.3, and 25
minutes. Corresponding aminooxy-PEG-derivatized alde-
hydes eluted at 9.5 and 16 minutes, with the third likely in
the column void. FIG. 28D shows that binary reactions of
mRNA with pure N-oxide result in high LP. RP-IP analysis
of mRNA extracted from the binary is shown at 3 hours
(black), 1 day (blue), and 3 days (red). FIGS. 28E and 28F
show that binary reactions spiked with pure 17-carbon
aldehyde (28E) and pure 25-carbon aldehyde (28F) result in
high levels of mRNA modification. RP-IP chromatograms of
the extracted mRNA are shown with no spike (black), 0.5%
(red), and 2% (green). FIGS. 28G and 28H show that binary
reactions with the pure 17-carbon aldehyde were analyzed
for single nucleoside modifications. Binaries were prepared
with no spike (black), 0.5% (red), 1% (blue), and 2% (green)
spike. mRNA was enzyme-digested following extraction
and analyzed by LC-MS/MS. The m/z corresponding to
aldehyde-cytidine adducts (m/z 526.3 and 540.3) increased
with aldehyde spike level. N-Oxide degradation pathway
and Lipid-mRNA adduct work demonstrated here is based
on heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo0-6-(undecy-
loxy)hexyl)amino)octanoate as a representative ionizable
lipid system.

FIG. 29 shows that mRNA adduction reduces protein
expression. FIG. 29A shows that isolated MP and LP along-
side control mMRNA-LNP and an assay positive control were
tested for in vitro protein expression in BJ fibroblasts after
48 hours. RNA was extracted from two hEPO-LNP formu-
lations by isopropanol precipitation and purified by RP-IP to
generate MP and LP prior to transfection. The assay control
was a pure hEPO mRNA standard, the control sample was
mRNA extracted from each formulation prior to RP-IP
separation, and the MP and LP were isolated fractions. FIG.
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29B shows that five different mRNA-LNP samples were
incubated under stress conditions to generate varying levels
of adduct and degradation. RNA was extracted from the
mRNA-LNP by isopropanol precipitation and evaluated by
RP-IP, CE, and in vitro protein expression as measured by
mean fluorescence intensity. Relative expression as a per-
centage of the neat mRNA expression was plotted versus
relative integrity as a percentage of the neat mRNA integrity
by CE and RP-IP HPLC. FIG. 29C shows a loss in mRNA
purity to adduct formation in two vaccine formulations
plotted over 3 months at refrigerated conditions. Por process
control led to high LP in Vaccine A, but adduct was
well-controlled in Vaccine V.

DETAILED DESCRIPTION

Provided are novel lipid nanoparticle (LNP) compositions
encapsulating polynucleotides (e.g., mRNA) that have
enhanced stability over time, and methods of preparing these
compositions. Specifically, in the context of LNP composi-
tions encapsulating mRNA, the compositions have higher
amounts of translation competent mRNA per LNP. Addi-
tionally provided are methods of formulating the aforemen-
tioned compositions. Overall, the provided LNPs encapsu-
lating polynucleotides (e.g., mRNAs) can have higher
therapeutic potential as these formulations can deliver
higher amounts of stable and biologically active (e.g. trans-
lation competency for mRNA) to target cells per LNP
administered. Some embodiments relate to the identification
of a heterogeneous impurity group (IG) species present in
LNP formulations. Analytical chemistry techniques such as
high performance liquid chromatography (HPLC) and mass
spectrometry (MS) identified the IG has a complex mixture
of mRNA-aldehyde (unbranched and branched) adduct spe-
cies. Biochemical characterization with cell-free translation
systems, fluorescently activated cell sorting (FACs) assays,
and ribosomal-profiling of reporter mRNAs revealed that the
IG species have low translation competency. Such reduced
translation competency, without being bound by theory, is
likely due to the chemical modifications, mRNA-aldehyde
(unbranched and branched) adduct species, formed across
the length of the mRNA. Chemical characterization of the
lipid molecules utilized as components of the LNP revealed
that the lipids can decompose into secondary amine and
reactive aldehyde species. The decomposition can be accel-
erated by low pH conditions and presence of trace metals,
and the can be inhibited by anti-oxidant agents, or by
reducing agents, or removal of trace metals. The aforemen-
tioned reactive aldehyde species are believe to react with
polynucleotides (e.g., mRNA) to generate the IGs, An
exemplary IG formation pathway is shown in FIGS. 1A and
1B. Herein, process steps are disclosed that minimize 1G
formation, including one or more of pre-treatment of poly-
nucleotide (e.g., mRNA) and/or lipids with reducing or
anti-oxidant agents, pre-treatment of polynucleotide (e.g.,
mRNA) and/or lipids with immobilized resins that remove
trace metals or contain reducing agents, addition of excipi-
ents or buffering components, and LNP storage conditions
(e.g. temperature, pressure, lyophilization).

1. Lipid Nanoparticle Compositions

Some embodiments relate to a lipid nanoparticle compo-
sition comprising a polynucleotide and an ionizable lipid,
wherein the composition comprises less than about 10% of
an ionizable lipid-polynucleotide adduct impurity relative to
a total amount of the polynucleotide as measured by HPLC.
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Some embodiments relate to a lipid nanoparticle (LNP)
composition comprising polynucleotides and ionizable lip-
ids, wherein the composition comprises less than about 10%
of an ionizable lipid-polynucleotide adduct impurity relative
to a total amount of polynucleotides as measured by HPLC,
wherein the adduct impurity comprises one or more of the
polynucleotides which is/are modified to include one or
more covalently-appended lipid groups derived from the
ionizable lipids. In some embodiments, the composition
comprises less than about 5%, less than about 3%, less than
about 2%, or less than about 1% of ionizable lipid-poly-
nucleotide adduct impurity relative to the total amount of
polynucleotides. In some embodiments, the composition is
substantially free of ionizable lipid-polynucleotide adduct
impurity.

The term “adduct” or “adduct impurity” refers to the
covalent addition of a lipid or other entity (e.g., hydrophobic
entity) or polymer chain to a polynucleotide, such as mRNA.
An “ionizable lipid-polynucleotide adduct impurity” (also
referred to as “impurity group” or “IG”) is a type of adduct
that comprises the covalent modification of a polynucleotide
(e.g.,in a LNP) with an ionizable lipid or a derivative thereof
(such as a secondary amine or reactive aldehyde produced
from decomposed ionizable lipids).

The presence of adduct impurities can lead to low trans-
lation competency of the polynucleotide of the adduct
impurity. For instance, in the context of mRNA an adduct
includes covalent modification of the mRNA in such a way
as to prevent translation of the mRNA. Without being bound
by any particular theory, the low translation competency of
adduct impurity polynucleotides may be due to chemical
modifications across the length of the polynucleotide in the
form of the polynucleotide-aldehyde (unbranched and/or
branched) adduct species. Translation competency may be
determined by assays known in the art and described herein
(see, e.g., the working examples below). For example,
translation competency may be determined by biochemical
characterization with cell-free translation systems, fluores-
cently activated cell sorting (FACs) assays, and/or ribo-
somal-profiling of reporter mRNAs comprising adduct
impurities.

In some embodiments, adduct impurities are formed as a
result of the reaction between (i) polynucleotides and (ii)
secondary amine and/or reactive aldehyde species produced
from decomposed ionizable lipids. See FIGS. 1A and 1B for
an exemplary adduct impurity formation pathway.

The amount of ionizable lipid-polynucleotide adduct
impurity in a composition may be measured by assays
known in the art, such as high performance liquid chroma-
tography (HPLC), mass spectrometry (including MS/MS),
reverse phase ion pair chromatography (RP-IP), capillary
electrophoresis, size exclusion chromatography, positive
mode LC-MS/MS, ultra-high-performance liquid chroma-
tography (e.g., RP-UPLC-CAD), or any combination
thereof.

For instance, the presence and amount of ionizable lipid-
polynucleotide adduct impurity in an LNP composition
comprising polynucleotides may be detected and/or quanti-
fied by: (i) extracting the polynucleotides from the LNP
composition; (ii) assessing the integrity of the extracted
polynucleotides; and (iii) analyzing the extracted polynucle-
otides by HPLC. Extraction of the polynucleotide molecules
from the LNP compositions may be performed by methods
known in the art, such as precipitation and liquid:liquid
extraction (see Example 1 below). The purity and/or length
of the extracted polynucleotides may be used to characterize
the integrity of the extracted polynucleotides. Assays such as

—_

0

40

45

55

65

8

fragment analyzer capillary electrophoresis and gel electro-
phoresis (see Example 1 below) may be used to assess the
integrity of the extracted polynucleotides. Finally, HPLC
analysis may be performed. For the HPLC analysis, an ion
pair reversed phase purity HPLC method may be performed
on an appropriate column (e.g., on a Thermo DNApac RP
100x2.1 mm column) at an appropriate temperature (e.g., at
65° C.), with mobile phases (e.g. containing dibutylammo-
nium acetate (e.g., 50 mM) and trietyhlammonium acetate
(e.g., 100 mM) in water and acetonitrile). Elution with the
acetonitrile gradient provides an RNA separation primarily
driven by mRNA length and sensitive to any added hydro-
phobic elements. The appearance of two prominent peaks on
the HPLC chromatogram can be indicative of the presence
ofan IG (see, e.g., Example 1, FIG. 2, below): a “main peak™
and an “impurity group (IG)” peak. Without being bound by
any particular theory, the main peak is believed to comprise
non-adduct mRNA from the LNP composition, and the I1G
peak comprises mRNA from the LNP composition having
one or more covalent modifications. The percentage of IG in
the composition can be calculated as the mass fraction of
RNA containing at least one lipid adduct, and it can deter-
mined by integrating the area under the curve (AUC) of all
RNA peaks (including products shorter than the full-length
product, the full-length product, and the adduct RNA) and
taking the late-eluting region as an area percent of the total
peak.

The adduct impurity may comprise carbon chains cova-
lently appended to the polynucleotides. The carbon chains,
which are believed to be derived from the ionizable lipids,
may be saturated or unsaturated and of various lengths. In
some embodiments, the carbon chain is a C4_5, carbon chain.
In some embodiments, one or more covalently-appended
lipids or derivatives thereof in the adduct impurity com-
prises a Cg 5, saturated carbon chain. In some embodiments,
one or more covalently-appended lipids or derivatives
thereof in the adduct impurity comprises a Cg_3, unsaturated
carbon chain.

In some embodiments, one or more covalently-appended
lipids or derivatives thereof in the adduct impurity com-
prises a carbon chain interrupted by a non-carbon group. In
some embodiments, the carbon chain of an adduct impurity
is interrupted by a —C(O)O— ester group. In some embodi-
ments, one or more covalently-appended lipids or deriva-
tives thereof in the adduct impurity comprises a Cg 5,
saturated carbon chain interrupted by a —C(O)O— ester
group. In some embodiments, one or more covalently-
appended lipids or derivatives thereof in the adduct impurity
comprises a Cg_;, unsaturated carbon chain interrupted by a
—C(0O)O— ester group.

In some embodiments, one or more covalently-appended
lipids or derivatives thereof in the adduct impurity is
attached to a nucleobase. Exemplary nucleobases include,
but are not limited to, guanosine, cytidine, and methyl
pseudouridine.

In some embodiments, a lipid nanoparticle composition
comprises less than about 10%, less than about 5%, less than
about 3%, less than about 2%, or less than about 1% of
ionizable lipid-polynucleotide adduct impurity relative to
the total amount of polynucleotides. In some embodiments,
the composition comprises less than 10%, less than 5%, less
than 3%, less than 2%, or less than 1% of ionizable lipid-
polynucleotide adduct impurity relative to the total amount
of polynucleotides. In some embodiments, the composition
comprises less than about 10% of ionizable lipid-polynucle-
otide adduct impurity relative to the amount of polynucle-
otides. In some embodiments, the composition comprises
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less than about 5% of ionizable lipid-polynucleotide adduct
impurity relative to the total amount of polynucleotides. In
some embodiments, the composition comprises less than
about 3% of ionizable lipid-polynucleotide adduct impurity
relative to the total amount of polynucleotides. In some
embodiments, the composition comprises less than about
2% of ionizable lipid-polynucleotide adduct impurity rela-
tive to the total amount of polynucleotides. In some embodi-
ments, the composition comprises less than about 1% of
ionizable lipid-polynucleotide adduct impurity relative to
the total amount of polynucleotides. In some embodiments,
the composition is substantially free of ionizable lipid-
polynucleotide adduct impurity. In some embodiments, a
composition is “substantially free” of ionizable lipid-poly-
nucleotide adduct impurity when the percent of adduct
impurity in the composition relative to the total amount of
polynucleotides is less than 0.5%, less than 0.4%, less than
0.3%, less than 0.2%, less than 0.1%, less than 0.05%, less
than 0.01%, or less than 0.001%. In some embodiments, the
composition is free of ionizable lipid-polynucleotide adduct
impurity.

In some embodiments, the composition comprises
between 0% and 10%, between 1% and 9%, between 2% and
8%, between 3% and 7%, or between 4% and 6% of
ionizable lipid-polynucleotide adduct impurity relative to
the total amount of polynucleotides. In some embodiments,
the composition comprises between 1% and 10%, between
1% and 7%, between 1% and 5%, or between 1% and 3% or
between 4% and 6% of ionizable lipid-polynucleotide
adduct impurity relative to the total amount of polynucle-
otides.

The LNP compositions can also be advantageous in that
the amount of adduct impurity in the composition does not
increase substantially over time or under different storage
conditions. For example, in some embodiments, the amount
of adduct impurity in an LNP composition increases at an
average rate of less than about 2%, less than about 1%, less
than about 0.5%, or less than about 0.2% per day when
stored at a temperature at about 40° C. or below (such as
when stored at a temperature of about 25° C., about 20° C.,
about 15° C., about 10° C., about 8° C., about 5° C., about
2° C., about 0° C., about =10° C., or about —=20° C.

In some embodiments, the amount of adduct impurity in
an LNP composition increases at an average rate of less than
2%, less than 1%, less than 0.5%, or less than 0.2% per day
when stored at a temperature at about 25° C. or below. In
some embodiments, the amount of adduct does not substan-
tially increase when stored at a temperature at about 25° C.
or below (e.g., does not increase by more than 0.05%, more
than 0.01%, more than 0.005%, or more than 0.001%).

The average rate of increase of adduct impurity group at
various temperatures can be measured over a period of time,
e.g., 2-10 consecutive dates, 2-5 consecutive days, 5-7
consecutive days, or 7-10 consecutive days, starting on the
day (t=0), or one day after (t=1), the lipid nanoparticle
composition was formed. In some embodiments, the average
rate of increase of adduct impurity is measured over 2-5
consecutive days starting on the day the lipid nanoparticle
composition was formed. In some embodiments, the average
rate of increase of adduct impurity is measured over 2-5
consecutive days starting on one day after the lipid nanopar-
ticle composition was formed. In some embodiments, the
average rate of increase of adduct impurity is measured over
7-10 consecutive days starting on the day the lipid nanopar-
ticle composition was formed. In some embodiments, the
average rate of increase of adduct impurity is measured over
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7-10 consecutive days starting on one day after the lipid
nanoparticle composition was formed.

Some embodiments comprise adjusting the buffer or pH
of the composition to reduce the amount of adduct impurity
formed in the LNP composition (e.g., to inhibit ionizable
lipid decomposition). For example, some embodiments
comprise a composition with a TRIS (tris(hydroxymethyl)
aminomethane) buffer at a concentration of about 10 mM or
more, such as a concentration of about 20 mM, about 30
mM, about 50 mM, about 60 mM, about 75 mM, about 100
mM, about 120 mM, or about 150 mM TRIS buffer. In some
embodiments, the composition comprises from about 10
mM to about 150 mM TRIS, such as from about 15 mM to
about 120 mM TRIS or about 20 mM to about 100 mM
TRIS. In some embodiments, the composition does not
contain a PBS buffer.

In some embodiments, the composition is at a pH of from
about 6.5 to about 9.0, such as about 7-8, about 7-7.5, about
7.4, or about 7.5.

The composition may also comprise a free reducing agent
or antioxidant. Exemplary free reducing agents or antioxi-
dants include, but are not limited to, potassium meta-
bisulfite, sodium thioglycolate, tris(2-carboxyethyl)phos-
phine (TCEP), sodium thiosulfate, N-acetyl cysteine,
glutathione, dithiothreitol (DTT), cystamine, dithioerythritol
(DTE), dichlorodiphenyltrichloroethane (DDT), homocys-
teine, and lipoic acid.

Some embodiments comprise reducing the presence of
trace metals in the composition (e.g., to inhibit ionizable
lipid decomposition). Thus, the amount of transition metals
in the LNP composition may be modified to reduce the
amount of adduct impurity formed in the LNP composition.
In some embodiments, the LNP composition comprises an
amount of transition metals that is less than about 500 ppm,
less than about 250 ppm, less than about 100 ppm, or less
than about 50 ppm. In some embodiments, the LNP com-
position comprises an amount of transition metals that is less
than 500 ppm, less than 250 ppm, less than 100 ppm, or less
than 50 ppm. In some embodiments, the LNP composition
comprises an amount of transition metals that is between 5
ppm and 500 ppm, between 25 ppm and 250 ppm, or
between 50 and 100 ppm. In some embodiments, the LNP
composition comprises an amount of transition metals that is
between 0 ppm and 50 ppm, between 50 ppm and 100 ppm,
between 100 ppm and 200 ppm, between 200 ppm and 300
ppm, between 300 ppm and 400 ppm, or between 400 ppm
and 500 ppm. In some embodiments, the composition is
substantially free of transition metals (e.g., the amount of
transition metals is less than 5 ppm, less than 4 ppm, less
than 3 ppm less than 2 ppm, less than 1 ppm, less than 0.1
ppm, less than 0.05 ppm, or less than 0.01 ppm). Exemplary
transition metals include, but are not limited to, Pd, Cu, Fe,
Ni, Pb, and Mn. In some embodiments, the composition
comprises Fe. In some embodiments, the Fe has an oxidation
state of 2+.

Some embodiments comprise reducing the presence of
N-oxide compounds in the composition. In some embodi-
ments, the N-oxide compound is an ionizable lipid in the
LNP which has been oxidized to form an N-oxide group.
Thus, the amount of N-oxide compound in the LNP com-
position may be modified to reduce the amount of adduct
impurity formed in the LNP composition. In some embodi-
ments, the LNP composition comprises an amount of N-ox-
ide compound that is less than about 500 ppm, less than
about 250 ppm, less than about 100 ppm, or less than about
50 ppm. In some embodiments, the LNP composition com-
prises an amount of N-oxide compound that is less than 500
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ppm, less than 250 ppm, less than 100 ppm, or less than 50
ppm. In some embodiments, the LNP composition com-
prises an amount of N-oxide compound that is between 5
ppm and 500 ppm, between 25 ppm and 250 ppm, or
between 50 and 100 ppm. In some embodiments, the LNP
composition comprises an amount of N-oxide compound
that is between O ppm and 50 ppm, between 50 ppm and 100
ppm, between 100 ppm and 200 ppm, between 200 ppm and
300 ppm, between 300 ppm and 400 ppm, or between 400
ppm and 500 ppm. In some embodiments, the composition
is substantially free of N-oxide compounds (e.g., the amount
of N-oxide compound is less than 5 ppm, less than 4 ppm,
less than 3 ppm less than 2 ppm, less than 1 ppm, less than
0.1 ppm, less than 0.05 ppm, or less than 0.01 ppm).

In some embodiments, the LNP composition comprises an
amount of lipid aldehyde that is less than about 500 ppm,
less than about 250 ppm, less than about 100 ppm, or less
than about 50 ppm. In some embodiments, the LNP com-
position comprises an amount of lipid aldehyde that is less
than 500 ppm, less than 250 ppm, less than 100 ppm, or less
than 50 ppm. In some embodiments, the LNP composition
comprises an amount of lipid aldehyde that is between 5
ppm and 500 ppm, between 25 ppm and 250 ppm, or
between 50 and 100 ppm. In some embodiments, the LNP
composition comprises an amount of lipid aldehyde that is
between 0 ppm and 50 ppm, between 50 ppm and 100 ppm,
between 100 ppm and 200 ppm, between 200 ppm and 300
ppm, between 300 ppm and 400 ppm, or between 400 ppm
and 500 ppm. In some embodiments, the composition is
substantially free of lipid aldehyde (e.g., the amount of lipid
aldehyde is less than 5 ppm, less than 4 ppm, less than 3 ppm
less than 2 ppm, less than 1 ppm, less than 0.1 ppm, less than
0.05 ppm, or less than 0.01 ppm).

In some embodiments, the LNP composition is in liquid
form.

a. Lipid Nanoparticles

Lipid nanoparticles (LNPs) typically comprise one or
more lipids and a nucleic acid cargo (i.e., polynucleotide) of
interest. In some embodiments, the lipid is an ionizable lipid
(e.g., an ionizable amino lipid), sometimes referred to in the
art as an “ionizable cationic lipid”. In some embodiments,
lipid nanoparticles further comprise other components,
including a phospholipid, a structural lipid, and a molecule
capable of reducing particle aggregation, for example a PEG
or PEG-modified lipid. In some embodiments, the lipid
nanoparticle comprises at least one ionizable cationic lipid,
at least one non-cationic lipid, at least one sterol, and/or at
least one polyethylene glycol (PEG)-modified lipid. The
lipid nanoparticles can be generated using components,
compositions, and methods as are generally known in the
art, see for example PCT/US2016/052352; PCT/US2016/
068300; PCT/US2017/037551; PCT/US2015/027400; PCT/

US2016/047406;  PCT/US2016000129;  PCT/US2016/
014280; PCT/US2016/014280; PCT/US2017/038426; PCT/
US2014/027077; PCT/US2014/055394; PCT/US2016/

52117; PCT/US2012/069610; PCT/US2017/027492; PCT/
US2016/059575 and PCT/US2016/069491 all of which are
incorporated by reference herein in their entireties.

In some embodiments, the lipid nanoparticle is a lipid
nanoparticle described in Intl. Pub. Nos. W02013123523,
WO02012170930, WO02011127255, W02008103276; or
U.S. Pub. No. US20130171646, each of which is herein
incorporated by reference in its entirety.

In some embodiments, the lipid nanoparticle comprises a
molar ratio of 20-60% ionizable cationic lipid. For example,
the lipid nanoparticle may comprise a molar ratio of
20-50%, 20-40%, 20-30%, 30-60%, 30-50%, 30-40%,
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40-60%, 40-50%, or 50-60% ionizable cationic lipid. In
some embodiments, the lipid nanoparticle comprises a molar
ratio of 20%, 30%, 40%, 50, or 60% ionizable cationic lipid.

In some embodiments, the lipid nanoparticle comprises a
molar ratio of 5-25% non-cationic lipid. For example, the
lipid nanoparticle may comprise a molar ratio of 5-20%,
5-15%, 5-10%, 10-25%, 10-20%, 10-25%, 15-25%,
15-20%, or 20-25% non-cationic lipid. In some embodi-
ments, the lipid nanoparticle comprises a molar ratio of 5%,
10%, 15%, 20%, or 25% non-cationic lipid.

In some embodiments, the lipid nanoparticle comprises a
molar ratio of 25-55% sterol. For example, the lipid nan-
oparticle may comprise a molar ratio of 25-50%, 25-45%,
25-40%, 25-35%, 25-30%, 30-55%, 30-50%, 30-45%,
30-40%, 30-35%, 35-55%, 35-50%, 35-45%, 35-40%,
40-55%, 40-50%, 40-45%, 45-55%, 45-50%, or 50-55%
sterol. In some embodiments, the lipid nanoparticle com-
prises a molar ratio of 25%, 30%, 35%, 40%, 45%, 50%, or
55% sterol.

In some embodiments, the lipid nanoparticle comprises a
molar ratio of 0.5-15% PEG-modified lipid. For example,
the lipid nanoparticle may comprise a molar ratio of 0.5-
10%, 0.5-5%, 1-15%, 1-10%, 1-5%, 2-15%, 2-10%, 2-5%,
5-15%, 5-10%, or 10-15%. In some embodiments, the lipid
nanoparticle comprises a molar ratio of 0.5%, 1%, 2%, 3%,
4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, or
15% PEG-modified lipid.

In some embodiments, the lipid nanoparticle comprises a
molar ratio of 20-60% ionizable cationic lipid, 5-25% non-
cationic lipid, 25-55% sterol, and 0.5-15% PEG-modified
lipid.

In some embodiments, the lipid nanoparticles described
herein have a diameter from about 1 nm to about 100 nm
such as, but not limited to, about 1 nm to about 20 nm, from
about 1 nm to about 30 nm, from about 1 nm to about 40 nm,
from about 1 nm to about 50 nm, from about 1 nm to about
60 nm, from about 1 nm to about 70 nm, from about 1 nm
to about 80 nm, from about 1 nm to about 90 nm, from about
5 nm to about from 100 nm, from about 5 nm to about 10
nm, about 5 nm to about 20 nm, from about 5 nm to about
30 nm, from about 5 nm to about 40 nm, from about 5 nm
to about 50 nm, from about 5 nm to about 60 nm, from about
5 nm to about 70 nm, from about 5 nm to about 80 nm, from
about 5 nm to about 90 nm, about 10 to about 20 nm, about
10 to about 30 nm, about 10 to about 40 nm, about 10 to
about 50 nm, about 10 to about 60 nm, about 10 to about 70
nm, about 10 to about 80 nm, about 10 to about 90 nm, about
20 to about 30 nm, about 20 to about 40 nm, about 20 to
about 50 nm, about 20 to about 60 nm, about 20 to about 70
nm, about 20 to about 80 nm, about 20 to about 90 nm, about
20 to about 100 nm, about 30 to about 40 nm, about 30 to
about 50 nm, about 30 to about 60 nm, about 30 to about 70
nm, about 30 to about 80 nm, about 30 to about 90 nm, about
30 to about 100 nm, about 40 to about 50 nm, about 40 to
about 60 nm, about 40 to about 70 nm, about 40 to about 80
nm, about 40 to about 90 nm, about 40 to about 100 nm,
about 50 to about 60 nm, about 50 to about 70 nm about 50
to about 80 nm, about 50 to about 90 nm, about 50 to about
100 nm, about 60 to about 70 nm, about 60 to about 80 nm,
about 60 to about 90 nm, about 60 to about 100 nm, about
70 to about 80 nm, about 70 to about 90 nm, about 70 to
about 100 nm, about 80 to about 90 nm, about 80 to about
100 nm and/or about 90 to about 100 nm.

In some embodiments, the lipid nanoparticles described
herein have a diameter from about 10 to 500 nm. In some
embodiments, the lipid nanoparticle can have a diameter
greater than 100 nm, greater than 150 nm, greater than 200
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nm, greater than 250 nm, greater than 300 nm, greater than
350 nm, greater than 400 nm, greater than 450 nm, greater
than 500 nm, greater than 550 nm, greater than 600 nm,
greater than 650 nm, greater than 700 nm, greater than 750
nm, greater than 800 nm, greater than 850 nm, greater than
900 nm, greater than 950 nm or greater than 1000 nm.

The ratio between the lipid composition and the poly-
nucleotide range can be from about 10:1 to about 60:1
(wt/wt).

In some embodiments, the ratio between the lipid com-
position and the polynucleotide can be about 10:1, 11:1,
12:1, 13:1, 14:1, 15:1, 16:1, 17:1, 18:1, 19:1, 20:1, 21:1,
22:1, 23:1, 24:1, 25:1, 26:1, 27:1, 28:1, 29:1, 30:1, 31:1,
32:1, 33:1, 34:1, 35:1, 36:1, 37:1, 38:1, 39:1, 40:1, 41:1,
42:1, 43:1, 44:1, 45:1, 46:1, 47:1, 48:1, 49:1, 50:1, 51:1,
52:1,53:1,54:1, 55:1, 56:1, 57:1, 58:1, 59:1 or 60:1 (wt/wt).
In some embodiments, the wt/wt ratio of the lipid compo-
sition to the polynucleotide encoding a therapeutic agent is
about 20:1 or about 15:1.

In some embodiments, the lipid nanoparticles described
herein can comprise polynucleotides (e.g., mRNA) in a
lipid:polynucleotide weight ratio of 5:1, 10:1, 15:1, 20:1,
25:1, 30:1, 35:1, 40:1, 45:1, 50:1, 55:1, 60:1 or 70:1, or a
range or any of these ratios such as, but not limited to, 5:1
to about 10:1, from about 5:1 to about 15:1, from about 5:1
to about 20:1, from about 5:1 to about 25:1, from about 5:1
to about 30:1, from about 5:1 to about 35:1, from about 5:1
to about 40:1, from about 5:1 to about 45:1, from about 5:1
to about 50:1, from about 5:1 to about 55:1, from about 5:1
to about 60:1, from about 5:1 to about 70:1, from about 10:1
to about 15:1, from about 10:1 to about 20:1, from about
10:1 to about 25:1, from about 10:1 to about 30:1, from
about 10:1 to about 35:1, from about 10:1 to about 40:1,
from about 10:1 to about 45:1, from about 10:1 to about
50:1, from about 10:1 to about 55:1, from about 10:1 to
about 60:1, from about 10:1 to about 70:1, from about 15:1
to about 20:1, from about 15:1 to about 25:1, from about
15:1 to about 30:1, from about 15:1 to about 35:1, from
about 15:1 to about 40:1, from about 15:1 to about 45:1,
from about 15:1 to about 50:1, from about 15:1 to about
55:1, from about 15:1 to about 60:1 or from about 15:1 to
about 70:1.

In some embodiments, the lipid nanoparticles described
herein can comprise the polynucleotide in a concentration
from approximately 0.1 mg/ml to 2 mg/ml such as, but not
limited to, 0.1 mg/ml, 0.2 mg/ml, 0.3 mg/ml, 0.4 mg/ml, 0.5
mg/ml, 0.6 mg/ml, 0.7 mg/ml, 0.8 mg/ml, 0.9 mg/ml, 1.0
mg/ml, 1.1 mg/ml, 1.2 mg/ml, 1.3 mg/ml, 1.4 mg/ml, 1.5
mg/ml, 1.6 mg/ml, 1.7 mg/ml, 1.8 mg/ml, 1.9 mg/ml, 2.0
mg/ml or greater than 2.0 mg/ml.

In some embodiments, the pharmaceutical composition
disclosed herein can contain more than one polynucleotide.
For example, a composition or pharmaceutical composition
disclosed herein can contain two or more polynucleotides
(e.g., RNA, e.g., mRNA) formulated in the same lipid
nanoparticle.

The lipid nanoparticles described herein can be geometri-
cally engineered to modulate macrophage and/or the
immune response. The geometrically engineered particles
can have varied shapes, sizes and/or surface charges to
incorporate the polynucleotides described herein for targeted
delivery such as, but not limited to, pulmonary delivery (see,
e.g., Intl. Pub. No. WO 2013/082111, herein incorporated by
reference in its entirety). Other physical features the geo-
metrically engineering particles can include are, but are not
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limited to, fenestrations, angled arms, asymmetry and sur-
face roughness, and charge that can alter the interactions
with cells and tissues.

In some embodiments, the lipid nanoparticles described
herein are stealth nanoparticles or target-specific stealth
nanoparticles such as, but not limited to, those described in
U.S. Pub. No. US20130172406, herein incorporated by
reference in its entirety. The stealth or target-specific stealth
nanoparticles can comprise a polymeric matrix, which can
comprise two or more polymers such as, but not limited to,
polyethylenes, polycarbonates, polyanhydrides, polyhy-
droxyacids, polypropylfumerates, polycaprolactones, poly-
amides, polyacetals, polyethers, polyesters, poly(orthoe-

sters), polycyanoacrylates, polyvinyl alcohols,
polyurethanes, polyphosphazenes, polyacrylates, polymeth-
acrylates, polycyanoacrylates, polyureas, polystyrenes,

polyamines, polyesters, polyanhydrides, polyethers, poly-
urethanes, polymethacrylates, polyacrylates, polycyano-
acrylates, or combinations thereof.

The LNPs can be prepared using microfluidic mixers or
micromixers. Exemplary microfluidic mixers can include,
but are not limited to, a slit interdigital micromixer includ-
ing, but not limited to those manufactured by Microinnova
(Allerheiligen bei Wildon, Austria) and/or a staggered her-
ringbone micromixer (SHM) (see Zhigaltsev et al., “Bottom-
up design and synthesis of limit size lipid nanoparticle
systems with aqueous and triglyceride cores using millisec-
ond microfluidic mixing,” Langmuir 28:3633-40 (2012);
Belliveau et al., “Microfluidic synthesis of highly potent
limit-size lipid nanoparticles for in vivo delivery of siRNA,”
Molecular Therapy-Nucleic Acids. 1:¢37 (2012); Chen et
al.,, “Rapid discovery of potent siRNA-containing lipid
nanoparticles enabled by controlled microfluidic formula-
tion,” J. Am. Chem. Soc. 134(16):6948-51 (2012); each of
which is herein incorporated by reference in its entirety).
Exemplary micromixers include Slit Interdigital Microstruc-
tured Mixer (SIMM-V2) or a Standard Slit Interdigital
Micro Mixer (SSIMM) or Caterpillar (CPMM) or Imping-
ing-jet (IJIMM,) from the Institut fiir Mikrotechnik Mainz
GmbH, Mainz Germany. In some embodiments, methods of
making LNP using SHM further comprise mixing at least
two input streams wherein mixing occurs by microstructure-
induced chaotic advection (MICA). According to this
method, fluid streams flow through channels present in a
herringbone pattern causing rotational flow and folding the
fluids around each other. This method can also comprise a
surface for fluid mixing wherein the surface changes orien-
tations during fluid cycling. Methods of generating L.NPs
using SHM include those disclosed in U.S. Pub. Nos.
US20040262223 and US20120276209, each of which is
incorporated herein by reference in their entirety.

In some embodiments, the polynucleotides described
herein can be formulated in lipid nanoparticles using micro-
fluidic technology (see Whitesides, George M., “The Origins
and the Future of Microfluidics,” Nature 442: 368-373
(2006); and Abraham et al., “Chaotic Mixer for Microchan-
nels,” Science 295: 647-651 (2002); each of which is herein
incorporated by reference in its entirety). In some embodi-
ments, the polynucleotides can be formulated in lipid nan-
oparticles using a micromixer chip such as, but not limited
to, those from Harvard Apparatus (Holliston, Mass.) or
Dolomite Microfluidics (Royston, UK). A micromixer chip
can be used for rapid mixing of two or more fluid streams
with a split and recombine mechanism.

1. Ionizable Lipids

The lipid nanoparticles described herein comprise ioniz-
able lipids. As used herein, the term “ionizable lipid” has its
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ordinary meaning in the art and may refer to a lipid com-
prising one or more charged moieties. In some embodi-
ments, an ionizable lipid may be positively charged or
negatively charged. An ionizable lipid may be positively
charged, in which case it can be referred to as “cationic
lipid”. In certain embodiments, an ionizable lipid molecule
may comprise an amine group, and can be referred to as an
ionizable amino lipid. As used herein, a “charged moiety” is
a chemical moiety that carries a formal electronic charge,
e.g., monovalent (+1, or —1), divalent (+2, or -2), trivalent
(43, or -3), etc. The charged moiety may be anionic (i.e.,
negatively charged) or cationic (i.e., positively charged).
Examples of positively-charged moieties include amine
groups (e.g., primary, secondary, and/or tertiary amines),
ammonium groups, pyridinium group, guanidine groups,
and imidizolium groups. In some embodiments, the charged
moieties comprise amine groups. Examples of negatively-
charged groups or precursors thereof, include carboxylate
groups, sulfonate groups, sulfate groups, phosphonate
groups, phosphate groups, hydroxyl groups, and the like.
The charge of the charged moiety may vary, in some cases,
with the environmental conditions, for example, changes in
pH may alter the charge of the moiety, and/or cause the
moiety to become charged or uncharged. In general, the
charge density of the molecule may be selected as desired.

It should be understood that the terms “charged” or
“charged moiety” does not refer to a “partial negative
charge” or “partial positive charge” on a molecule. The
terms “partial negative charge” and “partial positive charge”
are given its ordinary meaning in the art. A “partial negative
charge” may result when a functional group comprises a
bond that becomes polarized such that electron density is
pulled toward one atom of the bond, creating a partial
negative charge on the atom. Those of ordinary skill in the
art will, in general, recognize bonds that can become polar-
ized in this way.

In some embodiments, the ionizable lipid is an ionizable
amino lipid, sometimes referred to in the art as an “ionizable
cationic lipid”. In some embodiments, the ionizable amino
lipid may have a positively charged hydrophilic head and a
hydrophobic tail that are connected via a linker structure.

In addition to these, an ionizable lipid may also be a lipid
including a cyclic amine group. In some embodiments, the
ionizable lipid may be selected from, but not limited to, a
ionizable lipid described in International Publication Nos.
W02013086354 and WO2013116126; each of which is
herein incorporated by reference in its entirety.

In some embodiments, the ionizable lipid may be selected
from, but not limited to, formula CLI-CLXXXXII of U.S.
Pat. No. 7,404,969; which is herein incorporated by refer-
ence in its entirety.

In some embodiments, the lipid may be a cleavable lipid
such as those described in International Publication No.
WO02012170889, herein incorporated by reference in its
entirety. In some embodiments, the lipid may be synthesized
by methods known in the art and/or as described in Inter-
national Publication No. W02013086354; each of which is
herein incorporated by reference in its entirety.

In some aspects, the lipid comprises at least one tertiary
amino group, wherein at least one of the three groups of the
tertiary amino group comprises a Cg4 5, saturated or unsatu-
rated carbon chain optionally interrupted by an —C(O)O—
ester group.
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In some aspects, the disclosure relates to a compound of
Formula (I):

@

or its N-oxide, or a salt or isomer thereof, wherein R'* is
Rlbranched; wherein
Rlbranched iS

wherein

denotes a point of attachment;

wherein R*®, R*F, R™, and R®® are each independently
selected from the group consisting of H, C,_,, alkyl, and
C,_,, alkenyl;

R? and R? are each independently selected from the group
consisting of C,_,, alkyl and C,_,, alkenyl;

R* is selected from the group consisting of —(CH,), OH,
wherein n is selected from the group consisting of 1, 2, 3, 4,

and 5, and
R0 gM

wherein

denotes a point of attachment; wherein

R'® is N(R),; each R is independently selected from the
group consisting of C, ¢ alkyl, C,_; alkenyl, and H; and n2
is selected from the group consisting of 1, 2,3, 4,5, 6,7, 8,
9, and 10; each R? is independently selected from the group
consisting of C,_; alkyl,

C,_; alkenyl, and H;

each R® is independently selected from the group consisting
of C, 5 alkyl,

C,_; alkenyl, and H;

M and M' are each independently selected from the group
consisting of —C(0)O— and —OC(0O)—;
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R'is a C,_;, alkyl or C,_,, alkenyl;
1 is selected from the group consisting of 1, 2, 3, 4, and 5;
and
m is selected from the group consisting of 5, 6, 7, 8, 9, 10,
11, 12, and 13.

In some embodiments of the compounds of Formula (I),
R is Rlbranched; Rlbranched is

R R
%\(‘\/ R
RaB Raf) . %

denotes a point of attachment; R**, R**, R, and R*® are
each H; R? and R? are each C,_,, alkyl; R* is —(CH,), OH;
n is 2; each R® is H; each R® is H; M and M' are each
—C(0)0—; R'is a C,_;, alkyl; 1 is 5; and m is 7.

In some embodiments of the compounds of Formula (I),

R is Rlbranched; Rlbranched is

R™  R@
%\H\( R’
RaB Rnf! . %

denotes a point of attachment; R**, R**, R*, and R*® are
each H; R® and R are each C,_,, alkyl; R* is —(CH,),OH;
n is 2; each R® is H; each R® is H; M and M' are each
—C(O)0—; R'isaC,_,, alkyl; 1is 3; and m is 7.

In some embodiments of the compounds of Formula (I),
R is Rlbranched; Rlbranched is

w
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}%\(K( Rl

denotes a point of attachment; R°* is C,_, , alkyl; R??, R®Y,
and R?® are each H; R? and R? are each C,_,, alkyl; R* is

O,

]\;(O
R g/ﬁnz\}{

R'® NH(C,_4 alkyl); n2 is 2; R® is H; each R® is H; M and M'
are each —C(0O)O—; R'is a C,_,, alkyl; l is 5; and m is 7.
In some embodiments of the compounds of Formula (I),

R is varanched; Rlbranched is

R R
%K(S/ R
Rab Ra5 . %

denotes a point of attachment; R**, R*P, and R*® are each H;
R* is C,_,, alkyl; R® and R? are each C,_,, alkyl; R* is
—(CH,),OH; n is 2; each R® is H; each R® is H; M and M'
are each —C(0)O—; R'isa C,_, alkyl; 1is 5; and m is 7.

In some embodiments, the compound of Formula (I) is
selected from:

HOV\N/\/\WO\/\/\/\/\
(6]
O
2000¢
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-continued
[
O
g/\/\N/\/\/\/\"/O
HN\ O
O
I \(\/\/\/\
ENGZN NW 0
(0]
0.
20006

In some embodiments, the compound of Formula (I) is:

O™ e P e N
(0]
0.
20006

In some embodiments, the compound of Formula (I) is:

HO%NA/WOWM.

o}

O

In some embodiments, the compound of Formula () is:

HN\ 0
o

(¢]

and
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In some embodiments, the compound of Formula (I) is:

TS
2000¢

In some aspects, the disclosure relates to a compound of
Formula (Ia):

(Ia) or its N-oxide, or a salt or isomer thereof,

wherein R is R"”"“"¢?. wherein
Rlbranched iSZ
R
R’;
RaB Ra5
wherein

denotes a point of attachment;

wherein R%?, R™, and R*® are each independently selected
from the group consisting of H, C,_;, alkyl, and C,,,
alkenyl;

R? and R? are each independently selected from the group
consisting of C,_,, alkyl and C,_,, alkenyl;

R* is selected from the group consisting of —(CH,),OH
wherein n is selected from the group consisting of 1, 2, 3, 4,
and

H

R10

wherein

w

—_

0
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denotes a point of attachment; wherein
R'® is N(R),; each R is independently selected from the
group consisting of C, ¢ alkyl, C,_5 alkenyl, and H; and n2
is selected from the group consisting of 1, 2, 3,4, 5, 6,7, 8,
9, and 10;
each R® is independently selected from the group consisting
of C,_; alkyl, C,_; alkenyl, and H;
each R is independently selected from the group consisting
of C,_; alkyl, C,_; alkenyl, and H;
M and M' are each independently selected from the group
consisting of —C(O)O— and —OC(O)—;
R'is a C,_,, alkyl or C,_,, alkenyl;
1 is selected from the group consisting of 1, 2, 3, 4, and 5;
and
m is selected from the group consisting of 5, 6, 7, 8, 9, 10,
11, 12, and 13.

In some aspects, the disclosure relates to a compound of
Formula (Ib):

(Ib) or its N-oxide, or a salt or isomer thereof,
wherein R is R"”7#"“"¢4; \wherein

Rlbranched .
Re®  RA
RaB Rad

18:

wherein

denotes a point of attachment;

wherein R**, R“?, R®, and R®® are each independently
selected from the group consisting of H, C,_,, alkyl, and
C,_, alkenyl;

R? and R? are each independently selected from the group
consisting of C,_,, alkyl and C,_,, alkenyl;

R* is —(CH,),OH, wherein n is selected from the group
consisting of 1, 2, 3, 4, and 5;

each R’ is independently selected from the group consisting
of C, 5 alkyl,

C,_; alkenyl, and H;

each R® is independently selected from the group consisting
of C,_; alkyl, C,_; alkenyl, and H;

M and M' are each independently selected from the group
consisting of —C(0)O— and —OC(0O)—;

R'is a C,_, alkyl or C,_,, alkenyl;

1 is selected from the group consisting of 1, 2, 3, 4, and 5;
and

m is selected from the group consisting of 5, 6, 7, 8, 9, 10,
11, 12, and 13.
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In some embodiments of Formula (I) or (Ib), R is
varanched; varanched iS

R
W R %
RaB Ra6

denotes a point of attachment; R*?, R*Y, and R*® are each H;
R? and R? are each C,_,, alkyl;

R*is —(CH,), OH; n is 2; each R’ is H; each R° is H; M and
M' are each —C(O)O—; R'is a C,_,, alkyl; 1is 5; and m is
7.

In some embodiments of Formula (I) or (Ib), R is
varanched; Rlbranched is

R
ReP R

denotes a point of attachment; R??, R™, and R*® are each H;
R? and R? are each C,_,, alkyl; R* is —(CH,),,OH; n is 2;
each R’ is H; each R is H; M and M' are each —C(0)O—;
R'isa C,_,, alkyl; 1is 3; and m is 7.

In some embodiments of Formula (I) or (Ib), R is

Rlbranc‘hed; Rlbranched is

R
St
RaB R

denotes a point of attachment; R*F and R*® are each H; R
is C, 1, alkyl; R* and R® are each C, ,, alkyl; R* is
—(CH,),,0H; n is 2; each R® is H; each R® is H; M and M'
are each —C(O)O—; R'is a C,_;, alkyl; 1 is 5; and m is 7.

In some aspects, the disclosure relates to a compound of
Formula (Ic):

(Ic) or its N-oxide, or a salt or isomer thereof,

wherein R is R'”"#*“"¢4; wherein

Rlbranched is:
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wherein

denotes a point of attachment;

wherein R*®, R*F, R™, and R®® are each independently
selected from the group consisting of H, C,_,, alkyl, and
C,_ alkenyl;

R? and R? are each independently selected from the group
consisting of C,_, alkyl and C,_,, alkenyl;

R*is

wherein

denotes a point of attachment; wherein

R'® is N(R),; each R is independently selected from the
group consisting of C, ¢ alkyl, C, 5 alkenyl, and H; n2 is
selected from the group consisting of 1, 2,3, 4, 5, 6,7, 8, 9,
and 10;

each R® is independently selected from the group consisting
of C, 5 alkyl,

C,_; alkenyl, and H;

each R® is independently selected from the group consisting
of C, 5 alkyl,

C,_5 alkenyl, and H;

M and M' are each independently selected from the group
consisting of —C(0)O— and —OC(0O)—;

R'is a C,_,, alkyl or C,_,, alkenyl;

1 is selected from the group consisting of 1, 2, 3, 4, and 5;
and

m is selected from the group consisting of 5, 6, 7, 8, 9, 10,
11, 12, and 13.

In some embodiments, R'*

is Rlbranched; Rlbrarlched is

denotes a point of attachment; R*?, R*, and R*® are each H;
R“* is C,_,, alkyl; R? and R? are each C,_,, alkyl; R* is
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NM
H

denotes a point of attachment; R'° is NH(C,_, alkyl); n2 is
2; each R® is H; each RS is H; M and M' are each —C(Q)
O—; R'isaC,_,alkyl;1is 5; and m is 7.

In some embodiments, the compound of Formula (Ic) is:

RI0

10

26

and
R is:

R

R

o
o
g/\/\N/\/\/\/\I(O .
HN\ o

O

In some aspects, the disclosure relates to a compound of

Formula (II):
R% o)
\NW \R"’
(6]
( I O\Rrb
(6]

or its N-oxide, or a salt or isomer thereof,

wherein R is R'®7#"?"¢d op R'¥°": wherein

varanched is:

an

RA
/K{\)\(R,
Rad

and R'&¢% is:

}{Hs\ —
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wherein

denotes a point of attachment;

R“ and R*® are each independently selected from the group
consisting of H, C,_,, alkyl, and C,_,, alkenyl, wherein at
least one of R and R®® is selected from the group consist-
ing of C,_;, alkyl and C,_,, alkenyl;

R® and R®Y are each independently selected from the group
consisting of H, C,_;, alkyl, and C,_,, alkenyl, wherein at
least one of R® and R*" is selected from the group consisting
of C,_,, alkyl and C,_,, alkenyl;

R? and R? are each independently selected from the group
consisting of C,_, alkyl and C,_,, alkenyl;

R* is selected from the group consisting of —(CH,),OH
wherein n is selected from the group consisting of 1, 2, 3, 4,
and 5, and

wherein
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denotes a point of attachment; wherein
R' is N(R),; each R is independently selected from the
group consisting of C,_¢ alkyl, C,_; alkenyl, and H; and n2
is selected from the group consisting of 1, 2, 3,4, 5, 6, 7, 8,
9, and 10;
each R' independently is a C,_,, alkyl or C,_, , alkenyl;
Y* is a C4_g carbocycle;
R*"“ is selected from the group consisting of C,_, 5 alkyl and
C,_, 5 alkenyl; and
sis 2 or3;
m is selected from 1, 2, 3,4, 5,6, 7,8, and 9;
11is selected from 1, 2, 3, 4, 5, 6, 7, 8, and 9.

In some aspects, the disclosure relates to a compound of
Formula (II-a):

RY (¢}
\NW Y
O
)
( h Sypo
(6]

or its N-oxide, or a salt or isomer thereof,

wherein R'* is R'?"#*"¢d or R'¥<": wherein
Rlbranched iS'

(L-a)

R
R
Ra6
and R is:
jo i R2 or
R
RO
wherein

denotes a point of attachment;

R’ and R*® are each independently selected from the group
consisting of H, C,_,, alkyl, and C,_,, alkenyl, wherein at
least one of R™ and R*® is selected from the group consist-
ing of C,_,, alkyl and C,_,, alkenyl;

R’ and R”Y are each independently selected from the group
consisting of H, C,_,, alkyl, and C,_,, alkenyl, wherein at
least one of R®Y and R?® is selected from the group consist-
ing of C,_;, alkyl and C,_,, alkenyl;
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R? and R? are each independently selected from the group
consisting of C,_,, alkyl and C,_, , alkenyl;

R* is selected from the group consisting of —(CH,),OH
wherein n is selected from the group consisting of 1, 2, 3, 4,
and 5, and

wherein

denotes a point of attachment; wherein

R'® is N(R),; each R is independently selected from the
group consisting of C, ¢ alkyl, C,_5 alkenyl, and H; and n2
is selected from the group consisting of 1, 2,3, 4,5,6,7, 8,
9, and 10;

each R' independently is a C,_,, alkyl or C,_,, alkenyl;
m is selected from 1, 2, 3, 4, 5, 6, 7, 8, and 9;
1is selected from 1, 2,3, 4,5, 6,7, 8, and 9.

In some aspects, the disclosure relates to a compound of
Formula (II-b):

RY 0
\N/\/%( \R’”
0]
O
( h SR
O

or its N-oxide, or a salt or isomer thereof,

wherein R is R'7#"#ed or R'°%e: wherein

Rybranched is:

(II-b)

R

k\)\/ R
R3 ,/‘ i RZ or

and R" is:
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R
R’;
5
wherein
10
15

denotes a point of attachment;

R“" and R?" are each independently selected from the group
consisting of C,_,, alkyl and C,_,, alkenyl;

R? and R? are each independently selected from the group 2
consisting of C,_,, alkyl and C,_,, alkenyl;

R* is selected from the group consisting of —(CH,),OH
wherein n is selected from the group consisting of 1, 2, 3, 4,

and 5, and 25

30

wherein
35
40
denotes a point of attachment; wherein
R' is N(R),; each R is independently selected from the
group consisting of C,_ alkyl, C, 5 alkenyl, and H; and n2 45
is selected from the group consisting of 1, 2, 3,4, 5, 6, 7, 8,
9, and 10;
each R' independently is a C,_,, alkyl or C,_,, alkenyl;
m is selected from 1, 2, 3, 4, 5, 6, 7, 8, and 9; 50
11is selected from 1, 2, 3, 4, 5, 6, 7, 8, and 9.
In some aspects, the disclosure relates to a compound of
Formula (II-c):
55
) (I-¢)
R O
\N/\/%‘/ \R'”
Y 60
( h RN R
0 65
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or its N-oxide, or a salt or isomer thereof,
wherein R is R4 o R'°: wherein

R)branched iSf
R#
R
and R is:
R3 RZ.
wherein

denotes a point of attachment;

wherein R*" is selected from the group consisting of C,_|,
alkyl and C,_,, alkenyl;

R? and R? are each independently selected from the group
consisting of C,_,, alkyl and C,_,, alkenyl;

R* is selected from the group consisting of —(CH,),OH
wherein n is selected from the group consisting of 1, 2, 3, 4,
and 5, and

H

R0

wherein

denotes a point of attachment; wherein

R'® is N(R),; each R is independently selected from the
group consisting of C, ¢ alkyl, C,_; alkenyl, and H; and n2
is selected from the group consisting of 1, 2,3, 4,5,6,7, 8,
9, and 10;

R'is a C,_, alkyl or C,_,, alkenyl;

m is selected from 1, 2, 3, 4, 5, 6, 7, 8, and 9;

1 is selected from 1, 2, 3,4, 5, 6,7, 8, and 9.
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In some aspects, the disclosure relates to a compound of
Formula (II-d):

(I1-d)

or its N-oxide, or a salt or isomer thereof,

wherein R' is Rlbranched or Rw‘yclic; wherein Rlbranched is:

and R is:

R

wherein

denotes a point of attachment;

wherein R® and R?Y are each independently selected from
the group consisting of C,_;, alkyl and C,_,, alkenyl;

R* is selected from the group consisting of —(CH,),OH
wherein n is selected from the group consisting of 1, 2, 3, 4,
and 5, and

O, O

N/%/E{
H

Rl

wherein
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denotes a point of attachment; wherein
R'® is N(R),; each R is independently selected from the
group consisting of C, ¢ alkyl, C,_5 alkenyl, and H; and n2
is selected from the group consisting of 1, 2, 3,4, 5, 6,7, 8,
9, and 10;
each R' independently is a C,_,, alkyl or C,_,, alkenyl;
m is selected from 1, 2, 3, 4, 5, 6, 7, 8, and 9;
1is selected from 1, 2,3, 4,5, 6,7, 8, and 9.

In some aspects, the disclosure relates to a compound of
Formula (II-e):

(II-e)

or its N-oxide, or a salt or isomer thereof,
wherein R'* is R|branched or Rlcyclzc; wherein Rlbranched is:

R

and R is:

wherein

denotes a point of attachment;

wherein R is selected from the group consisting of C,_|,
alkyl and C,_,, alkenyl;

R? and R? are each independently selected from the group
consisting of C,_,, alkyl and C,_,, alkenyl;

R* is —(CH,),OH wherein n is selected from the group
consisting of 1, 2, 3, 4, and 5;

R'is a C,_, alkyl or C,_;, alkenyl;

m is selected from 1, 2, 3, 4, 5, 6, 7, 8, and 9;

1 is selected from 1, 2,3, 4,5, 6,7, 8, and 9.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (II-d), or (II-e), m and 1 are each
independently selected from 4, 5, and 6. In some embodi-
ments of the compound of Formula (1), (I1I-a), (II-b), (II-c),
(II-d), or (1I-e), m and 1 are each 5.

In some embodiments of the compound of Formula (II),
(1I-a), (II-b), (1I-c), (1I-d), or (1I-e), each R' independently is
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a C,_;, alkyl. In some embodiments of the compound of
Formula (II), (Il-a), (II-b), (II-c), (1I-d), or (II-e), each R’
independently is a C,_s alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (II-d), or (II-e), R™ is:

R3: iR2

and R? and R? are each independently a C,_,, alkyl. In some
embodiments of the compound of Formula (II), (1I-a), (1I-b),
(II-c), (I-d), or (II-e), R* is:

R} R?

and R? and R? are each independently a C_,, alkyl.
In some embodiments of the compound of Formula (II),
(II-a), (II-b), (11-c), (1I-d), or (II-e), R" is:

R3j tRZ

and R? and R? are each a C, alkyl.
In some embodiments of the compound of Formula (II),
(II-a), (II-b), (11-c), (II-d), or (II-e), R " <hed ig:

R#
X\)\/Rr
and R is:
113j jRZ,

R*is a C,_,, alkyl and R? and R? are each independently a
Cs.10 alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (11-c), (II-d), or (II-e), R <" ig:

R¥
%\)\/ R
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and R" is:

R? R?

R? is a C, 4 alkyl and R* and R? are each independently a
Cq.10 alkyl.

In some embodiments of the compound of Formula (II),
(11-a), (II-b), (II-c), (II-d), or (II-e), R'Z"e"<hed jg.

R

and R" is:

R3 R?

R? is a C,_ 4 alkyl, and R? and R? are each a Cy alkyl.

In some embodiments of the compound of Formula (II),
(1I-a), (II-b), (II-c), (II-d), or (II-e), R'Z"e"ehed g

R

R

§

R is:

ROY

R,

{

and R“" and R”" are each a C,_,, alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (I-d), or (II-e), R'&7enehed jg.

RA

t
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R is:

R

and R*" and R®" are each a C,_¢ alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (1I-b), (1I-c), (1I-d), or (IlI-e), m and 1 are each
independently selected from 4, 5, and 6 and each R' inde-
pendently is a C,_,, alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (1I-c), (II-d), or (II-e), m and 1 are each 5 and
each R' independently is a C,_s alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (I1-c), (I-d), or (II-e), R e js:

R

R’

§

R is:

oy

R,

f

m and 1 are each independently selected from 4, 5, and 6,
each R' independently is a C,_,, alkyl, and R*" and R?Y are
each a C,_, alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (11-c), (II-d), or (II-e), R®"¥"<hed ig:

R

R’

§

R" is:

oy

b

m and | are each 5, each R' independently is a C,_s alkyl, and
R“" and R”' are each a C,_4 alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (1I-d), or (II-e), R is:
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R
SO

and R" is:

R? R2

m and 1 are each independently selected from 4, 5, and 6, R’
isaC,_,alkyl, R% is a C,_,, alkyl and R* and R> are each
independently a Cg_,, alkyl.

In some embodiments of the compound of Formula (II),
(1I-a), (II-b), (1I-c), (I-d), or (II-e), R'&"e"ehed g

R¥
%W )
and R" is:
R3j jRZ,

m and 1 are each 5, R'is a C, 5 alkyl, R is a C, 4 alkyl, and
R? and R? are each a Cy alkyl.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (I-d), or (II-e), R* is

wherein R*® is NH(C, 4 alkyl) and n2 is 2.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (1I-c), (II-d), or (II-e), R* is

O,

o)
RI0 g*\)}}{

wherein R'® is NH(CH,) and n2 is 2.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (II-d), or (II-e), R*"*"<"e is:
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R¥

%\)\/ RS
by

R is:

R’

m and | are each independently selected from 4, 5, and 6,
each R' independently is a C,_,, alkyl, R™Y and R®" are each
a C, , alkyl, and R* is

O, O

RO %IM

wherein R'© is NH(C,_4 alkyl), and n2 is 2.
In some embodiments of the compound of Formula (II),
(II-a), (1I-b), (II-c), (II-d), or (II-e), R*"*"e#ed jg

R

%\)\/Ru

R is:

m and | are each 5, each R' independently is a C,_s alkyl, R*
and R”" are each a C,_q alkyl, and R* is

wherein R'° is NH(CH,) and n2 is 2.
In some embodiments of the compound of Formula (II),
(Il-a), (II-b), (11-c), (II-d), or (II-e), RM&"m<hed ig;

RAY

s~
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and R" is:

R3 R

m and 1 are each independently selected from 4, 5, and 6, R'
is a C,_,, alkyl, R? and R? are each independently a Cy_,,
alkyl, R is a C,_,, alkyl, and R* is

O, O

AN
H

wherein R*° is NH(C,_4 alkyl) and n2 is 2.
In some embodiments of the compound of Formula (II),
(II-a), (I-b), (1I-c), (AI-d), or (II-e), R&rerehed ig;

RIO/

R’

and R is:

R? R?

m and 1 are each 5, R'is a C,_; alkyl, R* is a C,_, alkyl, R?
and R? are each a Cy alkyl, and R* is

w0 NM
H

wherein R'® is NH(CH,) and n2 is 2.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (II-d), or (II-e), R* is —(CH,),OH and
n is 2, 3, or 4. In some embodiments of the compound of
Formula (II), (II-a), (II-b), (1I-c), (II-d), or (I1I-e), R* is
—(CH,),,OH and n is 2.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (I-d), or (II-e), R'&enehed jg.

R
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R is:

R,

m and | are each independently selected from 4, 5, and 6,
each R' independently is a C,_,, alkyl, R®Y and R®" are each
a C, ,, alkyl, R* is —(CH,), OH, and n is 2, 3, or 4.

In some embodiments of the compound of Formula (II),
(II-a), (II-b), (II-c), (II-d), or (II-e), R* <" ig:

G

R is:

R,

m and | are each 5, each R' independently is a C,_5 alkyl, R™
and R?Y are each a C,_¢ alkyl, R* is —(CH,),OH, and n s 2.

In some aspects, the disclosure relates to a compound of
Formula (II-f):

(1)

or its N-oxide, or a salt or isomer thereof,

wherein R is R'?"#*"¢d or R'¥%: wherein

varanched is:

R,

and R is:

Rr3
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wherein

denotes a point of attachment;

R is a C,,, alkyl;

R? and R? are each independently a C,_,, alkyl;

R* is —(CH,),0H wherein n is selected from the group
consisting of 1, 2, 3, 4, and 5;

R'is a C,_, alkyl;

m is selected from 4, 5, and 6; and

1 is selected from 4, 5, and 6.

In some embodiments of the compound of Formula (II-f),
m and 1 are each 5, and n is 2, 3, or 4.

In some embodiments of the compound of Formula (II-f)
R'is a C,_5 alkyl, R* is a C,_¢ alkyl, and R? and R? are each
a Cg ;g alkyl.

In some embodiments of the compound of Formula (II-f),
m and | are each 5, n is 2, 3, or 4, R' is a C,_5 alkyl, R*' is
a C,_ alkyl, and R* and R? are each a Cg_,,, alkyl.

In some aspects, the disclosure relates to a compound of
Formula (II-g):

I-g)

R* o
~ N /\/\/\/\"/ \/Y\ R
(@] R¥

o
wherein
R“ is a C,_¢ alkyl,;
R'is a C,_5 alkyl; and
R* is selected from the group consisting of —(CH,),OH

wherein n is selected from the group consisting of 3, 4, and
5, and

wherein

denotes a point of attachment, R'° is NH(C,_, alkyl), and n2
is selected from the group consisting of 1, 2, and 3.

In some aspects, the disclosure relates to a compound of
Formula (II-h):



US 11,622,972 B2

41

(II-h)

R4 0
\N/\/\/\/\"/ \/\(\R’,
(¢] R
O
\/\(\R,

[e] R

wherein

R“" and R”" are each independently a C,_¢ alkyl;

each R' independently is a C,_5 alkyl; and

R* is selected from the group consisting of —(CH,),OH
wherein n is selected from the group consisting of 3, 4, and
5, and

wherein

denotes a point of attachment, R'® is NH(C,_¢ alkyl), and n2
is selected from the group consisting of 1, 2, and 3.

In some embodiments of the compound of Formula (II-g)
or (II-h), R* is

O O
H
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wherein
R'® is NH(CH,) and n2 is 2.

In some embodiments of the compound of Formula (1I-g)
or (II-h), R* is —(CH,),OH.

In some aspects, the disclosure relates to a compound
having the Formula (IIT):

(1)

or a salt or isomer thereof, wherein

R!, R?, R? R* and R® are independently selected from the
group consisting of Cs_,, alkyl, Cs_,, alkenyl, —R"MR',
—R*YR", —YR", and —R*OR";

each M is independently selected from the group consisting
of —C(0)O—, —OC(0)—, —OC(0)O—, —C(O)NR")—,
—NR)C(O)—, —C(0)—, —C(S)—, —C(S)S—, —SC
(S)— —CH(OH)—, —P(O)(OR)O—, —S(O),—, an aryl
group, and a heteroaryl group;

X!, X2, and X> are independently selected from the group
consisting of a bond, —CH,—, —(CH,),—, —CHR—,
—CHY—, —C(0)—, —C(0)0O—, —OC(0)—, —C(O)—
CH,—, —CH,—C(0)—, —C(0)O—CH,—, —OC(0)—
CH,—, —CH,—C(0)0—, —CH,—0C(O)—, —CH
(OH)—, —C(S)—, and —CH(SH)—;

each Y is independently a C;_; carbocycle;

each R* is independently selected from the group consisting
of C,_, alkyl and C,_,, alkenyl;

each R is independently selected from the group consisting
of C,_; alkyl and a C;_¢ carbocycle;

each R' is independently selected from the group consisting
of C,_,, alkyl, C,_,, alkenyl, and H; and

each R" is independently selected from the group consisting
of C5_,, alkyl and C,_,, alkenyl, and wherein:
i) at least one of X', X and X is not —CH,—; and/or
ii) at least one of R, R,, R5, R,, and R5 is —R"MR".

In some embodiments, R, R,, R;, R,, and Ry are each
Cs.o alkyl; X' is —CH,—; and X? and X* are each
—C(0)—.

In some embodiments, the compound of Formula (III) is:
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In some embodiments, the ionizable lipids are one or
more of the compounds described in W0/2020/146805;
WO/2020/081938; W0/2020/214946; W0O/2019/036030;
WO/2019/036000; WO/2019/036028; WO/2019/036008;
WO/2018/200943; WO/2018/191657; WO/2017/117528,;
WO/2017/075531; WO/2017/004143; WO/2015/199952;
and WO/2015/074085; each of which is incorporated herein
in its entirety.

In some embodiments, the ionizable lipids are one or
more of the compounds described in W0/2020/146805
having structure:

G2
T4 0 N U
/N\ JJ\ )\ /G3\
R’ L! Iil L3 R?
1
AN

or a pharmaceutically acceptable salt, tautomer, or stereoi-
somer thereof, wherein:
R! is optionally substituted C,-C,, alkyl or optionally sub-
stituted C,-C,, alkenyl;
R? and R? are each independently optionally substituted
C,-C;4 alkyl;
R* and R® are each independently optionally substituted
C,-Cy alkyl, or R* and R’ join, along with the N to which
they are attached, to form a heterocyclyl or heteroaryl,
L', L? and L? are each independently optionally substituted
C,-C, ¢ alkylene;
G' is a direct bond, —((CH,),0(C=0)—, —(CH,),,(C=0)
O—, or —(C=)—;
G? and G® are each independently —(C—=0)O— or
—O(C=0)—; and n is an integer greater than 0.

In some embodiments, the ionizable lipids are one or
more of the compounds described in WO/2020/081938
having structure:

or a pharmaceutically acceptable salt, tautomer or stereoi-
somer thereof, wherein:

G' is —N(R*»)R* or —OR?;

R! is optionally substituted branched, saturated or unsatu-
rated C,,-C,4 alkyl;

R? is optionally substituted branched or unbranched, satu-
rated or unsaturated C,,-C;4 alkyl when

L is —C(=0)—; or R? is optionally substituted branched or
unbranched, saturated or unsaturated C,-C, 4 alkyl when L is
C,-C,, alkylene, C4-C,, alkenylene, or C,-Cg alkynylene;
R? and R* are each independently H, optionally substituted
branched or unbranched, saturated or unsaturated C,-Cg
alkyl; or R®> and R* are each independently optionally sub-
stituted branched or unbranched, saturated or unsaturated
C,-Cg alkyl when L is C4-C,, alkylene, C,-C,, alkenylene,
or C,-C, alkynylene; or R® and R*, together with the nitro-
gen to which they are attached, join to form a heterocyclyl,
R’ is H or optionally substituted C,-C alkyl;

L is —C(=0)—, C4-C,, alkylene, C4-C,,alkenylene, or
C,-C,alkynylene (e.g., C,-Cg4 alkynylene); and

n is an integer from 1 to 12.

44

In some embodiments, the ionizable lipids are one or
more of the compounds described in W0/2020/214946
having structure:

Rlu R]b
\./
0 N
RZ\ _S O
10 0 a™s 2 R?
N 0
Rla \R]b

15 or a pharmaceutically acceptable salt thereof, wherein
each R'“ is independently hydrogen, R'¢, or R3%
each Rib is independently R*¢ or R'%,
each R'“ is Independently —(CH),C(O)X'R?;
each R'? is independently —C(O)R*;
20 each R? is independently —[C(R**),].; R*.
each R?* is independently hydrogen or lower alkyl (e.g.,
C,-Cgalkyl);
R** is —N(L,-B),, —(OCH,CH,),OH; or —(OCH,
CH,)sOCHs;
25 each R® and R* is independently aliphatic (e.g., C4-Cs,
aliphatic);
each L, is independently alkylene (e.g., C,-C,, alkylene);
each B is independently hydrogen or an ionizable nitrogen-
containing group;
30 each X! is independently a covalent bond or O;
each a is independently an integer (e.g., 1-10);
each b is independently an integer (e.g., 1-10); and
each c is independently an integer (e.g., 1-10).
In some embodiments, the ionizable lipids are one or
35 more of the compounds described in W0O/2019/036030
having the structure:

G?—12
40 L*—G—Yy—X
Gl_Ll

or a pharmaceutically acceptable salt, prodrug or stereoiso-
45 mer thereof, wherein.
X is N, and Y is absent; or X is CR, and Y is NR
L' is —O(C=O0)R!, —(C=0)OR', —C(=O)R’, —OR,
S(0),R', —S—SR', —C(—0)SR', —SC(=O)R', —NR“C
(=O)R', —C(=H)NR’R®, —NR*C(—=0)NR’R°, —OC
50 (=O)NR’R® or —NR(=0)OR*;
L is —O(C=0)R?, —(C=0)0R?*, —C(=0)R?, —OR?,
—S(O),R?>, —S—SR?, —C(=0)SR, —SC(=0)R?,
—NRYC(=0)R?, —C(=0)NR°R/, —NRC(—O)NR°R/,
—OC(=0)NR°R/; —NRYC(=0)OR? or a direct bond to
ss R%
L? is —O(C=0)R? or —(C=0)OR?;
G* and G* are each independently C,-C, , alkylene or C,-C .,
alkenylene;
G? is C,-C,, alkylene, C,-C,, alkenylene, C,-C,, heteroal-
60 kylene or C,-C,, heteroalkenylene when X is CR, and Y is
NR; and G? is C,-C,, heteroalkylene or C,-C,, heteroalk-
enylene when X is N, and Y is absent;
R% R®, R? and R® are each independently H or C,-C,, alkyl
or C,-C,, alkenyl;
65 R° and R” are each independently C,-C,, alkyl or C,-C,,
alkenyl;
each R is independently H or C,-C,, alkyl;
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R',R? and R? are each independently C,-C,, alkyl or C,-C,,
alkenyl; and
xis 0, 1 or 2, and
wherein each alkyl, alkenyl, alkylene, alkenylene, heteroal-
kylene and heteroalkenylene is independently substituted or
unsubstituted unless otherwise specified.

In some embodiments, the ionizable lipids are one or
more of the compounds described in WO/2019/036000
having the structure:

Rla R2 R Réa
RS%LIMLZ%RG
RIE R2 1 R - R
G.

\If/ Ny
&3
\RS

or a pharmaceutically acceptable salt, tautomer, prodrug or
stereoisomer thereof, wherein:
L' and L? are each independently —O(C=0)—,

7(C:O)Oia 4(:0)7: 4073 7S(O)x73
—S—S—, —C(=0)S—, —SC(—=0)—, —NR“C(=0)—,
— C(=O)NR"—, —NR*C(=O0)N*—, —OC(=—O0)NR*—,

—NR“C(=0)O— or a direct bond;

G' is C,-C, alkylene, —(C=0)—, —O(C=0)—, —SC
(=0)—, —NR“C(=0)— or a direct bond;
G?* is —C(=0)—, —(C=0)0—,

—C(=0O)NR*— or a direct bond,

G? is C,-C; alkylene;

R*is H or C,-C,, alkyl;

R!“and R'? are, at each occurrence, independently either:
(@) H or C,-C,, alkyl; or (b) R'* is H or C,-C,, alkyl, and
R'® together with the carbon atom to which it is bound is
taken together with an adjacent R*? and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R?* and R?” are, at each occurrence, independently either:
(a) H or C,-C,, alkyl; or (b) R** is H or C,-C,, alkyl, and
R?? together with the carbon atom to which it is bound is
taken together with an adjacent R*® and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R3* and R are, at each occurrence, independently either
(a): H or C,-C,, alkyl; or (b) R** is H or C,-C,, alkyl, and
R?? together with the carbon atom to which it is bound is
taken together with an adjacent R*® and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R** and R*” are, at each occurrence, independently either:
(a) H or C,-C,, alkyl; or (b) R** is H or C,-C,, alkyl, and
R* together with the carbon atom to which it is bound is
taken together with an adjacent R** and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R® and RS are each independently H or methyl;

R” is H or C,-C,, alkyl;

R® is OH, —N(R%)(C=O0)R', —(C=O0)NR°R',
—NR°R!°, —(C=0)OR!! or —O(C=0)R"!, provided that
G? is C,-C, alkylene when R® is —NR°R'°,

R? and R'° are each independently H or C,-C,, alkyl;

R is aralkyl;

a, b, ¢ and d are each independently an integer from 1 to
24;and x is 0, 1 or 2,

wherein each alkyl, alkylene and aralkyl is optionally
substituted.

—C(—0)S—,
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In some embodiments, the ionizable lipids are one or
more of the compounds described in W0O/2019/036028
having the structure:

L'—g! Gl'—L"

KXY —G—=y =X

12—G? G*—1%

or a pharmaceutically acceptable salt, prodrug or stereoiso-
mer thereof, wherein:

X and X' are each independently N or CR;

Y and Y' are each independently absent, —O(C—0)—,
—(C—0)O— or NR, provided that:

a) Y is absent when X is N;

b) Y' is absent when X' is N;

c) Y is —O(C=0)—, —(C=0)O— or NR when X is
CR; and

d) Y'is —O(C=0)—, —(C=0)O— or NR when X' is
CR,

L' and L' are each independently —O(C—O)R’,
—(C=0)0R', —C(=O)R', —OR!, —SO)R',
—S—SR', —C(=0)SR', —SC(O)R', —NR“C(=O)R’,
—C(=0)NR’R¢, —NR“C(=0)NR’R¢, —OC(=0)NR’R*®
or —NR“C(=0)OR';

> and L* are each independently —O(C=O0)R?,
—(C=0)OR?, —C(—O)R2% —OR2, —S(O)R?
—S—8R?, —C(=0)SR?, —SC(=0))R?, —NRC((=0)
R!, —C(=O)NR°R/, —NRYC(=O0)NR°R/, —OC(=0)
NR°R’; —NR“C(=0)OR? or a direct bond to R?;

G', G', G* and G* are each independently C,-C,,
alkylene or C,-C,, alkenylene;

G? is C,-C,, heteroalkylene or C,-C,, heteroalkenylene;

R% R?, R¥and R¢ are, at each occurrence, independently
H, C,-C,, alkyl or C,-C,, alkenyl;

R and R are, at each occurrence, independently C,-C,
alkyl or C,-C,, alkenyl;

R is, at each occurrence, independently H or C,-C, alkyl;

R' and R? are, at each occurrence, independently
branched C4-C,, alkyl or branched C4-C,a alkenyl;

7 1is 0, 1 or 2, and

wherein each alkyl, alkenyl, alkylene, alkenylene, het-
eroalkylene and heteroalkenylene is independently substi-
tuted or unsubstituted unless otherwise specified.

In some embodiments, the ionizable lipids are one or
more of the compounds described in W0O/2019/036008 have
the structure:

R3
\G3
L 1!1 12
17 NG”

e

or a pharmaceutically acceptable salt, prodrug or stereoiso-
mer thereof, wherein:

L' is —O(C=0)R!, —(C=0)OR', —C(=O)R',
—OR', —S(0),R', —S—SR', —C(=C)SR', —SC (=0)
R!, —NRC(=O0)R!, —C(=0)NR’R¢, —NR“C(=O)NR-
bR?, —OC(=0)NR’R® or —NR*C(=0)OR!;

L? is —O(C=0)R?* —(C=0)R, —C(C)R?*, —OR?,
—S8(0),R?>, —S—SR?*, —C(=0)SR?>, —SC (=O)R?,
—NRYC(=0)R?, —C(=O0)NR°R/, —NR“C(—O)NR°R/,
—OC(=0)NR°R” or —NR“C(=0)OR? or a direct bond to

2,

H
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G' and G* are each independently C,-C,, alkylene or
C,-C,, alkenylene;

G? is C,-C,, alkylene, C,-C,, alkenylene, C;-C, cycloal-
kylene or C;-Cy cycloalkenylene;

R“, R®, R? and R* are each independently 1 or C,-C,,
alkyl or C,-C,, alkenyl;

R€ and R/ are each independently C,-C,, alkyl or C,-C,,
alkenyl,

R' and R? are each independently branched Cy-C,, alkyl
or branched C4-C,, alkenyl;

R* is —N(R*)R>;

R*is C,-C,, alkyl;

R’ is substituted C,-C, , alkyl;

and x is 0, 1 or 2, and

wherein each alkyl, alkenyl, alkylene, alkenylene,
cycloalkylene, cycloalkenylene, aryl and aralkyl is indepen-
dently substituted or unsubstituted unless otherwise speci-
fied.

In some embodiments, the ionizable lipids are one or
more of the compounds described in WO 2018/200943
having the structure:

G3
| o

N 12
\Glb/ g

or a pharmaceutically acceptable salt, prodrug or stereoiso-
mer thereof,

wherein:
L!is —O(C=0)R', —(C=0)OR', —C(=0)R', —OR",
—S(O),R!, —S—SR', —C(=0)SR!, —SC(=0)R',

—NR“C(=0)R*, —C(=0)NR’R?, —NR“C(=0)NR’R®,
—OC(=0)NR’R* or —NR*C(=0)OR';

[? is —OC=0)R?>, —(C=0)OR?>, —C(=O0)R?
—OR?, —S8(0),R?, —S—SR?* —C(=0)SR?, —SC (=0)
R?, —NRC(=O0O)R?, —C(=O)NR°R/, —NR“C(=0)
NR°R/, —OC(=0)NR°R/; —NR“C(=0)OR? or a direct
bond to 2;

G'* and G** are each independently C,-C,, alkylene or
C,-C,, alkenylene;

G'” and G** are each independently C,-C,, alkylene or
C,-C,, alkenylene;

G?is C,-C,, alkylene, C,-C,, alkenylene, C,-C, cycloal-
kylene or C;-Cy cycloalkenylene;

R“, R® R? and R are each independently H or C,-C,,
alkyl or C,-C,, alkenyl;

R€ and R/ are each independently C,-C,, alkyl or C,-C,,
alkenyl,

R' and R? are each independently branched Cy-C,, alkyl
or branched C4-C,, alkenyl;

R?** is —C(=O0)N(R*)R>* or —C(=0)OR?;

R?** is —NR*” C(=0)R%%;

R** is C,-C,, alkyl;

R* is H, C,-C,, alkyl or C,-C,, alkenyl;

R>“is H, C,-Cy alkyl or C,-Cy alkenyl;

R*? is C,-C,, alkyl or C,-C,, alkenyl when R* is H; or
R*% is C,-C,, alkyl or C,-C,, alkenyl when R* is C,-C,
alkyl or C,-C,, alkenyl;

R® is H, aryl or aralkyl; and

xis 0, 1 or 2, and

wherein each alkyl, alkenyl, alkylene, alkenylene,
cycloalkylene, cycloalkenylene, aryl, and aralkyl is inde-
pendently substituted or unsubstituted.
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In some embodiments, the ionizable lipids are one or
more of the compounds described in W0O/2018/191657
having the structure

or a pharmaceutically acceptable salt, prodrug or stereoiso-
mer thereof, wherein:

G' is —OH, —NR’R*, —(C—=O0)NR’ or —NR(C—0)
R>;

G? is —CH,— or —(C=0)—;

R is, at each occurrence, independently H or OH;

R! and R? are each independently optionally substituted
branched, saturated or unsaturated C,,-C;4 alkyl;

R? and R* are each independently H or optionally substi-
tuted straight or branched, saturated or unsaturated C,-Cg
alkyl;

R? is optionally substituted straight or branched, saturated
or unsaturated C,-C; alkyl; and

n is an integer from 2 to 6.

In some embodiments, the ionizable lipids are one or
more of the compounds described in WO/2017/117528
having the structure:

R!

R
>_>_/
G!

Z L—X
R

>‘>TGz
N\
RZ

or a pharmaceutically acceptable salt, prodrug or stereoiso-
mer thereof, wherein:

one of G* or G? is, at each occurrence, —O(C=0)—,
—(C=0)0—, —C(=0)—, —0—, —S(0),, —S—S—,
—C(=0)S—, SC(=0)—, —N(R*)C(—=0)—, —C(=O)N
RY)—, —NRYHYC(=O)NR*)—, —CO)NR"— or
—N(R*)C(=0)O—, and the other of G' or G is, at each
occurrence, —O(C—0)—, —(C—=0)0—, —C(—=0)—,
—0—, —8(0),, —S—S8—, —C(=0)S—, —SC(=0)—,
—NRC(=0)—, —C(=O)NR*)—, —N(R*)C(=O)N
(RY)—, —OC(—O)N(RY)— or —NRY)C(=0)O— or a
direct bond;

L is, at each occurrence, ~O(C—O)—, wherein ~ repre-
sents a covalent bond to X;

X is CR%;

Z is alkyl, cycloalkyl or a monovalent moiety comprising
at least one polar functional group when n is 1; or Z is
alkylene, cycloalkylene or a polyvalent moiety comprising
at least one polar functional group when n is greater than 1;

R? is, at each occurrence, independently H, C,-C,, alkyl,
C,-C,, hydroxylalkyl, C,-C,, aminoalkyl, C,-C,, alkylami-
nylalkyl, C,-C,, alkoxyalkyl, C,-C,, alkoxycarbonyl,
C,-C,, alkylcarbonyloxy, C,-C, , alkylcarbonyloxyalkyl or
C,-C,, alkylcarbonyl;

R is, at each occurrence, independently either: (a) H or
C,-C,, alkyl; or (b) R together with the carbon atom to
which it is bound is taken together with an adjacent R. and
the carbon atom to which it is bound to form a carbon-
carbon double bond;
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R' and R? have, at each occurrence, the following struc-
ture, respectively:

and

R2

a' and a” are, at each occurrence, independently an integer
from 3 to 12;

b' and b? are, at each occurrence, independently 0 or 1;

c! and c? are, at each occurrence, independently an integer
from 5 to 10;

d' and d” are, at each occurrence, independently an integer
from 5 to 10;

y is, at each occurrence, independently an integer from 0
to 2; and

n is an integer from 1 to 6,

wherein each alkyl, alkylene, hydroxylalkyl, aminoalkyl,
alkylarninylalkyl, alkoxyalkyl, alkoxycarbonyl, alkylcarbo-
nyloxy, alkylcarbonyloxyalkyl and alkylcarbonyl is option-
ally substituted with one or more substituent.

In some embodiments, the ionizable lipids are one or
more of the compounds described in WO 2017/075531
having the structure:

G3

J\GZ/LZ\

or a pharmaceutically acceptable salt, prodrug or stereoi-
somer thereof, wherein:

one of L' or L? is —O(C=0)— —(C=0)0—,
—C(=0)—, —O0—, —S(0)—, —S—S—, —C(=0)S—,
—SC(=0)—, —NR“C(—0)—, —C(=O0)NR“—, NR“C

1
S

G! R?

(—O0)NR*—, —OC(—O)NR*— or —NR*C(—0)O—, and
the other of L' or L? is —O(C=0)—, —(C=0)0—,
— C(—0)—, —O—, —S(0)—, —S—S—, —C(—O)S—,
SC(—0)—, —NR*C(—0)—, —C(—O)NR*—, NRC
(—O)NR“—, — OC(—O)NR*— or —NR“C(—0)O— or a

direct bond;

G' and G* are each independently unsubstituted C,-C,,
alkylene or C,-C, , alkenylene;

G? is C,-C,, alkylene, C,-C,, alkenylene, C,-C, cycloal-
kylene, C;-C4 cycloalkenylene;

R*ais H or C,-C,, alkyl;

R! and R? are each independently
alkenyl,

R?® is 1H, OR?, CN, —C(=0)OR?, —OC(=0)R* or
—NR>C(=0)R*

R*is C,-C,, alkyl;

Cy-C,, alkyl or Ce-C,y,
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R’ is H or C,-C, alkyl; and
xis 0, 1 or 2.
In some embodiments, the ionizable lipids are one or

more of the compounds described in WO 2017/004143
having the structure:

/Ai\ il 12 ’4‘)} RS
RI Rzz; R R%

or a pharmaceutically acceptable salt, tautomer, prodrug or
stereoisomer thereof, wherein:

L' and L*? are each independently —O(C=0)—,
—(C=0)0—, —C=0)—, —O— 50,
—S—S—, —C(=0)S—, —SC(=0)—, —NRC(=0)—,
—C(=0O)NR*—, —NR‘C(=0O)NR*—, —OC(=0)
NR%—, —NR*C(=0)O— or a direct bond;

G' is C,-C, alkylene, —(C=0)—, —O(C=0)—, —SC
(=0)—, —NR“C(=0)— or a direct bond;
G* is —C(=0)— —(C=0)0—,

—C(=O)NR“— or a direct bond,

G? is C,-C, alkylene;

R*1is H or C,-C,, alkyl;

R'“and R'? are, at each occurrence, independently either:
(@) H or C,-C,, alkyl; or (b) R'* is H or C,-C, alkyl, and
R!? together with the carbon atom to which it is bound is
taken together with an adjacent R'® and the carbon atom to
which it is bound to form a carbon-carbon double bond;

—C(=0)8—,

R>“ and R?” are, at each occurrence, independently either:
(@) H or C,-C,, alkyl; or (b) R** is H or C,-C, alkyl, and
R?” together with the carbon atom to which it is bound is
taken together with an adjacent R?? and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R3“ and R are, at each occurrence, independently either
(a): H or C,-C,, alkyl; or (b) R** is H or C,-C,, alkyl, and
R? together with the carbon atom to which it is bound is
taken together with an adjacent R*® and the carbon atom to
which it is bound to form a carbon-carbon double bond;
R* and R* are, at each occurrence, independently either:
(@) H or C,-C,, alkyl; or (b) R** is H or C,-C,, alkyl, and
R* together with the carbon atom to which it is bound is
taken together with an adjacent R** and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R® and RS are each independently H or methyl;

R7 is C,-C,, alkyl;

R® and R? are each independently C,-C,, alkyl; or R® and
R®, together with the nitrogen atom to which they are
attached, form a 5, 6 or 7-membered heterocyclic ring;

a, b, ¢ and d are each independently an integer from 1 to
24; and

xis 0, 1 or 2.

In some embodiments, the ionizable lipids are one or
more of the compounds described in WO 2015/199952
having the structure:
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Rla RZa R3a R4a
RS/A\L\LI B > LZ% RS
RID R2 R3® R

RS
RV N
I
RO

or a pharmaceutically acceptable salt, tautomer, prodrug
or stereoisomer thereof, wherein:

L' and L*? are each independently —O(C—0)—,
—(C=—0)O— or a carbon-carbon double bond;

R'“ and R'? are, at each occurrence, independently either
(a) H or C,-C, alkyl, or (b) R'*is H or C,-C,, alkyl, and
R'? together with the carbon atom to which it is bound is
taken together with an adjacent R'? and the carbon atom to
which it is bound to form a carbon-carbon double bond;
R?>“and R?? are, at each occurrence, independently either (a)
H or C,-C,, alkyl, or (b) R**is H or C,-C, alkyl, and R?*
together with the carbon atom to which it is bound is taken
together with an adjacent R?? and the carbon atom to which
it is bound to form a carbon-carbon double bond;

R3* and R are, at each occurrence, independently either
(a) H or C,-C, alkyl, or (b) R** is H or C,-C,, alkyl, and
R>® together with the carbon atom to which it is bound is
taken together with an adjacent R*” and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R** and R* are, at each occurrence, independently either
(a) H or C,-C, alkyl, or (b) R** is H or C,-C,, alkyl, and
R*® together with the carbon atom to which it is bound is
taken together with an adjacent R*” and the carbon atom to
which it is bound to form a carbon-carbon double bond;

R® and RS are each independently methyl or cycloalkyl;

R7 is, at each occurrence, independently H or C,-C,,
alkyl;

R® and R’ are each independently unsubstituted C,-C,,
alkyl; or R® and R®, together with the nitrogen atom to which
they are attached, form a 5, 6 or 7-membered heterocyclic
ring comprising one nitrogen atom;
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a and d are each independently an integer from 0 to 24;

b and c are each independently an integer from 1 to 24;
and

eis 1or2,

provided that:

at least one of R'%, R?%, R** or R* is C,-C,, alkyl, or at
least one of L' or L? is —O(C=0)— or —(C=0)O—; and

R'“and R*? are not isopropyl when a is 6 or n-butyl when
ais 8.

In some embodiments, the ionizable lipids are one or
more of the compounds described in WO/2015/074085
having the structure:

R—O o R
> M )k X IL
\ 2
5 /N 157 “re” D

I3
\
X

/

Ry

Rs

wherein

R, and R, are the same or different, each a linear or
branched alkyl with 1-9 carbons, or an alkenyl or alkynyl
with 2 to 11 carbon atoms,

L, and L, are the same or different, each a linear alkyl
having 5 to 18 carbon atoms, or form a heterocycle with N,

X, is a bond, or is —CO—O— whereby L,-CO—O—R,
is formed

X, is Sor O,

L, is a bond or a lower alkyl, or form a heterocycle with
Ns

R, is a lower alkyl, and

R, and Rs are the same or different, each a lower alkyl,

or a pharmaceutically acceptable salt thereof.

In some embodiments, the ionizable lipids are one or
more of the compounds described in Buschmann, M. D. et
al., Vaccines, 2021, 9, 65, which incorporated herein in its
entirety (the structures provided below include their theo-
retical pKas):
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ii. Polynucleotides

Polynucleotides for use in accordance with the present
disclosure include, but are not limited to, one or more of
DNA, RNA including messenger RNA (mRNA), hybrids
thereof, RN Ai-inducing agents, RNAi agents, siRNAs, shR-
NAs, miRNAs, antisense RNAs, ribozymes, catalytic DNA,
RNAs that induce triple helix formation, aptamers, vectors,
etc., described in detail herein.

In some embodiments, the polynucleotide is RNA. In
some embodiments, the polynucleotide is mRNA.

In some embodiments, the polynucleotide (e.g., a RNA,
e.g., an mRNA) of the lipid nanoparticle comprises from
about 900 to about 100,000 nucleotides (e.g., from 900 to
1,000, from 900 to 1,100, from 900 to 1,200, from 900 to
1,300, from 900 to 1,400, from 900 to 1,500, from 1,000 to
1,100, from 1,000 to 1,100, from 1,000 to 1,200, from 1,000
to 1,300, from 1,000 to 1,400, from 1,000 to 1,500, from
1,187 to 1,200, from 1,187 to 1,400, from 1,187 to 1,600,
from 1,187 to 1,800, from 1,187 to 2,000, from 1,187 to
3,000, from 1,187 to 5,000, from 1,187 to 7,000, from 1,187
to 10,000, from 1,187 to 25,000, from 1,187 to 50,000, from
1,187 to 70,000, or from 1,187 to 100,000 nucleotides).

In some embodiments, the polynucleotide (e.g., a RNA,
e.g., an mRNA) of'the lipid nanoparticle comprises a nucleo-
tide sequence (e.g., an open reading frame (ORF)) encoding
a polypeptide, wherein the length of the nucleotide sequence
(e.g., an ORF) is at least 500 nucleotides in length, e.g., at
least about 500, 600, 700, 80, 900, 1,000, 1,050, 1,100,
1,187, 1,200, 1,300, 1,400, 1,500, 1,600, 1,700, 1,800,
1,900, 2,000, 2,100, 2,200, 2,300, 2,400, 2,500, 2,600,
2,700, 2,800, 2,900, 3,000, 3,100, 3,200, 3,300, 3,400,
3,500, 3,600, 3,700, 3,800, 3,900, 4,000, 4,100, 4,200,
4,300, 4,400, 4,500, 4,600, 4,700, 4,800, 4,900, 5,000,
5,100, 5,200, 5,300, 5,400, 5,500, 5,600, 5,700, 5,800,
5,900, 6,000, 7,000, 8,000, 9,000, 10,000, 20,000, 30,000,
40,000, 50,000, 60,000, 70,000, 80,000, or 90,000 nucleo-
tides. In some embodiments, the length is up to and includ-
ing 100,000 nucleotides.

In some embodiments, the polynucleotide of the compo-
sition comprises a nucleotide sequence (e.g., an ORF)
encoding a polypeptide is DNA.

In some embodiments, the polynucleotide of the compo-
sition is RNA. In some embodiments, the polynucleotide is,
or functions as, an mRNA. In some embodiments, the
mRNA comprises a nucleotide sequence (e.g., an ORF) that
encodes at least one polypeptide, and is capable of being
translated to produce the encoded polypeptide in vitro, in
vivo, in situ or ex vivo.

In some embodiments, the polynucleotide (e.g., a RNA,
e.g., an mRNA) of the lipid nanoparticle comprises a nucleo-
tide sequence (e.g., an ORF) encoding a polypeptide and
further comprises at least one nucleic acid sequence that is
noncoding, e.g., a microRNA binding site, e.g., a miRNA
binding site that binds to miR-142 and/or a miRNA binding
site that binds to miR-126.

In some embodiments, the polynucleotide (e.g., a RNA,
e.g., an mRNA) ofthe lipid nanoparticle comprises a 5'-UTR
and a 3'UTR.

In some embodiments, the polynucleotide (e.g., a RNA,
e.g., an mRNA) of the lipid nanoparticle comprises a 5'
terminal cap. Nonlimiting examples of 5' terminal caps
include Cap0, Capl, ARCA, inosine, N1-methyl-guanosine,
2'-fluoro-guanosine, 7-deaza-guanosine, 8-oxo-guanosine,
2-amino-guanosine, [NA-guanosine, 2-azidoguanosine,
Cap2, Cap4, 5' methylG cap, or an analog thereof.

In some embodiments, the polynucleotide (e.g., a RNA,
e.g., an mRNA) of the lipid nanoparticle comprises a poly-
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A-tail. In some embodiments, the polyA tail is about 100
nucleotides in length. In some instances, the poly A tail is
100 nucleotides in length. In some instances, the poly A tail
is 50-150, 75-150, 85-150, 90-150, 90-120, 90-130, or
90-150 nucleotides in length.

The polynucleotides (e.g., a RNA, e.g., an mRNA) can
also comprise nucleotide sequences that encode additional
features that facilitate trafficking of the encoded polypep-
tides to therapeutically relevant sites. One such feature that
aids in protein trafficking is the signal sequence, or targeting
sequence. The peptides encoded by these signal sequences
are known by a variety of names, including targeting pep-
tides, transit peptides, and signal peptides. In some embodi-
ments, the polynucleotide (e.g., a RNA, e.g., an mRNA)
comprises a nucleotide sequence (e.g., an ORF) that encodes
a signal peptide operably linked to a nucleotide sequence
that encodes an ARG1 polypeptide described herein.

In some embodiments, the “signal sequence” or “signal
peptide” is a polynucleotide or polypeptide, respectively,
which is from about 30-210, e.g., about 45-80 or 15-60
nucleotides (e.g., about 20, 30, 40, 50, 60, or 70 amino acids)
in length that, optionally, is incorporated at the 5' (or
N-terminus) of the coding region or the polypeptide, respec-
tively. Addition of these sequences results in trafficking the
encoded polypeptide to a desired site, such as the endoplas-
mic reticulum or the mitochondria through one or more
targeting pathways. Some signal peptides are cleaved from
the protein, for example by a signal peptidase after the
proteins are transported to the desired site.

In some embodiments, the polynucleotide (e.g., a RNA,
e.g., an mRNA) is sequence optimized. In some embodi-
ments, the polynucleotide (e.g., a RNA, e.g., an mRNA)
comprises a 5' cap, a 5'-UTR, a nucleotide sequence (e.g., an
ORF, e.g., a sequence optimized ORF) encoding a polypep-
tide, a 3'-UTR, and a polyA tail, or any combination thereof,
the 5' UTR or 3' UTR optionally comprising at least one
microRNA binding site.

A sequence-optimized nucleotide sequence, e.g., a codon-
optimized mRNA sequence encoding a polypeptide, is a
sequence comprising at least one synonymous nucleobase
substitution with respect to a reference sequence (e.g., a wild
type nucleotide sequence encoding the polypeptide).

A sequence-optimized nucleotide sequence can be par-
tially or completely different in sequence from the reference
sequence. For example, a reference sequence encoding
polyserine uniformly encoded by UCU codons can be
sequence-optimized by having 100% of its nucleobases
substituted (for each codon, U in position 1 replaced by A,
C in position 2 replaced by G, and U in position 3 replaced
by C) to yield a sequence encoding polyserine which would
be uniformly encoded by AGC codons. The percentage of
sequence identity obtained from a global pairwise alignment
between the reference polyserine nucleic acid sequence and
the sequence-optimized polyserine nucleic acid sequence
would be 0%. However, the protein products from both
sequences would be 100% identical.

Some sequence optimization (also sometimes referred to
codon optimization) methods are known in the art (and
discussed in more detail below) and can be useful to achieve
one or more desired results. These results can include, e.g.,
matching codon frequencies in certain tissue targets and/or
host organisms to ensure proper folding; biasing G/C con-
tent to increase mRNA stability or reduce secondary struc-
tures; minimizing tandem repeat codons or base runs that
can impair gene construction or expression; customizing
transcriptional and translational control regions; inserting or
removing protein trafficking sequences; removing/adding
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post translation modification sites in an encoded protein
(e.g., glycosylation sites); adding, removing or shuffling
protein domains; inserting or deleting restriction sites; modi-
fying ribosome binding sites and mRNA degradation sites;
adjusting translational rates to allow the various domains of
the protein to fold properly; and/or reducing or eliminating
problem secondary structures within the polynucleotide.
Sequence optimization tools, algorithms and services are
known in the art, non-limiting examples include services
from GeneArt (Life Technologies), DNA2.0 (Menlo Park
Calif.) and/or are proprietary methods.

In some embodiments, the sequence optimization method
is multiparametric and comprises one, two, three, four, or
more methods disclosed herein and/or other optimization
methods known in the art.

In some embodiments, a polynucleotide (e.g., a RNA,
e.g., an mRNA) of the composition comprises a sequence-
optimized nucleotide sequence (e.g., an ORF) encoding a
polypeptide, wherein the polypeptide encoded by the
sequence-optimized nucleotide sequence has improved
properties (e.g., compared to the polypeptide as encoded by
a reference nucleotide sequence that is not sequence opti-
mized), e.g., improved properties related to expression effi-
cacy after administration in vivo. Such properties include,
but are not limited to, improving nucleic acid stability (e.g.,
mRNA stability), increasing translation efficacy in the target
tissue, reducing the number of truncated proteins expressed,
improving the folding or prevent misfolding of the
expressed proteins, reducing toxicity of the expressed prod-
ucts, reducing cell death caused by the expressed products,
increasing and/or decreasing protein aggregation.

In some embodiments, the sequence-optimized nucleotide
sequence (e.g., an ORF) is codon optimized for expression
in human subjects, having structural and/or chemical fea-
tures that avoid one or more of the problems in the art, for
example, features which are useful for optimizing formula-
tion and delivery of nucleic acid-based therapeutics while
retaining structural and functional integrity; overcoming a
threshold of expression; improving expression rates; half-
life and/or protein concentrations; optimizing protein local-
ization; and avoiding deleterious bio-responses such as the
immune response and/or degradation pathways.

Methods for optimizing codon usage are known in the art.
For example, an ORF of any one or more of the sequences
provided herein may be codon optimized. Codon optimiza-
tion, in some embodiments, may be used to match codon
frequencies in target and host organisms to ensure proper
folding; bias GC content to increase mRNA stability or
reduce secondary structures; minimize tandem repeat
codons or base runs that may impair gene construction or
expression; customize transcriptional and translational con-
trol regions; insert or remove protein trafficking sequences;
remove/add post translation modification sites in encoded
protein (e.g., glycosylation sites); add, remove or shufile
protein domains; insert or delete restriction sites; modify
ribosome binding sites and mRNA degradation sites; adjust
translational rates to allow the various domains of the
protein to fold properly; or reduce or eliminate problem
secondary structures within the polynucleotide. Codon opti-
mization tools, algorithms and services are known in the
art—non-limiting examples include services from GeneArt
(Life Technologies), DNA2.0 (Menlo Park Calif.) and/or are
proprietary methods. In some embodiments, the open read-
ing frame (ORF) sequence is optimized using optimization
algorithms.

Features, which can be considered beneficial in some
embodiments, can be encoded by or within regions of the
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polynucleotide and such regions can be upstream (5') to,
downstream (3') to, or within the region that encodes the
polypeptide. These regions can be incorporated into the
polynucleotide before and/or after sequence-optimization of
the protein encoding region or open reading frame (ORF).
Examples of such features include, but are not limited to,
untranslated regions (UTRs), microRNA sequences, Kozak
sequences, oligo(dT) sequences, poly-A tail, and detectable
tags and can include multiple cloning sites that can have
Xbal recognition.

In some embodiments, the polynucleotide comprises a 5'
UTR, a 3' UTR and/or a microRNA binding site. In some
embodiments, the polynucleotide comprises two or more 5'
UTRs and/or 3' UTRs, which can be the same or different
sequences. In some embodiments, the polynucleotide com-
prises two or more microRNA binding sites, which can be
the same or different sequences. Any portion of the 5' UTR,
3' UTR, and/or microRNA binding site, including none, can
be sequence-optimized and can independently contain one
or more different structural or chemical modifications,
before and/or after sequence optimization.

In some embodiments, the polynucleotides of the com-
positions are modified. The modified polynucleotides can be
chemically modified and/or structurally modified. When the
polynucleotides of the compositions are chemically and/or
structurally modified the polynucleotides can be referred to
as “modified polynucleotides.”

The present disclosure provides for modified nucleosides
and nucleotides of a polynucleotide (e.g., RNA polynucle-
otides, such as mRNA polynucleotides). A “nucleoside”
refers to a compound containing a sugar molecule (e.g., a
pentose or ribose) or a derivative thereof in combination
with an organic base (e.g., a purine or pyrimidine) or a
derivative thereof (also referred to herein as “nucleobase™).
A “nucleotide” refers to a nucleoside including a phosphate
group. Modified nucleotides can be synthesized by any
useful method, such as, for example, chemically, enzymati-
cally, or recombinantly, to include one or more modified or
non-natural nucleosides. Polynucleotides can comprise a
region or regions of linked nucleosides. Such regions can
have variable backbone linkages. The linkages can be stan-
dard phosphodiester linkages, in which case the polynucle-
otides would comprise regions of nucleotides.

The modified polynucleotides disclosed herein can com-
prise various distinct modifications. In some embodiments,
the modified polynucleotides contain one, two, or more
(optionally different) nucleoside or nucleotide modifica-
tions. In some embodiments, a modified polynucleotide,
introduced to a cell can exhibit one or more desirable
properties, e.g., improved protein expression, reduced
immunogenicity, or reduced degradation in the cell, as
compared to an unmodified polynucleotide.

In some embodiments, a polynucleotide of the lipid
nanoparticles are structurally modified. As used herein, a
“structural” modification is one in which two or more linked
nucleosides are inserted, deleted, duplicated, inverted or
randomized in a polynucleotide without significant chemical
modification to the nucleotides themselves. Because chemi-
cal bonds will necessarily be broken and reformed to effect
a structural modification, structural modifications are of a
chemical nature and hence are chemical modifications.
However, structural modifications will result in a different
sequence of nucleotides. For example, the polynucleotide
“ATCG” can be chemically modified to “AT-5meC-G”. The
same polynucleotide can be structurally modified from
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“ATCG” to “ATCCCG”. Here, the dinucleotide “CC” has
been inserted, resulting in a structural modification to the
polynucleotide.

Therapeutic lipid nanoparticles comprise, in some
embodiments, at least one nucleic acid (e.g., RNA), wherein
the nucleic acid comprises nucleotides and/or nucleosides
that can be standard (unmodified) or modified as is known
in the art. In some embodiments, nucleotides and nucleo-
sides comprise modified nucleotides or nucleosides. Such
modified nucleotides and nucleosides can be naturally-
occurring modified nucleotides and nucleosides or non-
naturally occurring modified nucleotides and nucleosides.
Such modifications can include those at the sugar, backbone,
or nucleobase portion of the nucleotide and/or nucleoside as
are recognized in the art.

In some embodiments, a naturally-occurring modified
nucleotide or nucleoside is one as is generally known or
recognized in the art. Non-limiting examples of such natu-
rally occurring modified nucleotides and nucleosides can be
found, inter alia, in the MODOMICS database.

In some embodiments, a non-naturally occurring modified
nucleotide or nucleoside is one as is generally known or
recognized in the art. Non-limiting examples of such non-
naturally occurring modified nucleotides and nucleosides
can be found, inter alia, in published International Patent
Application Nos. PCT/US2012/058519; PCT/US2013/
075177, PCT/US2014/058897;, PCT/US2014/058891; PCT/
US2014/070413;  PCT/US2015/36773;  PCT/US2015/
36759; PCT/US2015/36771; or PCT/IB2017/051367, each
of which is incorporated by reference herein in its entirety.

In some embodiments, at least one RNA (e.g., mRNA) is
not chemically modified and comprises the standard ribo-
nucleotides consisting of adenosine, guanosine, cytosine and
uridine. In some embodiments, nucleotides and nucleosides
comprise standard nucleoside residues such as those present
in transcribed RNA (e.g. A, G, C, or U). In some embodi-
ments, nucleotides and nucleosides comprise standard
deoxyribonucleosides such as those present in DNA (e.g.
dA, dG, dC, or dT).

Hence, nucleic acids (e.g., DNA nucleic acids and RNA
nucleic acids, such as mRNA nucleic acids) can comprise
standard nucleotides and nucleosides, naturally-occurring
nucleotides and nucleosides, non-naturally-occurring
nucleotides and nucleosides, or any combination thereof.

Nucleic acids (e.g., DNA nucleic acids and RNA nucleic
acids, such as mRNA nucleic acids), in some embodiments,
comprise various (more than one) different types of standard
and/or modified nucleotides and nucleosides. In some
embodiments, a particular region of a nucleic acid contains
one, two or more (optionally different) types of standard
and/or modified nucleotides and nucleosides.

In some embodiments, a modified RNA nucleic acid (e.g.,
a modified mRNA nucleic acid), introduced to a cell or
organism, exhibits reduced degradation in the cell or organ-
ism, respectively, relative to an unmodified nucleic acid
comprising standard nucleotides and nucleosides.

In some embodiments, a modified RNA nucleic acid (e.g.,
a modified mRNA nucleic acid), introduced into a cell or
organism, may exhibit reduced immunogenicity in the cell
or organism, respectively (e.g., a reduced innate response)
relative to an unmodified nucleic acid comprising standard
nucleotides and nucleosides.

Nucleic acids (e.g., RNA nucleic acids, such as mRNA
nucleic acids), in some embodiments, comprise non-natural
modified nucleotides that are introduced during synthesis or
post-synthesis of the nucleic acids to achieve desired func-
tions or properties. The modifications may be present on
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internucleotide linkages, purine or pyrimidine bases, or
sugars. The modification may be introduced with chemical
synthesis or with a polymerase enzyme at the terminus of a
chain or anywhere else in the chain. Any of the regions of
a nucleic acid may be chemically modified.

Modified nucleotide base pairing encompasses not only
the standard adenosine-thymine, adenosine-uracil, or
guanosine-cytosine base pairs, but also base pairs formed
between nucleotides and/or modified nucleotides compris-
ing non-standard or modified bases, wherein the arrange-
ment of hydrogen bond donors and hydrogen bond acceptors
permits hydrogen bonding between a non-standard base and
a standard base or between two complementary non-stan-
dard base structures, such as in those nucleic acids having at
least one chemical modification. One example of such
non-standard base pairing is the base pairing between the
modified nucleotide inosine and adenine, cytosine or uracil.
Any combination of base/sugar or linker may be incorpo-
rated into nucleic acids.

In some embodiments, modified nucleobases in nucleic
acids (e.g., RNA nucleic acids, such as mRNA nucleic acids)
comprise  Nl-methyl-pseudouridine (mly), 1-ethyl-
pseudouridine (ely), 5-methoxy-uridine (mo5U), 5-methyl-
cytidine (m5C), and/or pseudouridine (). In some embodi-
ments, modified nucleobases in nucleic acids (e.g., RNA
nucleic acids, such as mRNA nucleic acids) comprise
5-methoxymethyl uridine, 5-methylthio uridine,
1-methoxymethyl pseudouridine, 5-methyl cytidine, and/or
5-methoxy cytidine. In some embodiments, the polyribo-
nucleotide includes a combination of at least two (e.g., 2, 3,
4 or more) of any of the aforementioned modified nucle-
obases, including but not limited to chemical modifications.

In some embodiments, nucleic acids (e.g., RNA nucleic
acids, such as mRNA nucleic acids) are uniformly modified
(e.g., fully modified, modified throughout the entire
sequence) for a particular modification. For example, a
nucleic acid can be uniformly modified with N1-methyl-
pseudouridine, meaning that all uridine residues in the
mRNA sequence are replaced with N1-methyl-pseudouri-
dine. Similarly, a nucleic acid can be uniformly modified for
any type of nucleoside residue present in the sequence by
replacement with a modified residue such as those set forth
above.

The nucleic acids may be partially or fully modified along
the entire length of the molecule. For example, one or more
or all or a given type of nucleotide (e.g., purine or pyrimi-
dine, or any one or more or all of A, G, U, C) may be
uniformly modified in a nucleic acid, or in a predetermined
sequence region thereof (e.g., in the mRNA including or
excluding the polyA tail). In some embodiments, all nucleo-
tides X in a nucleic acid (or in a sequence region thereof) are
modified nucleotides, wherein X may be any one of nucleo-
tides A, G, U, C, or any one of the combinations A+G, A+U,
A+C, G+U, G+C, U+C, A+G+U, A+G+C, G+U+C or A+G+
C.

The nucleic acid may contain from about 1% to about
100% modified nucleotides (either in relation to overall
nucleotide content, or in relation to one or more types of
nucleotide, i.e., any one or more of A, G, U or C) or any
intervening percentage (e.g., from 1% to 20%, from 1% to
25%, from 1% to 50%, from 1% to 60%, from 1% to 70%,
from 1% to 80%, from 1% to 90%, from 1% to 95%, from
10% to 20%, from 10% to 25%, from 10% to 50%, from
10% to 60%, from 10% to 70%, from 10% to 80%, from
10% to 90%, from 10% to 95%, from 10% to 100%, from
20% to 25%, from 20% to 50%, from 20% to 60%, from
20% to 70%, from 20% to 80%, from 20% to 90%, from
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20% to 95%, from 20% to 100%, from 50% to 60%, from
50% to 70%, from 50% to 80%, from 50% to 90%, from
50% to 95%, from 50% to 100%, from 70% to 80%, from
70% to 90%, from 70% to 95%, from 70% to 100%, from
80% to 90%, from 80% to 95%, from 80% to 100%, from
90% to 95%, from 90% to 100%, and from 95% to 100%).
It will be understood that any remaining percentage is
accounted for by the presence of unmodified A, G, U, or C.

The nucleic acids may contain at a minimum 1% and at
maximum 100% modified nucleotides, or any intervening
percentage, such as at least 5% modified nucleotides, at least
10% modified nucleotides, at least 25% modified nucleo-
tides, at least 50% modified nucleotides, at least 80%
modified nucleotides, or at least 90% modified nucleotides.
For example, the nucleic acids may contain a modified
pyrimidine such as a modified uracil or cytosine. In some
embodiments, at least 5%, at least 10%, at least 25%, at least
50%, at least 80%, at least 90% or 100% of the uracil in the
nucleic acid is replaced with a modified uracil (e.g., a
S-substituted uracil). The modified uracil can be replaced by
a compound having a single unique structure, or can be
replaced by a plurality of compounds having different struc-
tures (e.g., 2, 3, 4 or more unique structures). In some
embodiments, at least 5%, at least 10%, at least 25%, at least
50%, at least 80%, at least 90% or 100% of the cytosine in
the nucleic acid is replaced with a modified cytosine (e.g., a
S-substituted cytosine). The modified cytosine can be
replaced by a compound having a single unique structure, or
can be replaced by a plurality of compounds having different
structures (e.g., 2, 3, 4 or more unique structures).

The polynucleotides of the lipid nanoparticles can be
generated using components, compositions, and methods as
are generally known in the art, see, e.g., International Patent
Application Publication Nos. WO 2015/051173, WO 2017/
049286, WO 2016/100812, WO 2016/014846, WO 2016/
011226, WO 2016/011222, WO 2016/011306, WO 2015/
196128, WO 2013/151736, WO 2013/151672, WO 2013/
151671, WO 2013/151670, WO 2013/151669, WO 2013/
151668, WO 2013/151666, WO 2013/151667, WO 2013/
151665, WO 2013/151664, WO 2013/151663, WO 2013/
151736, WO 2013/151668, WO 2013/151666, WO 2013/
151665, WO 2013/151670, WO 2013/151672, WO 2015/
089511, WO 2015/051173, WO 2015/051169, each of which
is incorporated by reference herein in its entirety.

In some aspects, a polynucleotide (e.g., a RNA, e.g., an
mRNA) disclosed herein can be constructed using in vitro
transcription (IVT). In other aspects, a polynucleotide (e.g.,
a RNA, e.g., an mRNA) disclosed herein can be constructed
by chemical synthesis using an oligonucleotide synthesizer.

In other aspects, a polynucleotide (e.g., a RNA, e.g., an
mRNA) disclosed herein is made by using a host cell. In
certain aspects, a polynucleotide (e.g., a RNA, e.g., an
mRNA) disclosed herein is made by one or more combina-
tion of the IVT, chemical synthesis, host cell expression, or
any other methods known in the art.

Naturally occurring nucleosides, non-naturally occurring
nucleosides, or combinations thereof, can totally or partially
naturally replace occurring nucleosides present in the can-
didate nucleotide sequence and can be incorporated into a
sequence-optimized nucleotide sequence (e.g., a RNA, e.g.,
an mRNA). The resultant polynucleotides, e.g., mRNAs, can
then be examined for their ability to produce protein and/or
produce a therapeutic outcome.

1) Purification of Polynucleotides

The polynucleotides can be purified prior to their inclu-
sion in the lipid nanoparticles. Purification of the polynucle-
otides described herein can include, but is not limited to,
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polynucleotide clean-up, quality assurance and quality con-
trol. Clean-up can be performed by methods known in the
arts such as, but not limited to, AGENCOURT® beads
(Beckman Coulter Genomics, Danvers, Mass.), poly-T
beads, LNATM oligo-T capture probes (EXIQON® Inc.,
Vedbaek, Denmark) or HPLC based purification methods
such as, but not limited to, strong anion exchange HPLC,
weak anion exchange HPLC, reverse phase HPLC (RP-
HPLC), and hydrophobic interaction HPLC (HIC-HPLC).

In some embodiments, purification of a polynucleotide
removes impurities that can reduce or remove an unwanted
immune response, e.g., reducing cytokine activity.

In some embodiments, the polynucleotide is purified prior
to inclusion in a lipid nanoparticle using column chroma-
tography (e.g., strong anion exchange HPLC, weak anion
exchange HPLC, reverse phase HPLC (RP-HPLC), and
hydrophobic interaction HPLC (HIC-HPLC), or (LCMYS)).

In some embodiments, the purified polynucleotide is at
least about 80% pure, at least about 85% pure, at least about
90% pure, at least about 95% pure, at least about 96% pure,
at least about 97% pure, at least about 98% pure, at least
about 99% pure, or about 100% pure prior to inclusion in a
lipid nanoparticle.

A quality assurance and/or quality control check can be
conducted using methods such as, but not limited to, gel
electrophoresis, UV absorbance, or analytical HPLC. In
another embodiment, the polynucleotide can be sequenced
by methods including, but not limited to reverse-tran-
scriptase-PCR.

2) Quantification of Polynucleotides

In some embodiments, the polynucleotides, their expres-
sion products, as well as degradation products and metabo-
lites can be quantified according to methods known in the
art.

In some embodiments, the polynucleotide can be quanti-
fied using methods such as, but not limited to, ultraviolet
visible spectroscopy (UV/Vis). A non-limiting example of a
UV/Vis spectrometer is a NANODROP® spectrometer
(ThermoFisher, Waltham, Mass.). The quantified polynucle-
otide can be analyzed in order to determine if the polynucle-
otide can be of proper size, or to check that no degradation
of the polynucleotide has occurred. Degradation of the
polynucleotide can be checked by methods (such as, but not
limited to, agarose gel electrophoresis, HPLC based purifi-
cation methods such as, but not limited to, strong anion
exchange HPLC, weak anion exchange HPLC, reverse
phase HPLC (RP-HPLC), and hydrophobic interaction
HPLC (HIC-HPLC), liquid chromatography-mass spec-
trometry (LCMS), capillary electrophoresis (CE), capillary
gel electrophoresis (CGE)); and UPLC (e.g., RP-UPLC).

ii. Other Lipid Nanoparticle Components

The lipid composition of a lipid nanoparticle disclosed
herein can include one or more components in addition to
those described above. For example, the lipid composition
can include one or more permeability enhancer molecules,
carbohydrates, polymers, surface altering agents (e.g., sur-
factants), or other components. For example, a permeability
enhancer molecule can be a molecule described by U.S.
Patent Application Publication No. 2005/0222064. Carbo-
hydrates can include simple sugars (e.g., glucose) and poly-
saccharides (e.g., glycogen and derivatives and analogs
thereof). A polymer can be included in and/or used to
encapsulate or partially encapsulate a composition disclosed
herein (e.g., an LNP composition). A polymer can be bio-
degradable and/or biocompatible. A polymer can be selected
from, but is not limited to, polyamines, polyethers, poly-
amides, polyesters, polycarbamates, polyureas, polycarbon-
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ates, polystyrenes, polyimides, polysulfones, polyurethanes,
polyacetylenes, polyethylenes, polyethyleneimines, polyiso-
cyanates, polyacrylates, polymethacrylates, polyacryloni-
triles, and polyarylates.

The LNP can further contain a phosphate conjugate. The
phosphate conjugate can increase in vivo circulation times
and/or increase the targeted delivery of the nanoparticle.
Phosphate conjugates can be made by the methods described
in, e.g., Intl. Pub. No. W02013033438 or U.S. Pub. No.
US20130196948. The LNP can also contain a polymer
conjugate (e.g., a water soluble conjugate) as described in,
e.g., U.S. Pub. Nos. US20130059360, US20130196948, and
US20130072709. Each of the references is herein incorpo-
rated by reference in its entirety.

The LNPs can comprise a conjugate to enhance the
delivery of nanoparticles in a subject. Further, the conjugate
can inhibit phagocytic clearance of the nanoparticles in a
subject. In some embodiments, the conjugate can be a “self”
peptide designed from the human membrane protein CD47
(e.g., the “self” particles described by Rodriguez et al,
Science 2013 339, 971-975, herein incorporated by refer-
ence in its entirety). As shown by Rodriguez et al. the self
peptides delayed macrophage-mediated clearance of nan-
oparticles which enhanced delivery of the nanoparticles.

The LNPs can comprise a carbohydrate carrier. As a
non-limiting example, the carbohydrate carrier can include,
but is not limited to, an anhydride-modified phytoglycogen
or glycogen-type material, phytoglycogen octenyl succinate,
phytoglycogen beta-dextrin, anhydride-modified phytogly-
cogen beta-dextrin (e.g., Intl. Pub. No. W02012109121,
herein incorporated by reference in its entirety).

The LNPs can be coated with a surfactant or polymer to
improve the delivery of the particle. In some embodiments,
the LNP can be coated with a hydrophilic coating such as,
but not limited to, PEG coatings and/or coatings that have a
neutral surface charge as described in U.S. Pub. No.
US20130183244, herein incorporated by reference in its
entirety.

The LNPs can be engineered to alter the surface proper-
ties of particles so that the lipid nanoparticles can penetrate
the mucosal barrier as described in U.S. Pat. No. 8,241,670
or Intl. Pub. No. W02013110028, each of which is herein
incorporated by reference in its entirety.

The LNPs engineered to penetrate mucus can comprise a
polymeric material (e.g., a polymeric core) and/or a poly-
mer-vitamin conjugate and/or a tri-block co-polymer. The
polymeric material can include, but is not limited to,
polyamines, polyethers, polyamides, polyesters, polycar-
bamates, polyureas, polycarbonates, poly(styrenes), polyim-
ides, polysulfones, polyurethanes, polyacetylenes, polyeth-
ylenes, polyethyeneimines, polyisocyanates, polyacrylates,
polymethacrylates, polyacrylonitriles, and polyarylates.

LNPs engineered to penetrate mucus can also include
surface altering agents such as, but not limited to, poly-
nucleotides, anionic proteins (e.g., bovine serum albumin),
surfactants (e.g., cationic surfactants such as for example
dimethyldioctadecyl-ammonium bromide), sugars or sugar
derivatives (e.g., cyclodextrin), nucleic acids, polymers
(e.g., heparin, polyethylene glycol and poloxamer), muco-
lytic agents (e.g., N-acetylcysteine, mugwort, bromelain,
papain, clerodendrum, acetylcysteine, bromhexine, carbo-
cisteine, eprazinone, mesna, ambroxol, sobrerol, domiodol,
letosteine, stepronin, tiopronin, gelsolin, thymosin 4 dor-
nase alfa, neltenexine, erdosteine) and various DNases
including rhDNase.

In some embodiments, the mucus penetrating LNP can be
a hypotonic formulation comprising a mucosal penetration
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enhancing coating. The formulation can be hypotonic for the
epithelium to which it is being delivered. Non-limiting
examples of hypotonic formulations can be found in, e.g.,
Intl. Pub. No. WO2013110028, herein incorporated by ref-
erence in its entirety.

1) Other Lipids

a) Phospholipids

The lipid composition of a lipid nanoparticle disclosed
herein can comprise one or more phospholipids, for
example, one or more saturated or (poly)unsaturated phos-
pholipids or a combination thereof. In general, phospholip-
ids comprise a phospholipid moiety and one or more fatty
acid moieties.

A phospholipid moiety can be selected, for example, from
the non-limiting group consisting of phosphatidyl choline,
phosphatidyl ethanolamine, phosphatidyl glycerol, phospha-
tidyl serine, phosphatidic acid, 2-lysophosphatidyl choline,
and a sphingomyelin.

A fatty acid moiety can be selected, for example, from the
non-limiting group consisting of lauric acid, myristic acid,
myristoleic acid, palmitic acid, palmitoleic acid, stearic acid,
oleic acid, linoleic acid, alpha-linolenic acid, erucic acid,
phytanoic acid, arachidic acid, arachidonic acid, eicosapen-
taenoic acid, behenic acid, docosapentaenoic acid, and doco-
sahexaenoic acid.

Particular phospholipids can facilitate fusion to a mem-
brane. For example, a cationic phospholipid can interact
with one or more negatively charged phospholipids of a
membrane (e.g., a cellular or intracellular membrane).
Fusion of a phospholipid to a membrane can allow one or
more elements (e.g., a therapeutic agent) of a lipid-contain-
ing composition (e.g., LNPs) to pass through the membrane
permitting, e.g., delivery of the one or more elements to a
target tissue.

Non-natural phospholipid species including natural spe-
cies with modifications and substitutions including branch-
ing, oxidation, cyclization, and alkynes are also contem-
plated. For example, a phospholipid can be functionalized
with or cross-linked to one or more alkynes (e.g., an alkenyl
group in which one or more double bonds is replaced with
a triple bond). Under appropriate reaction conditions, an
alkyne group can undergo a copper-catalyzed cycloaddition
upon exposure to an azide. Such reactions can be useful in
functionalizing a lipid bilayer of a nanoparticle composition
to facilitate membrane permeation or cellular recognition or
in conjugating a nanoparticle composition to a useful com-
ponent such as a targeting or imaging moiety (e.g., a dye).

Phospholipids include, but are not limited to, glycero-
phospholipids such as phosphatidylcholines, phosphatidyle-
thanolamines, phosphatidylserines, phosphatidylinositols,
phosphatidy glycerols, and phosphatidic acids. Phospholip-
ids also include phosphosphingolipid, such as sphingomy-
elin.

In some embodiments, a phospholipid comprises 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dili-

noleoyl-sn-glycero-3-phosphocholine (DLPC), 1,2-
dimyristoyl-sn-gly cero-phosphocholine (DMPC), 1,2-
dioleoyl-sn-glycero-3-phosphocholine ~ (DOPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-
diundecanoyl-sn-glycero-phosphocholine (DUPC),

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1,2-di-O-octadecenyl-sn-glycero-3-phosphocholine  (18:0
Diether PC), 1-oleoyl-2 cholesterylhemisuccinoyl-sn-glyc-
ero-3-phosphocholine (OChemsPC), 1-hexadecyl-sn-glyc-
ero-3-phosphocholine (C16 Lyso PC), 1,2-dilinolenoyl-sn-
glycero-3-phosphocholine,1,2-diarachidonoyl-sn-glycero-
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3-phosphocholine,  1,2-didocosahexaenoyl-sn-glycero-3-
phosphocholine, 1,2-diphytanoyl-sn-glycero-3-
phosphoethanolamine (ME 16.0 PE), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine, 1,2-dilinoleoyl-sn-
glycero-3-phosphoethanolamine, 1,2-dilinolenoyl-sn-
glycero-3-phosphoethanolamine,  1,2-diarachidonoyl-sn-
glycero-3-phosphoethanolamine, 1,2-didocosahexaenoyl-
sn-glycero-3-phosphoethanolamine, 1,2-dioleoyl-sn-
glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG),
sphingomyelin, or mixtures thereof.

In certain embodiments, a phospholipid useful or poten-
tially useful in the present disclosure is an analog or variant
of DSPC. In certain embodiments, a phospholipid useful or
potentially useful in the present disclosure is a compound of
Formula (IV):

av)

©
R! \N® oc|)o A
A
R
0

or a salt thereof, wherein:

each R' is independently optionally substituted alkyl; or
optionally two R! are joined together with the intervening
atoms to form optionally substituted monocyclic carbocy-
clyl or optionally substituted monocyclic heterocyclyl; or
optionally three R* are joined together with the intervening
atoms to form optionally substituted bicyclic carbocyclyl or
optionally substitute bicyclic heterocyclyl;
nis1,2,3,4,56,7,8,9, or 10;
mis0,1,2,3,4,56,7,8,9, or 10;

A is of the formula:

12—R2

or
12—R2

e R?)y;

each instance of L? is independently a bond or optionally
substituted C,_¢ alkylene, wherein one methylene unit of the
optionally substituted C, 4 alkylene is optionally replaced
with O, N(R™), S, C(0), C(ONRY), NRYC(0), C(0)O,
0C(0), OC(0)O, OC(O)N(R™), NRYC(0)0O, or —NR™C
(ONRM;

each instance of R? is independently optionally substituted
C, 5, alkyl, optionally substituted C,_,, alkenyl, or option-
ally substituted C, 5, alkynyl; optionally wherein one or
more methylene units of R? are independently replaced with
optionally substituted carbocyclylene, optionally substituted
heterocyclylene, optionally substituted arylene, optionally
substituted heteroarylene, N(R™), O, S, C(O), C(O)N(RY),
NRMC(0), NRYC(O)NRY) C(0)0, OC(0), OC(0)0, —OC
(ONRY), NRMC(0)O, C(0)S, SC(0), C(=NRM),
C(=NRMNRY), NRYC(O=NRY), —NRYC(=NR™N
RY), C(S), CSNR™), NRYC(S), NR'C(SNR™) S(O),
08(0), S(0)0, —0S(0)0, 0S(0),, S(0),0, OS(0),0.,
NRMS(0), SONRY), NRMSONRY), OSONRY),
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NRMS(0)0, S(0),, NR™S(0),, S(0)LNR™Y), NR™)
S(0),NR™), OS(0),N(R™), or —N(R™)S(0),0;
each instance of R is independently hydrogen, optionally
substituted alkyl, or a nitrogen protecting group;
Ring B is optionally substituted carbocyclyl, optionally
substituted heterocyclyl, optionally substituted aryl, or
optionally substituted heteroaryl; and
pis 1 or2;
provided that the compound is not of the formula:

o R?

\@/\/O\l/ \)i )]\

wherein each instance of R* is independently unsubstituted
alkyl, unsubstituted alkenyl, or unsubstituted alkynyl.

In some embodiments, the phospholipids may be one or
more of the phospholipids described in PCT/US2018/
037922 (published as WO 2018232357).

A) Phospholipid Head Modifications

In certain embodiments, a phospholipid useful or poten-
tially useful in the present disclosure comprises a modified
phospholipid head (e.g., a modified choline group). In
certain embodiments, a phospholipid with a modified head
is DSPC, or analog thereof, with a modified quaternary
amine. For example, in embodiments of Formula (IV), at
least one of R is not methyl. In certain embodiments, at
least one of R' is not hydrogen or methyl. In certain
embodiments, the compound of Formula (IV) is of one of
the following formulae:
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or a salt thereof, wherein:

each t is independently 1, 2, 3, 4, 5,6, 7, 8, 9, or 10;
each u is independently 0, 1, 2, 3,4, 5, 6,7, 8, 9, or 10; and
each v is independently 1, 2, or 3.

In certain embodiments, a compound of Formula (IV) is
of Formula (IV-a):

(IV-a)
L2_ RZ

n L2—R2,

Rl

R! \1\9 0 (|)eo
[
R

or a salt thereof.

In certain embodiments, a phospholipid useful or potentially
useful in the present disclosure comprises a cyclic moiety in
place of the glyceride moiety. In certain embodiments, a
phospholipid useful in the present disclosure is DSPC, or
analog thereof, with a cyclic moiety in place of the glyceride
moiety. In certain embodiments, the compound of Formula
(IV) is of Formula (IV-b):

R! o

] ! i
RJ_N@ o o (R%),

{M \1|>/ "

R

|
(6]

(IV-b)

or a salt thereof.
B) Phospholipid Tail Modifications

In certain embodiments, a phospholipid useful or poten-
tially useful in the present disclosure comprises a modified
tail. In certain embodiments, a phospholipid useful or poten-
tially useful in the present disclosure is DSPC, or analog
thereof, with a modified tail. As described herein, a “modi-
fied tail” may be a tail with shorter or longer aliphatic chains,
aliphatic chains with branching introduced, aliphatic chains
with substituents introduced, aliphatic chains wherein one or
more methylenes are replaced by cyclic or heteroatom
groups, or any combination thereof. For example, in certain
embodiments, the compound of (IV) is of Formula (IV-a), or
a salt thereof, wherein at least one instance of R? is each
instance of R? is optionally substituted C, _,, alkyl, wherein
one or more methylene units of R® are independently
replaced with optionally substituted carbocyclylene, option-
ally substituted heterocyclylene, optionally substituted
arylene, optionally substituted heteroarylene, N(RY), O, S,
C(0), C(O)N(RY), —NR™C(0), NR¥C(O)N(RY), C(0)O,
0C(0), 0OC(0)0, OC(O)N(R™), NR¥C(0)O C(0)S, SC(0),
C(=NRY), C(=NRMNRY), NRC(=NRY), NR*C
(ENRYNRY), C(S), C(SNRY), NRYMC(S), —NRYC(S)
NRY), S(0), 08(0), S(0)0, 0S(0)0, 0S(0),, S(0),0,
0S(0),0, NRMS(0), —S(O)NR™), NRMS(ONR™,
OS(O)N(R™), N(RMS(0)O, S(0),. N(RY)S(O),. S(O),N
R,  —NERMS(O),NRY),  OSO),NRY), or
NRMS(0),0.
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In certain embodiments, the compound of Formula (IV) is
of Formula (IV-c):

(IV-c)

o]
R o Ll_(_/)x />
Rl—\I\P o_|_o S
R{ ; \ﬁ/ “ L2—<—/>x
o

or a salt thereof, wherein:

each x is independently an integer between 0-30, inclusive;
and

each instance is G is independently selected from the group
consisting of optionally substituted carbocyclylene, option-
ally substituted heterocyclylene, optionally substituted
arylene, optionally substituted heteroarylene, N(R™), O, S,
C(0), C(O)NR™, NRMC(0), NRVC(ON(R™ C(0)0,
0C(0), OC(0)0, OC(ON(RY™), NRMC(0)0O, C(O)S,
SC(0), C(=NRY), C(=NRMN(R"), —NRYC(=NR"),
NRMC(=NRMNR™), C(8), C(S)NR™), NRVC(S), NRVC
(SN(RY) S(0), 0S(0), S(0)0, 0S(0)0, 0S(0),, S(0),0,
08(0),0, N(R™)S(0), S(OIN(RY), NR)S(O)N(R™), —O8
(ONRY), NRMS(0)O, S(0),, NR™S(0),. S(0),NR™),
NRMS(0),NRY), OS(0),N(R™), or N(R)S(0),0. Each
possibility represents separate embodiments.

In certain embodiments, a phospholipid useful or poten-
tially useful in the present disclosure comprises a modified
phosphocholine moiety, wherein the alkyl chain linking the
quaternary amine to the phosphoryl group is not ethylene
(e.g., n is not 2). Therefore, in certain embodiments, a
phospholipid useful or potentially useful in the present
disclosure is a compound of Formula (IV), wherein n is 1,
3,4,5,6,7, 8,9, or 10. For example, in certain embodi-
ments, a compound of Formula (IV) is of one of the
following formulae:

Rl
R o Q
N o_| _o A,
NN \ﬁ/ o
0

Rl/

o

rRL_©® o | _o A
~ N ’

Rl/l\{/\/ Pl N1
Rl

o

or a salt thereof.

b) Alternative Lipids

In certain embodiments, a phospholipid useful or poten-
tially useful in the present disclosure comprises a modified
phosphocholine moiety, wherein the alkyl chain linking the
quaternary amine to the phosphoryl group is not ethylene
(e.g., n is not 2). Therefore, in certain embodiments, a
phospholipid useful.

In certain embodiments, an alternative lipid is used in
place of a phospholipid.

In certain embodiments, an alternative lipid is oleic acid.

In certain embodiments, the alternative lipid is one of the
following:
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¢) Structural Lipids Incorporation of structural lipids in the lipid nanoparticle
The lipid composition of a lipid nanoparticle disclosed may help mitigate aggregation of other lipids in the particle.
herein can comprlse one or more structural lipids. As used 65 Structural lipids can be selected from the group including
herein, the term “structural lipid” refers to sterols and also but not limited to, cholesterol, fecosterol, sitosterol, ergos-
to lipids containing sterol moieties. terol, campesterol, stigmasterol, brassicasterol, tomatidine,
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tomatine, ursolic acid, alpha-tocopherol, hopanoids, phytos-
terols, steroids, and mixtures thereof. In some embodiments,
the structural lipid is a sterol. As defined herein, “sterols” are
a subgroup of steroids consisting of steroid alcohols. In
certain embodiments, the structural lipid is a steroid. In
certain embodiments, the structural lipid is cholesterol. In
certain embodiments, the structural lipid is an analog of
cholesterol. In certain embodiments, the structural lipid is
alpha-tocopherol.

In some embodiments, the structural lipids may be one or
more of the structural lipids described in PCT/US2018/
037922 (published as WO2018232357).

In some embodiments, the structural lipid is cholesterol.
In some embodiments, the amount of the structural lipids
(e.g., cholesterol) in the lipid composition ranges from about
20 mol % to about 60 mol %.

d) Polyethylene Glycol (PEG)-Lipids

The lipid composition of a lipid nanoparticle disclosed
herein can comprise one or more polyethylene glycol (PEG)
lipids.

As used herein, the term “PEG-lipid” refers to polyeth-
ylene glycol (PEG)-modified lipids. Non-limiting examples
of PEG-lipids include PEG-modified phosphatidyletha-
nolamine and phosphatidic acid, PEG-ceramide conjugates
(e.g., PEG-CerC14 or PEG-CerC20), PEG-modified dialky-

20

72
PEG-DSG and PEG-DSPE. PEG-lipids are known in the art,
such as those described in U.S. Pat. No. 8,158,601 and
International Publ. No. WO 2015/130584 A2, which are
incorporated herein by reference in their entirety.

In general, some of the other lipid components (e.g., PEG

lipids) of various formulae, described herein may be syn-
thesized as described International Patent Application No.
PCT/US2016/000129, filed Dec. 10, 2016, entitled “Com-
positions and Methods for Delivery of Therapeutic Agents,”
which is incorporated by reference in its entirety.
The lipid component of a lipid nanoparticle composition
may include one or more molecules comprising polyethyl-
ene glycol, such as PEG or PEG-modified lipids. Such
species may be alternately referred to as PEGylated lipids.
A PEG lipid is a lipid modified with polyethylene glycol. A
PEG lipid may be selected from the non-limiting group
including PEG-modified phosphatidylethanolamines, PEG-
modified phosphatidic acids, PEG-modified ceramides,
PEG-modified dialkylamines, PEG-modified diacylglycer-
ols, PEG-modified dialkylglycerols, and mixtures thereof.
For example, a PEG lipid may be PEG-c-DOMG, PEG-
DMG, PEG-DLPE, PEG-DMPE, PEG-DPPC, or a PEG-
DSPE lipid.

In some embodiments the PEG-modified lipids are a
modified form of PEG DMG. PEG-DMG has the following
structure:

[0}

O)J\/\/\/\/\/\/\

MSOMOX\/O\)VOW

lamines and PEG-modified 1,2-diacyloxypropan-3-amines.
Such lipids are also referred to as PEGylated lipids. For
example, a PEG lipid can be PEG-c-DOMG, PEG-DMG,
PEG-DLPE, PEG-DMPE, PEG-DPPC, or a PEG-DSPE
lipid.

In some embodiments, the PEG-lipid includes, but not
limited to 1,2-dimyristoyl-sn-glycerol methoxypolyethylene
glycol (PEG-DMG), 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[amino(polyethylene  glycol)]  (PEG-
DSPE), PEG-disteryl glycerol (PEG-DSG), PEG-dipalme-
toleyl, PEG-dioleyl, PEG-distearyl, PEG-diacylglycamide
(PEG-DAG), PEG-dipalmitoyl phosphatidylethanolamine
(PEG-DPPE), or PEG-1,2-dimyristyloxlpropyl-3-amine
(PEG-c-DMA).

In some embodiments, the PEG-lipid is selected from the
group consisting of a PEG-modified phosphatidyletha-
nolamine, a PEG-modified phosphatidic acid, a PEG-modi-
fied ceramide, a PEG-modified dialkylamine, a PEG-modi-
fied diacylglycerol, a PEG-modified dialkylglycerol, and
mixtures thereof.

In some embodiments, the lipid moiety of the PEG-lipids
includes those having lengths of from about C,, to about
C,,, preferably from about C,, to about C,s. In some
embodiments, a PEG moiety, for example an mPEG-NH,,
has a size of about 1000, 2000, 5000, 10,000, 15,000 or
20,000 daltons. In some embodiments, the PEG-lipid is
PEG,,-DMG.

In some embodiments, the lipid nanoparticles described
herein can comprise a PEG lipid which is a non-diffusible
PEG. Non-limiting examples of non-diffusible PEGs include
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In some embodiments, PEG lipids useful in the present
disclosure can be PEGylated lipids described in Interna-
tional Publication No. W02012099755, which is herein
incorporated by reference in its entirety. Any of these
exemplary PEG lipids described herein may be modified to
comprise a hydroxyl group on the PEG chain. In certain
embodiments, the PEG lipid is a PEG-OH lipid. As gener-
ally defined herein, a “PEG-OH lipid” (also referred to
herein as “hydroxy-PEGylated lipid”) is a PEGylated lipid
having one or more hydroxyl (—OH) groups on the lipid. In
certain embodiments, the PEG-OH lipid includes one or
more hydroxyl groups on the PEG chain. In certain embodi-
ments, a PEG-OH or hydroxy-PEGylated lipid comprises an
—OH group at the terminus of the PEG chain. Each possi-
bility represents separate embodiments.

In certain embodiments, a PEG lipid useful in the present
disclosure is a compound of Formula (V). Provided herein
are compounds of Formula (V):

)

R3 L'—D A,
L\ S U

or salts thereof, wherein:

R? is —ORY;

R is hydrogen, optionally substituted alkyl, or an oxygen
protecting group;

r is an integer between 1 and 100, inclusive;

L' is optionally substituted C,_,, alkylene, wherein at least
one methylene of the optionally substituted C, _,, alkylene is
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independently replaced with optionally substituted carbocy-
clylene, optionally substituted heterocyclylene, optionally
substituted arylene, optionally substituted heteroarylene, O,
NRY), S, C(0), CON(RY), NRC(0) C(0)O, OC(0),
0C(0)0, —OC(O)N(R™), NR¥C(0)O, or NRYC(O)NR™);
D is a moiety obtained by click chemistry or a moiety
cleavable under physiological conditions;
mis0,1,2,3,4,5,6,7,8,9, or 10;

A is of the formula:
e R?),:

2__R2

12—R2

each instance of L? is independently a bond or optionally
substituted C,_¢ alkylene, wherein one methylene unit of the
optionally substituted C, ¢ alkylene is optionally replaced
with O, N(R™), S, C(0), C(ONR™), NRYC(0), C(0)O,
0OC(0), OC(0)0, OC(O)NRY), NRNC(0)O, or —NRC
(ONR™);
each instance of R? is independently optionally substituted
C, 50 alkyl, optionally substituted C,_,, alkenyl, or option-
ally substituted C, 5, alkynyl; optionally wherein one or
more methylene units of R? are independently replaced with
optionally substituted carbocyclylene, optionally substituted
heterocyclylene, optionally substituted arylene, optionally
substituted heteroarylene, N(R™), O, S, C(O), C(O)NRY),
NRMC(0), NRYC(O)NR™) C(0)0, OC(0), OC(0)0, —OC
(ONRY), NRMC(0)O, C(0)S, SC(0), C(=NRY),
C(=NRMN(R"), NRYC(=NR”), —NRC(=NRMN(R?Y),
C(S), C(SNRM), NRMC(S), NR¥C(S)N(RY) S(0), 0S(0),
S(0)0, —0S(0)0, 0S(0),, S(0),0, 0S(0),0, N(RMS(0),
S(ONRY), NRMS(O)NRY), OS(O)NR™), NRMS(0)0,
S(0),, NRMS©),  SOLNRY, NRYVSO),NRY,
OS(0),N(R™M), or —N(R™S(0),0;
each instance of R" is independently hydrogen, optionally
substituted alkyl, or a nitrogen protecting group;
Ring B is optionally substituted carbocyclyl, optionally
substituted heterocyclyl, optionally substituted aryl, or
optionally substituted heteroaryl; and
pis1lor?2.

In certain embodiments, the compound of Formula (V) is
a PEG-OH lipid (i.e., R® is —OR®, and R? is hydrogen). In
certain embodiments, the compound of Formula (V) is of
Formula (V-OH):

HO, L'—D A,
L S

or a salt thereof.

(V-OH)

o}
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In certain embodiments, a PEG lipid useful in the present
disclosure is a PEGylated fatty acid. In certain embodi-
ments, a PEG lipid useful in the present disclosure is a
compound of Formula (VI). Provided herein are compounds
of Formula (VI):

VD
(6]

R?
\$/\O RS,
»

or a salts thereof, wherein:

R? is —ORS;

R€ is hydrogen, optionally substituted alkyl or an oxygen
protecting group;

r is an integer between 1 and 100, inclusive;

R® is optionally substituted C,,_,, alkyl, optionally substi-
tuted C,_4, alkenyl, or optionally substituted C,,_,, alkynyl;
and optionally one or more methylene groups of R are
replaced with optionally substituted carbocyclylene, option-
ally substituted heterocyclylene, optionally substituted
arylene, optionally substituted heteroarylene, N(R™), O, S,
C(0), C(O)N(RY), —NR™MC(0), NRYC(O)N(R™), C(0)O,
0C(0), OC(0)0, OC(O)N(R™), NRYC(0)O C(0)S, SC(0),
C(=NRY), C(=NRMN(RY), NRYC(=NRY) NRC
ENRMNRY), C(S), C(S)N(RM), NRVC(S), —NRMC(S)N
RY), S(0), 0S(0), S(0)O, 0S(0)0, 0S(0),, S(0),0,
08(0),0, NRMS(0), —SONRY), NRMSONR™),
OS(ONR™), NRVMS(0)O, S(O),. NRV)S(0),, S(O),N
R"), —NRMS(O),NR"), OS(O),NR"), or NR"Y)
S(0),0; and

each instance of R” is independently hydrogen, optionally
substituted alkyl, or a nitrogen protecting group.

In certain embodiments, the compound of Formula (V1) is
of Formula (VI-OH).

(VI-OH)
O
HO.
V\O s

or a salt thereof. In some embodiments, r is 45.

In yet other embodiments the compound of Formula (VI)
is:

HO(\/\O%K/\/\/\/\/\/\/\/\,

or a salt thereof.
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In some embodiments, the compound of Formula (VI) is

0]
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(Compound I)

HO\E/\O)SK/\/\A/\A/\/\/\.

In some aspects, the lipid composition of the pharmaceu-
tical compositions disclosed herein does not comprise a
PEG-lipid.

In some embodiments, the PEG-lipids may be one or
more of the PEG lipids described in PCT/US2018/037922
(published as WO 2018232357).

In some embodiments, a PEG lipid comprises a PEG-
modified phosphatidylethanolamine, a PEG-modified phos-
phatidic acid, a PEG-modified ceramide, a PEG-modified
dialkylamine, a PEG-modified diacylglycerol, a PEG-modi-
fied dialkylglycerol, and mixtures thereof. In some embodi-
ments, the PEG-modified lipid is PEG-DMG, PEG-c-
DOMG (also referred to as PEG-DOMG), PEG-DSG and/or
PEG-DPG.

In some embodiments, a LNP comprises an ionizable
cationic lipid of any of Formula I, II or III, a phospholipid
comprising DSPC, a structural lipid, and a PEG lipid com-
prising PEG-DMG.

In some embodiments, a LNP comprises an ionizable
cationic lipid of any of Formula I, II or III, a phospholipid
comprising DSPC, a structural lipid, and a PEG lipid com-
prising a compound having Formula VI.

In some embodiments, a LNP comprises an ionizable
cationic lipid of any of Formula I, II or III, a phospholipid
comprising a compound having Formula IV, a structural
lipid, and the PEG lipid comprising a compound having
Formula V.

In some embodiments, a LNP comprises an ionizable
cationic lipid of any of Formula I, II or III, a phospholipid
comprising a compound having Formula IV, a structural
lipid, and the PEG lipid comprising a compound having
Formula VI.

In some embodiments, a LNP comprises an ionizable
cationic lipid of any of Formula I, II or III, a phospholipid
comprising a compound having Formula IV, a structural
lipid, and a PEG lipid comprising a compound having
Formula V or VI.

In some embodiments, a LNP comprises an ionizable
cationic lipid of
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and a PEG lipid comprising Formula VI.

In some embodiments, a LNP comprises an ionizable
cationic lipid of
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and an alternative lipid comprising oleic acid.

In some embodiments, a LNP comprises an ionizable
cationic lipid of

O
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an alternative lipid comprising oleic acid, a structural lipid
comprising cholesterol, and a PEG lipid comprising a com-
pound having Formula V1.

In some embodiments, a LNP comprises an ionizable
cationic lipid of

a phospholipid comprising DOPE, a structural lipid com-
prising cholesterol, and a PEG lipid comprising a compound
having Formula V1.



US 11,622,972 B2

77

In some embodiments, a LNP comprises an ionizable
cationic lipid of

a phospholipid comprising DOPE, a structural lipid com-
prising cholesterol, and a PEG lipid comprising a compound
having Formula VII.

In some embodiments, a LNP comprises an N:P ratio of
from about 2:1 to about 30:1.

In some embodiments, a LNP comprises an N:P ratio of
about 6:1.

In some embodiments, a LNP comprises an N:P ratio of
about 3:1.

In some embodiments, a LNP comprises a wt/wt ratio of
the ionizable cationic lipid component to the RNA of from
about 10:1 to about 100:1.

In some embodiments, a LNP comprises a wt/wt ratio of
the ionizable cationic lipid component to the RNA of about
20:1.

In some embodiments, a LNP comprises a wt/wt ratio of
the ionizable cationic lipid component to the RNA of about
10:1. the disclosure has a mean diameter from about 50 nm
to about 150 nm.

In some embodiments, a LNP has a mean diameter from
about 70 nm to about 120 nm.

2. Pharmaceutical Composition

The LNP compositions may also be formulated as phar-
maceutical compositions. Pharmaceutical compositions can
optionally comprise one or more additional active sub-
stances, e.g., therapeutically and/or prophylactically active
substances. Pharmaceutical compositions can be sterile and/
or pyrogen-free. General considerations in the formulation
and/or manufacture of pharmaceutical agents can be found,
for example, in Remington: The Science and Practice of
Pharmacy 21st ed., Lippincott Williams & Wilkins, 2005
(incorporated herein by reference in its entirety). In some
embodiments, compositions are administered to humans,
human patients or subjects. The phrase “active ingredient”
generally refers to polynucleotides to be delivered as
described herein.

Formulations and pharmaceutical compositions described
herein can be prepared by any method known or hereafter
developed in the art of pharmacology. In general, such
preparatory methods include the step of associating the
active ingredient with an excipient and/or one or more other
accessory ingredients, and then, if necessary and/or desir-
able, dividing, shaping and/or packaging the product into a
desired single- or multi-dose unit.

A pharmaceutical composition in accordance with the
present disclosure can be prepared, packaged, and/or sold in
bulk, as a single unit dose, and/or as a plurality of single unit
doses. As used herein, a “unit dose” refers to a discrete
amount of the pharmaceutical composition comprising a
predetermined amount of the active ingredient. The amount
of the active ingredient is generally equal to the dosage of
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the active ingredient that would be administered to a subject
and/or a convenient fraction of such a dosage such as, for
example, one-half or one-third of such a dosage.

Relative amounts of the active ingredient, the pharma-
ceutically acceptable excipient, and/or any additional ingre-
dients in a pharmaceutical composition in accordance with
the present disclosure can vary, depending upon the identity,
size, and/or condition of the subject being treated and further
depending upon the route by which the composition is to be
administered.

In some embodiments, the compositions and formulations
described herein can contain at least one LNP. As a non-
limiting example, the composition can contain 1, 2, 3, 4 or
5 LNPs. In some embodiments, the compositions described
herein can comprise more than one type of LNP.

Although the descriptions of pharmaceutical composi-
tions and formulations provided herein are principally
directed to pharmaceutical compositions and formulations
that are suitable for administration to humans, it will be
understood by the skilled artisan that such compositions are
generally suitable for administration to any other animal,
e.g., to non-human animals, e.g. non-human mammals.

The present disclosure provides pharmaceutical formula-
tions that comprise an LNP described herein. The LNPs
described herein can be formulated using one or more
excipients to: (1) increase stability; (2) increase cell trans-
fection; (3) permit the sustained or delayed release (e.g.,
from a depot formulation of the polynucleotide); (4) alter the
biodistribution (e.g., target the LNP to specific tissues or cell
types); (5) increase the translation of encoded protein in
vivo; and/or (6) alter the release profile of encoded protein
in vivo.

A pharmaceutically acceptable excipient, as used herein,
includes, but are not limited to, any and all solvents,
dispersion media, or other liquid vehicles, dispersion or
suspension aids, diluents, granulating and/or dispersing
agents, surface active agents, isotonic agents, thickening or
emulsifying agents, preservatives, binders, lubricants or oil,
coloring, sweetening or flavoring agents, stabilizers, anti-
oxidants, antimicrobial or antifungal agents, osmolality
adjusting agents, pH adjusting agents, buffers, chelants,
cyoprotectants, and/or bulking agents, as suited to the par-
ticular dosage form desired. Various excipients for formu-
lating pharmaceutical compositions and techniques for pre-
paring the composition are known in the art (see Remington:
The Science and Practice of Pharmacy, 21st Edition, A. R.
Gennaro (Lippincott, Williams & Wilkins, Baltimore, Md.,
2006; incorporated herein by reference in its entirety).

Exemplary diluents include, but are not limited to, cal-
cium or sodium carbonate, calcium phosphate, calcium
hydrogen phosphate, sodium phosphate, lactose, sucrose,
cellulose, microcrystalline cellulose, kaolin, mannitol, sor-
bitol, etc., and/or combinations thereof.
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Exemplary granulating and/or dispersing agents include,
but are not limited to, starches, pregelatinized starches, or
microcrystalline starch, alginic acid, guar gum, agar, poly
(vinyl-pyrrolidone), (providone), cross-linked poly(vinyl-
pyrrolidone) (crospovidone), cellulose, methylcellulose,
carboxymethyl cellulose, cross-linked sodium carboxym-
ethyl cellulose (croscarmellose), magnesium aluminum sili-
cate (VEEGUM®), sodium lauryl sulfate, etc., and/or com-
binations thereof.

Exemplary surface active agents and/or emulsifiers
include, but are not limited to, natural emulsifiers (e.g.,
acacia, agar, alginic acid, sodium alginate, tragacanth, chon-
drux, cholesterol, xanthan, pectin, gelatin, egg yolk, casein,
wool fat, cholesterol, wax, and lecithin), sorbitan fatty acid
esters (e.g., polyoxyethylene sorbitan monooleate
[TWEEN®S8O], sorbitan monopalmitate [SPAN®40], glyc-
eryl monooleate, polyoxyethylene esters, polyethylene gly-
col fatty acid esters (e.g., CREMOPHOR®), polyoxyethyl-
ene ethers (e.g., polyoxyethylene lauryl ether [BRII®30]),
PLUORINC®F 68, POLOXAMER®188, etc. and/or com-
binations thereof.

Exemplary binding agents include, but are not limited to,
starch, gelatin, sugars (e.g., sucrose, glucose, dextrose, dex-
trin, molasses, lactose, lactitol, mannitol), amino acids (e.g.,
glycine), natural and synthetic gums (e.g., acacia, sodium
alginate), ethylcellulose, hydroxyethylcellulose, hydroxy-
propyl methylcellulose, etc., and combinations thereof.

Exemplary antioxidants include, but are not limited to,
alpha tocopherol, ascorbic acid, ascorbyl palmitate, benzyl
alcohol, butylated hydroxyanisole, m-cresol, methionine,
butylated hydroxytoluene, monothioglycerol, sodium or
potassium metabisulfite, propionic acid, propyl gallate,
sodium ascorbate, etc., and combinations thereof.

Exemplary chelating agents include, but are not limited
to, ethylenediaminetetraacetic acid (EDTA), citric acid
monohydrate, disodium edetate, fumaric acid, malic acid,
phosphoric acid, sodium edetate, tartaric acid, trisodium
edetate, etc., and combinations thereof.

Exemplary antimicrobial or antifungal agents include, but
are not limited to, benzalkonium chloride, benzethonium
chloride, methyl paraben, ethyl paraben, propyl paraben,
butyl paraben, benzoic acid, hydroxybenzoic acid, potas-
sium or sodium benzoate, potassium or sodium sorbate,
sodium propionate, sorbic acid, etc., and combinations
thereof.

Exemplary preservatives include, but are not limited to,
vitamin A, vitamin C, vitamin E, beta-carotene, citric acid,
ascorbic acid, butylated hydroxyanisol, ethylenediamine,
sodium lauryl sulfate (SLS), sodium lauryl ether sulfate
(SLES), etc., and combinations thereof.

In some embodiments, the pH of polynucleotide solutions
is maintained between pH 5 and pH 8 to improve stability.
Exemplary buffers to control pH can include, but are not
limited to sodium phosphate, sodium citrate, sodium succi-
nate, histidine (or histidine-HCl), sodium malate, sodium
carbonate, etc., and/or combinations thereof.

Exemplary lubricating agents include, but are not limited
to, magnesium stearate, calcium stearate, stearic acid, silica,
talc, malt, hydrogenated vegetable oils, polyethylene glycol,
sodium benzoate, sodium or magnesium lauryl sulfate, etc.,
and combinations thereof.

The pharmaceutical composition described here can con-
tain a cryoprotectant to stabilize a polynucleotide described
herein during freezing. Exemplary cryoprotectants include,
but are not limited to mannitol, sucrose, trehalose, lactose,
glycerol, dextrose, etc., and combinations thereof.
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The pharmaceutical composition described here can con-
tain a bulking agent in lyophilized polynucleotide formula-
tions to yield a “pharmaceutically elegant” cake, stabilize
the lyophilized polynucleotides during long term (e.g., 36
month) storage. Exemplary bulking agents can include, but
are not limited to sucrose, trehalose, mannitol, glycine,
lactose, raffinose, and combinations thereof.

3. Forms of Administration

The compositions described above can be administered by
any route that results in a therapeutically effective outcome.
These include, but are not limited to oral, pulmonary, rectal,
parenteral, transdermal, subcutaneous, intravenous, intra-
muscular, intraperitoneal, inhalational, buccal, sublingual,
intrapleural, intrathecal, intranasal, and the like. Examples
of routes of administration include parenteral, e.g., intrave-
nous, intradermal, subcutaneous, oral (e.g., inhalation),
transdermal (topical), and transmucosal administration. In
some embodiments, compositions can be administered in a
way that allows them cross the blood-brain barrier, vascular
barrier, or other epithelial barrier. In some embodiments, a
formulation for a route of administration can include at least
one inactive ingredient.

The compositions can be formulated using the methods
described herein. The compositions can contain polynucle-
otides that can be modified and/or unmodified. The compo-
sitions can further include, but are not limited to, cell
penetration agents, a pharmaceutically acceptable carrier, a
delivery agent, a bioerodible or biocompatible polymer, a
solvent, and a sustained-release delivery depot. The com-
positions can be delivered to the cell using routes of admin-
istration known in the art and described herein.

A pharmaceutical composition for parenteral administra-
tion can comprise at least one inactive ingredient. Any or
none of the inactive ingredients used can have been
approved by the US Food and Drug Administration (FDA).
A non-exhaustive list of inactive ingredients for use in
pharmaceutical compositions for parenteral administration
includes hydrochloric acid, mannitol, nitrogen, sodium
acetate, sodium chloride, and sodium hydroxide.

Injectable preparations, for example, sterile injectable
aqueous or oleaginous suspensions can be formulated
according to the known art using suitable dispersing agents,
wetting agents, and/or suspending agents. Sterile injectable
preparations can be sterile injectable solutions, suspensions,
and/or emulsions in nontoxic parenterally acceptable
diluents and/or solvents, for example, as a solution in
1,3-butanediol. Among the acceptable vehicles and solvents
that can be employed are water, Ringer’s solution, U.S.P.,
and isotonic sodium chloride solution. Sterile, fixed oils are
conventionally employed as a solvent or suspending
medium. For this purpose, any bland fixed oil can be
employed including synthetic mono- or diglycerides. Fatty
acids such as oleic acid can be used in the preparation of
injectables. The sterile formulation can also comprise adju-
vants such as local anesthetics, preservatives, and buffering
agents.

Injectable formulations can be sterilized, for example, by
filtration through a bacterial-retaining filter, and/or by incor-
porating sterilizing agents in the form of sterile solid com-
positions that can be dissolved or dispersed in sterile water
or other sterile injectable medium prior to use.

Injectable formulations can be for direct injection into a
region of a tissue, organ and/or subject. As a non-limiting
example, a tissue, organ and/or subject can be directly
injected a formulation by intramyocardial injection into the
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ischemic region. (See, e.g., Zangi et al. Nature Biotechnol-
ogy 2013, which is herein incorporated by reference in its
entirety).

In order to prolong the effect of an active ingredient, it is
often desirable to slow the absorption of the active ingredi-
ent from subcutaneous or intramuscular injection. This can
be accomplished by the use of a liquid suspension of
crystalline or amorphous material with poor water solubility.
The rate of absorption of the drug then depends upon its rate
of dissolution which, in turn, can depend upon crystal size
and crystalline form. Alternatively, delayed absorption of a
parenterally administered drug form is accomplished by
dissolving or suspending the drug in an oil vehicle. Inject-
able depot forms can be made by forming microencapsule
matrices of the drug in biodegradable polymers such as
polylactide-polyglycolide. Depending upon the ratio of drug
to polymer and the nature of the particular polymer
employed, the rate of drug release can be controlled.
Examples of other biodegradable polymers include poly
(orthoesters) and poly(anhydrides). Depot injectable formu-
lations can be prepared by entrapping the drug in liposomes
or microemulsions that are compatible with body tissues.

4. Methods and Reduced-Adduct Compositions

Also provided are reduced-adduct LNP compositions and
methods for preparing such compositions. The methods for
preparing the lipid nanoparticle compositions disclosed
herein advantageously minimize the amount of adduct impu-
rity present in the lipid nanoparticle composition, e.g., by
preventing or reducing the reaction between decomposed
ionizable lipid and polynucleotide.

Without being bound by theory, it is believed that degra-
dation pathways can result in loss in mRNA potency. For
instance, electrophilic impurities such as aldehydes, ketones,
anhydrides, dienes, or any combination thereof can result in
mRNA degradation, e.g., via the formation of adduct impu-
rities. Thus, some embodiments comprise monitoring and
controlling on the level of the raw material, formulation
process, and final drug product to prevent or reduce such
adduct formation and ensure the quality and potency of
LNP-formulated nucleic acid products.

In some embodiments, the process comprises performing
one or more of the following steps before combining the
ionizable lipid and the polynucleotide: (a) producing the
ionizable lipid in the presence of a scavenging agent; (b)
producing the ionizable lipid in the presence of a reductive
treatment agent; (c) treating the ionizable lipid with a
reducing agent; (d) treating the ionizable lipid with a chelat-
ing agent; (e) treating the polynucleotide with a reducing
agent; and (f) treating the polynucleotide with a chelating
agent. Some embodiments comprise then combining the
ionizable lipid with the polynucleotide. The steps performed
before combining the ionizable lipid and polynucleotide can
include any one of the steps or a combination of any of the
steps described above, e.g., the combination can include
two, three, four, or five of the steps described above.

Additionally or alternatively, some embodiments com-
prise a process for preparing a lipid nanoparticle composi-
tion comprising an ionizable lipid and a polynucleotide,
wherein the process comprises combining the ionizable lipid
and the polynucleotide to provide a lipid nanoparticle com-
position, and then treating the composition to reduce adduct
formation. In some embodiments, the treating comprises one
or more of: (a) treating the composition with a reducing
agent; (b) treating the composition with a chelating agent;
(c) adjusting the pH of the composition; (d) adjusting the
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temperature of the composition; and (e) adjusting the buffer
in the composition. The treating can include any one of the
steps or a combination of any one of the steps described
above, e.g., the combination can include two, three, four, or
five of the steps described above.

Some embodiments provide a process for preparing a
lipid nanoparticle composition comprising a polynucleotide
and an ionizable lipid, wherein the composition comprises a
reduced amount of an ionizable lipid-polynucleotide adduct
impurity as compared to a control composition, the process
comprising combining a first preparation comprising the
ionizable lipid and a second preparation comprising the
polynucleotide, wherein one or both of the preparations has
been treated with a reducing agent, a chelating agent, or a
combination thereof, wherein in the control composition
neither the first nor second preparation has been treated with
a reducing agent or a chelating agent.

a. Reductive Treatment of Lipids

Some embodiments comprise removing impurities (e.g.,
electrophilic impurities) from an ionizable lipid. In some
embodiments, electrophilic impurities are removed from an
ionizable lipid prior to formation of an LNP, e.g., during
production of the ionizable lipid. Exemplary electrophilic
impurities include aldehydes, ketones, anhydrides, dienes,
or any combination thereof.

Some embodiments comprise exposing an ionizable lipid,
or intermediate or precursor thereof (e.g., during formation
of the lipid), to a scavenging agent and/or a reductive
treatment agent—e.g., during formation of the lipid—to
remove electrophilic impurities.

The scavenging agent can be any agent that lowers the
amount of electrophilic impurities in a sample, for instance
by reacting with aldehydes, ketones, anhydrides, dienes, or
any combination thereof in the sample. Exemplary scaveng-
ing agents include aminooxy compounds. In some embodi-
ments, the scavenging agent comprises (0-(2,3,4,5,6-Pen-
tafluorobenzyl)hydroxylamine hydrochloride) (PFBHA),
methoxyamine (e.g., methoxyamine hydrochloride), benzy-
loxyamine  (e.g., benzyloxyamine  hydrochloride),
ethoxyamine (e.g., ethoxyamine hydrochloride), 4-[2-(ami-
nooxy)ethyl|morpholine  dihydrochloride, butoxyamine
(e.g., tert-butoxyamine hydrochloride), and combinations
thereof.

Some embodiments comprise contacting an ionizable
lipid solution, or intermediate or precursor thereof (e.g.,
during formation of the lipid) with a reductive treatment
agent. In some embodiments, the reductive treatment agent
comprises a boron compound, such as sodium borohydride,
bis(pinacolato)diboron, lithium borohydride; sodium cyano
borohydride, polymer-supported borohydride, sodium triac-
etoxyborohydride, and combinations thereof. In some
embodiments, the reductive treatment agent comprises Si-
DPP (immobilized diphenylphosphine on silica, from Sili-
cycle (product name SiliaBond Diphenylphosphine)), Ag-
Thiol (immobilized thiol on agarose, from Pierce (product
name Reduce-Imm Immobilized Reductant Columns)), Si-
Cysteine (immobilized cysteine on silica, from Silicycle
(product name SiliaMetS Cysteine)), and Si-Thiol (immo-
bilized thiol on silica, from Silicycle (product name
SiliaMetS Thiol), potassium metabisulfite, sodium thiogly-
colate, TCEP, sodium thiosulfate, sodium hypodisulfite,
N-acetyl cysteine, glutathione, DTT, cystamine, DTE, DDT,
homocysteine, lipoic acid, or a combination thereof.

Some embodiments comprise treating the lipid, or an
intermediate or precursor thereof, with both (i) one or more
aminooxy compounds and (ii) one or more boron compound
(e.g., simultaneously or sequentially).
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In some embodiments, the reductive treatment agent is in
a polar solvent, such as acetonitrile, propionitrile, water,
acetic acid, methanol, ethanol, propanol, isopropyl alcohol,
butanol. cyclopentyl methyl ether, diethyl ether, tetrahydro-
furan, methyl tetrahydrofuran, or combinations thereof.

In some embodiments, the reductive treatment involves
reducing the amount of transition metals in the preparation
to less than about 500 ppm or to less than about 250 ppm or
to less than about 100 ppm, or to less than about 50 ppm. In
some embodiments, the method further involves reducing
the amount of transition metals in the preparation to less than
500 ppm, less than 250 ppm, less than 100 ppm, or less than
50 ppm. In some embodiments, the method further involves
reducing the amount of transition metals in the preparation
to between 5 ppm and 500 ppm, between 25 ppm and 250
ppm, or between 50 and 100 ppm. In some embodiments, the
method further involves reducing the amount of transition
metals in the preparation between O ppm and 50 ppm,
between 50 ppm and 100 ppm, between 100 ppm and 200
ppm, between 200 ppm and 300 ppm, between 300 ppm and
400 ppm, or between 400 ppm and 500 ppm. In some
embodiments, each ionizable lipid comprises at least one
tertiary amino group that is capable of being oxidized.
Exemplary transition metals include, but are not limited to,
Pd, Cu, Fe, Ni, Pb, and Mn.

In some embodiments, an ionizable lipid solution com-
prises less than 5 mol % aldehydes, such as less than 4 mol
%, less than 3 mol %, less than 2 mol %, less than 1 mol %,
less than 0.75 mol %, less than 0.5 mol %, less than 0.7 mol
%, less than 0.6 mol %, less than 0.5 mol %, less than 0.4
mol %, less than 0.3 mol %, less than 0.2 mol %, less than
0.1 mol %, less than 0.05 mol %, less than 0.04 mol %, less
than 0.03 mol %, less than 0.02 mol %, less than 0.01 mol
%, or less than 0.005 mol % aldehydes (e.g., as measured by
LC-UV). In some embodiments, the ionizable lipid solution
is substantially free (e.g., below the detection limit) of
aldehydes. In some embodiments, the ionizable lipid solu-
tion comprises about 500 ppm or less of aldehydes, such as
about 400 ppm or less, about 300 ppm or less, about 200
ppm or less, about 150 ppm or less, about 100 ppm or less,
about 75 ppm or less, about 50 ppm or less, about 25 ppm
or less, or about 10 ppm or less of aldehydes.

In some embodiments, an ionizable lipid solution com-
prises less than 5 mol % ketones, such as less than 4 mol %,
less than 3 mol %, less than 2 mol %, less than 1 mol %, less
than 0.75 mol %, less than 0.5 mol %, less than 0.7 mol %,
less than 0.6 mol %, less than 0.5 mol %, less than 0.4 mol
%, less than 0.3 mol %, less than 0.2 mol %, less than 0.1
mol %, less than 0.05 mol %, less than 0.04 mol %, less than
0.03 mol %, less than 0.02 mol %, less than 0.01 mol %, or
less than 0.005 mol % ketones (e.g., as measured by LC-
UV). In some embodiments, the ionizable lipid solution is
substantially free (e.g., below the detection limit) of ketones.
In some embodiments, the ionizable lipid solution comprises
about 500 ppm or less of ketones, such as about 400 ppm or
less, about 300 ppm or less, about 200 ppm or less, about
150 ppm or less, about 100 ppm or less, about 75 ppm or
less, about 50 ppm or less, about 25 ppm or less, or about 10
ppm or less of ketones.

In some embodiments, an ionizable lipid solution com-
prises less than 5 mol % anhydrides, such as less than 4 mol
%, less than 3 mol %, less than 2 mol %, less than 1 mol %,
less than 0.75 mol %, less than 0.5 mol %, less than 0.7 mol
%, less than 0.6 mol %, less than 0.5 mol %, less than 0.4
mol %, less than 0.3 mol %, less than 0.2 mol %, less than
0.1 mol %, less than 0.05 mol %, less than 0.04 mol %, less
than 0.03 mol %, less than 0.02 mol %, less than 0.01 mol
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%, or less than 0.005 mol % anhydrides (e.g., as measured
by LC-UV). In some embodiments, the ionizable lipid
solution is substantially free (e.g., below the detection limit)
of anhydrides. In some embodiments, the ionizable lipid
solution comprises about 500 ppm or less of anhydrides,
such as about 400 ppm or less, about 300 ppm or less, about
200 ppm or less, about 150 ppm or less, about 100 ppm or
less, about 75 ppm or less, about 50 ppm or less, about 25
ppm or less, or about 10 ppm or less of anhydrides.

In some embodiments, an ionizable lipid solution com-
prises less than 5 mol % dienes, such as less than 4 mol %,
less than 3 mol %, less than 2 mol %, less than 1 mol %, less
than 0.75 mol %, less than 0.5 mol %, less than 0.7 mol %,
less than 0.6 mol %, less than 0.5 mol %, less than 0.4 mol
%, less than 0.3 mol %, less than 0.2 mol %, less than 0.1
mol %, less than 0.05 mol %, less than 0.04 mol %, less than
0.03 mol %, less than 0.02 mol %, less than 0.01 mol %, or
less than 0.005 mol % dienes (e.g., as measured by LC-UV).
In some embodiments, the ionizable lipid solution is sub-
stantially free (e.g., below the detection limit) of dienes. In
some embodiments, the ionizable lipid solution comprises
about 500 ppm or less of dienes, such as about 400 ppm or
less, about 300 ppm or less, about 200 ppm or less, about
150 ppm or less, about 100 ppm or less, about 75 ppm or
less, about 50 ppm or less, about 25 ppm or less, or about 10
ppm or less of dienes.

In some embodiments, a lipid solution is treated with at
least 0.005 mol % of a scavenging agent and/or reductive
treatment agent, such as 0.01 mol %, 0.05 mol %, 0.1 mol
%, 0.15 mol %, 0.2 mol %, 0.3 mol %, 0.5 mol %, 0.75 mol
%, 1 mol %, 1.25 mol %, 1.3 mol %, 1.5 mol %, 1.75 mol
% 2 mol %, 2.5 mol %, 3 mol %, 3.5 mol %, 3.9 mol %, 4
mol %, 4.5 mol %, or 5 mol % or more of a scavenging agent
and/or reductive treatment agent. In embodiments where
more than one scavenging agent and/or reductive treatment
agent is used, such amounts can be independent applied to
each scavenging agent and/or reductive treatment agent or
can represent a total amount of scavenging and and/or
reductive agent used.

In some embodiments, the lipid solution is exposed to the
reductive treatment agent for a period of time effective to
allow removal of one or more electrophiles, such as for a
period of 5 minutes or more, such as 10 min, 15 min, 20 min,
30 min, 60 min, 90 min, 120 min, 240 min, 480 min, 960
min, 1,020 min, 1,080 min, 1,140 min, 1,200 min, 1,260
min, 1,320 min, 1,400 min, 1,440 min, 2,000 min, 2,500
min, 3,000 min, or more.

Some embodiments comprise removing the scavenging
agent and/or reductive treatment agents from the lipid solu-
tion, e.g., via chromatography (such as get chromatography,
e.g., normal phase silica gel chromatography). In some
embodiments, substantially all of the reductive treatment
agent is removed from the lipid solution. In some embodi-
ments, the lipid solution contains trace amounts of reductive
treatment agent. In some embodiments, the lipid solution
contains 1 ppm of reductive treatment agent (e.g., boron) or
more, such as 2 ppm, 3 ppm, 4 ppm, 5 ppm, 6 ppm, 7 ppm.
8 ppm, 9 ppm or 10 ppm of reductive treatment agent.

Some embodiments comprise removing impurities
formed during the reductive treatment process (e.g., ethyl
ester impurities). Thus, in some embodiments the lipid
solution and or lipid nanoparticle contains substantially no
ethyl ester impurities formed during the reductive treatment
process. In some embodiments, the lipid solution or lipid
nanoparticle composition comprises 5% or less, such as 4%,
3%, 2%, or 1% or less ethyl ester impurities formed during
the reductive treatment process.
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In exemplary embodiments, Compound III is produced
with a reductive treatment process. For instance, some
embodiments comprise methods of making compound III,
comprising: reacting compounds 10D and 10G (see
Example 10) in an alkylation reaction to produce a crude
compound III; treating the crude compound IIT with a first
reductive treatment agent in an alcohol and isolating com-
pound IIT in hydrocarbon solvent; treating isolated com-
pound III in hydrocarbon solvent with a second reductive
treatment agent; washing compound III in heptane with
bicarbonate solution; and purifying compound III with chro-
matography. In some embodiments, the first reductive treat-
ment agent is NaBH,,, LiAlH, or DIBAH, and the alcohol is
ethanol. In some embodiments, the hydrocarbon solvent is
n-pentane, n-hexane or n-heptane. In some embodiments,
the second reductive treatment agent is bis(pinacolato)dibo-
rane.

b. Nanoparticle Formation/Adduct Inhibition

Also provided are methods for inhibiting the formation of
ionizable lipid-polynucleotide adduct impurity in a compo-
sition of lipid nanoparticles, said composition comprising
ionizable lipids and polynucleotides.

Some embodiments comprise combining a first prepara-
tion and a second preparation to form a lipid nanoparticle
composition, wherein the first preparation comprises ioniz-
able lipids and the second preparation comprises polynucle-
otides, wherein one or both of the ionizable lipid and
polynucleotide preparations has been treated with a reducing
agent, a chelating agent, or a combination thereof prior to the
combining step. Thus, some embodiments comprise a prepa-
ration comprising ionizable lipids (optionally without the
presence of a polynucleotide) and a reducing agent, a
chelating agent, or a combination thereof. Some embodi-
ments comprise a preparation comprising a polynucleotide
(optionally without the presence of an ionizable lipid) and a
reducing agent, a chelating agent, or a combination thereof.
Some embodiments comprise a composition comprising an
ionizable lipid, a polynucleotide, and a reducing agent, a
chelating agent, or a combination thereof.

Some embodiments comprise treating a lipid nanoparticle
composition with a reducing agent, a chelating agent, or a
combination thereof.

Some embodiments comprise both (i) treating one or both
of a lipid preparation and a polynucleotide formulation with
a reducing agent, a chelating agent, or a combination thereof
prior to lipid nanoparticle formation, and then (ii) treating
the lipid nanoparticle composition with a reducing agent, a
chelating agent, and a combination thereof.

Exemplary chelating agents include, but are not limited
to, immobilized iminodiacetic acid.

Reducing agents can be immobilized or free reducing
agents. Exemplary immobilized reducing agents include, but
are not limited to Si-DPP (immobilized diphenylphosphine
on silica, from Silicycle (product name SiliaBond Diphe-
nylphosphine)), Ag-Thiol (immobilized thiol on agarose,
from Pierce (product name Reduce-Imm Immobilized
Reductant Columns)), Si-Cysteine (immobilized cysteine on
silica, from Silicycle (product name SiliaMetS Cysteine)),
and Si-Thiol (immobilized thiol on silica, from Silicycle
(product name SiliaMetS Thiol).

Exemplary free reducing agents (which includes free
antioxidants) include, but are not limited to, potassium
metabisulfite, sodium thioglycolate, TCEP, sodium thiosul-
fate, N-acetyl cysteine, glutathione, DTT, cystamine, DTE,
DDT, homocysteine, and lipoic acid.

Some embodiments comprise limiting the amount of time
the polynucleotide, lipid, and/or lipid nanoparticle is
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exposed to an acidic environment (e.g., a pH of 7 or less,
such as a pH of 6 or less, 5 or less, or 4 or less). In some
embodiments, the polynucleotide, lipid, and/or lipid nan-
oparticle is exposed to an acidic environment for a period of
5 minutes or less, such as 4 minutes or less, 3 minutes or
less, 2 minutes or less, 1 minute or less, 45 seconds or less,
30 seconds or less, 25 seconds or less, 20 seconds or less, 15
seconds or less, 10 seconds or less, or 5 seconds or less.

In some embodiments, mRNA is loaded into a lipid
nanoparticle using a post-hoc loading process, e.g., as dis-
closed in W0O/2020/160397, which is incorporated herein by
reference in its entirety. In some embodiments, the mRNA
is exposed to an acidic environment (e.g., pH<pKa of
ionizable lipid) for about 5 minutes or less, such as 4 minutes
or less, 3 minutes or less, 2 minutes or less, 1 minute or less,
45 seconds or less, 30 seconds or less, 25 seconds or less, 20
seconds or less, 15 seconds or less, 10 seconds or less, or 5
seconds or less before neutralization. 10 seconds is the
minimum. In some embodiments, the mRNA is exposed to
an acidic environment for at least 10 seconds, such as from
10 seconds to 5 minutes, 10 seconds to 2 minutes, 10
seconds to 1 minute, or 10 seconds to 30 seconds.

Some embodiments comprise adjusting the pH of a lipid
nanoparticle composition to about 7.0 to about 9.0, such as
about 7.4 or 7.5 Some embodiments include treating mix-
tures of ionizable lipids and polynucleotides with TRIS
(tris(hydroxymethyl)aminomethane) buffer at a pH of
between about 7.0 and 9.0 or at about 7.4 or at about 7.5.
Thus, some embodiments comprise a LNP composition at a
pH of about 7.0 to about 9.0, e.g., in a TRIS buffer at a pH
of 7.4 or 7.5.

In some embodiments, the method further involves reduc-
ing the amount of transition metals in the preparation to less
than about 500 ppm or to less than about 250 ppm or to less
than about 100 ppm, or to less than about 50 ppm. In some
embodiments, the method further involves reducing the
amount of transition metals in the preparation to less than
500 ppm, less than 250 ppm, less than 100 ppm, or less than
50 ppm. In some embodiments, the method further involves
reducing the amount of transition metals in the preparation
to between 5 ppm and 500 ppm, between 25 ppm and 250
ppm, or between 50 and 100 ppm. In some embodiments, the
method further involves reducing the amount of transition
metals in the preparation between O ppm and 50 ppm,
between 50 ppm and 100 ppm, between 100 ppm and 200
ppm, between 200 ppm and 300 ppm, between 300 ppm and
400 ppm, or between 400 ppm and 500 ppm. In some
embodiments, each ionizable lipid comprises at least one
tertiary amino group that is capable of being oxidized.
Exemplary transition metals include, but are not limited to,
Pd, Cu, Fe, Ni, Pb, and Mn.

In some embodiments, the method further involves stor-
ing the lipid nanoparticle composition at a temperature at
about 25° C. or below, or at about 5° C. or below, or at about
-20° C. or below. In some embodiments, the lipid nanopar-
ticle composition is stored at a temperature at about 25° C.
or below, or at about 5° C. or below, or at about —20° C. or
below. In some embodiments, the composition is stored for
at least 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 1 week,
2 weeks, 3 weeks, 1 month, 2 months, 3 months, or
indefinitely.

Some embodiments comprise a composition that has a 5%
or less increase in ionizable lipid-polynucleotide adduct
impurity (e.g., 4%, 3%, 2%, 1%, or 0.5% or less) at storage
for a period of 1 month or more (e.g., 2 months, 3 months,
4 months, 5 months, 6 months, 9 months, or 12 months or
more). In some embodiments, the storage is at a temperature
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of about 0° C. or more, such as 2° C., 5° C.,, 8° C,, 10° C.,
15° C,, 20° C., or 25° C. (see, e.g., FIG. 20, showing
experimental results demonstrating stability). In some
embodiments the composition has 1% or less increase in
ionizable lipid-polynucleotide adduct impurity after storage
for 3 months or more at 5° C.

In some embodiments, the methods and/or compositions
are useful for inhibiting the formation of N-oxides in a
preparation of ionizable lipids and/or lipid nanoparticles. In
some embodiments, the N-oxide is an N-oxide of the ion-
izable lipid.

In some embodiments, the methods and/or compositions
are useful for inhibiting the formation of lipid aldehydes in
a preparation of ionizable lipids and/or lipid nanoparticles.
In some embodiments, the lipid aldehydes comprise one or
more compounds having an aldehyde group and a straight or
branched Cg_;, saturated or unsaturated carbon chain option-
ally interrupted by one or more —C(O)O— ester groups.

In some embodiments, the methods and/or compositions
are useful for inhibiting an reaction of lipid aldehydes with
polynucleotides in a mixture of ionizable lipids and poly-
nucleotides. In some embodiments, the methods and/or
compositions are useful for inhibiting adduct impurity or
reduces the amount of adduct impurity as compared to a
control composition (e.g., where in the control composition
neither the first nor second preparation has been treated with
a reducing agent or a chelating agent).

g. Methods of Use

The polynucleotides, pharmaceutical compositions and
formulations described herein are used in the preparation,
manufacture and therapeutic use to treat and/or prevent a
disease or condition. Thus, some embodiments include
methods of treating and/or preventing a disease or condition,
comprising administering to a subject in need thereof an
LNP composition disclosed herein.

The LNP compositions are particularly well suited for the
treatment of a disease or condition in a subject in which the
disease or condition is associated with a mutant or aberrantly
expressed mRNA. In this regard, the LNP composition used
in the method of treatment or prevention comprises a
functional version of the mRNA and administration of the
LNP composition to the subject allows for the intracellular
deliver of the mRNA followed by de novo synthesis of
functional polypeptide encoded by the mRNA within target
cells. Thus, provided herein is a method of treating and/or
preventing a disease or condition, comprising administering
to a subject in need thereof a therapeutically effective
amount of an LNP composition described herein, wherein
the disease or condition is associated with a mutant or
aberrantly expressed mRNA, and wherein the LNP compo-
sition comprises a functional version of the mRNA. The
skilled artisan will understand that a “functional mRNA” is
an mRNA that is expressed in a cell and is translated to
produce a functional polypeptide.

5. Definitions

In order that the present disclosure can be more readily
understood, certain terms are first defined. As used in this
application, except as otherwise expressly provided herein,
each of the following terms shall have the meaning set forth
below. Additional definitions are set forth throughout the
application.

The disclosure includes embodiments in which exactly
one member of the group is present in, employed in, or
otherwise relevant to a given product or process. The
disclosure includes embodiments in which more than one, or
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all of the group members are present in, employed in, or
otherwise relevant to a given product or process.

In this specification and the appended claims, the singular
forms “a”, “an” and “the” include plural referents unless the
context clearly dictates otherwise. The terms “a” (or “an”),
as well as the terms “one or more,” and “at least one” can
be used interchangeably herein. In certain aspects, the term
“a” or “an” means “single.” In other aspects, the term
“an” includes “two or more” or “multiple.”

Furthermore, “and/or” where used herein is to be taken as
specific disclosure of each of the two specified features or
components with or without the other. Thus, the term
“and/or” as used in a phrase such as “A and/or B” herein is
intended to include “A and B,” “A or B,” “A” (alone), and
“B” (alone). Likewise, the term “and/or” as used in a phrase
such as “A, B, and/or C” is intended to encompass each of
the following aspects: A, B, and C; A, B, or C; Aor C; Aor
B; B or C; Aand C; A and B; B and C; A (alone); B (alone);
and C (alone).

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure is related. For example, the Concise Dictionary of
Biomedicine and Molecular Biology, Juo, Pei-Show, 2nd
ed., 2002, CRC Press; The Dictionary of Cell and Molecular
Biology, 3rd ed., 1999, Academic Press; and the Oxford
Dictionary Of Biochemistry And Molecular Biology,
Revised, 2000, Oxford University Press, provide one of skill
with a general dictionary of many of the terms used in this
disclosure.

Wherever aspects are described herein with the language
“comprising,” otherwise analogous aspects described in
terms of “consisting of” and/or “consisting essentially of”
are also provided.

Units, prefixes, and symbols are denoted in their Systeme
International de Unites (SI) accepted form. Numeric ranges
are inclusive of the numbers defining the range. Where a
range of values is recited, it is to be understood that each
intervening integer value, and each fraction thereof, between
the recited upper and lower limits of that range is also
specifically disclosed, along with each subrange between
such values. The upper and lower limits of any range can
independently be included in or excluded from the range,
and each range where either, neither or both limits are
included is also encompassed within the disclosure. Where
a value is explicitly recited, it is to be understood that values,
which are about the same quantity or amount as the recited
value are also within the scope. Where a combination is
disclosed, each subcombination of the elements of that
combination is also specifically disclosed and is within the
scope of the disclosure. Conversely, where different ele-
ments or groups of elements are individually disclosed,
combinations thereof are also disclosed. Where any element
is disclosed as having a plurality of alternatives, examples of
that disclosure in which each alternative is excluded singly
or in any combination with the other alternatives are also
hereby disclosed; more than one element of a disclosure can
have such exclusions, and all combinations of elements
having such exclusions are hereby disclosed.

Nucleotides are referred to by their commonly accepted
single-letter codes. Unless otherwise indicated, nucleic acids
are written left to right in 5' to 3' orientation. Nucleobases
are referred to herein by their commonly known one-letter
symbols recommended by the IUPAC-IUB Biochemical
Nomenclature Commission. Accordingly, A represents
adenine, C represents cytosine, G represents guanine, T
represents thymine, U represents uracil.

TRt}

a’ or
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About: The term “about” as used in connection with a
numerical value throughout the specification and the claims
denotes an interval of accuracy, familiar and acceptable to a
person skilled in the art. Unless otherwise understood in the
art, such interval of accuracy is +10%.

As used herein, the term “alkyl”, “alkyl group”, or
“alkylene” means a linear or branched, saturated hydrocar-
bon including one or more carbon atoms (e.g., one, two,
three, four, five, six, seven, eight, nine, ten, eleven, twelve,
thirteen, fourteen, fifteen, sixteen, seventeen, eighteen, nine-
teen, twenty, or more carbon atoms), which is optionally
substituted. The notation “C, _,, alkyl” means an optionally
substituted linear or branched, saturated hydrocarbon
including 1-14 carbon atoms. Unless otherwise specified, an
alkyl group described herein refers to both unsubstituted and
substituted alkyl groups.

As used herein, the term “alkenyl”, “alkenyl group”, or
“alkenylene” means a linear or branched hydrocarbon
including two or more carbon atoms (e.g., two, three, four,
five, six, seven, eight, nine, ten, eleven, twelve, thirteen,
fourteen, fifteen, sixteen, seventeen, eighteen, nineteen,
twenty, or more carbon atoms) and at least one double bond,
which is optionally substituted. The notation “C,_, , alkenyl”
means an optionally substituted linear or branched hydro-
carbon including 2-14 carbon atoms and at least one carbon-
carbon double bond. An alkenyl group may include one,
two, three, four, or more carbon-carbon double bonds. For
example, C18 alkenyl may include one or more double
bonds. A C18 alkenyl group including two double bonds
may be a linoleyl group. Unless otherwise specified, an
alkenyl group described herein refers to both unsubstituted
and substituted alkenyl groups.

As used herein, the term “alkynyl”, “alkynyl group”, or
“alkynylene” means a linear or branched hydrocarbon
including two or more carbon atoms (e.g., two, three, four,
five, six, seven, eight, nine, ten, eleven, twelve, thirteen,
fourteen, fifteen, sixteen, seventeen, eighteen, nineteen,
twenty, or more carbon atoms) and at least one carbon-
carbon triple bond, which is optionally substituted. The
notation “C,_,, alkynyl” means an optionally substituted
linear or branched hydrocarbon including 2-14 carbon atoms
and at least one carbon-carbon triple bond. An alkynyl group
may include one, two, three, four, or more carbon-carbon
triple bonds. For example, C18 alkynyl may include one or
more carbon-carbon triple bonds. Unless otherwise speci-
fied, an alkynyl group described herein refers to both unsub-
stituted and substituted alkynyl groups.

As used herein, the term “carbocycle” or “carbocyclic
group” means an optionally substituted mono- or multi-
cyclic system including one or more rings of carbon atoms.
Rings may be three, four, five, six, seven, eight, nine, ten,
eleven, twelve, thirteen, fourteen, fifteen, sixteen, seventeen,
eighteen, nineteen, or twenty membered rings. The notation
“C,_¢ carbocycle” means a carbocycle including a single
ring having 3-6 carbon atoms. Carbocycles may include one
or more carbon-carbon double or triple bonds and may be
non-aromatic or aromatic (e.g., cycloalkyl or aryl groups).
Examples of carbocycles include cyclopropyl, cyclopentyl,
cyclohexyl, phenyl, naphthyl, and 1,2 dihydronaphthyl
groups. The term “cycloalkyl” as used herein means a
non-aromatic carbocycle and may or may not include any
double or triple bond. Unless otherwise specified, carbo-
cycles described herein refers to both unsubstituted and
substituted carbocycle groups, i.e., optionally substituted
carbocycles.

As used herein, the term “heterocycle” or “heterocyclic
group” means an optionally substituted mono- or multi-
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cyclic system including one or more rings, where at least one
ring includes at least one heteroatom. Heteroatoms may be,
for example, nitrogen, oxygen, or sulfur atoms. Rings may
be three, four, five, six, seven, eight, nine, ten, eleven,
twelve, thirteen, or fourteen membered rings. Heterocycles
may include one or more double or triple bonds and may be
non-aromatic or aromatic (e.g., heterocycloalkyl or het-
eroaryl groups). Examples of heterocycles include imida-
zolyl, imidazolidinyl, oxazolyl, oxazolidinyl, thiazolyl, thi-
azolidinyl, pyrazolidinyl, pyrazolyl, isoxazolidinyl,
isoxazolyl, isothiazolidinyl, isothiazolyl, morpholinyl, pyr-
rolyl, pyrrolidinyl, furyl, tetrahydrofuryl, thiophenyl, pyridi-
nyl, piperidinyl, quinolyl, and isoquinolyl groups. The term
“heterocycloalkyl” as used herein means a non-aromatic
heterocycle and may or may not include any double or triple
bond. Unless otherwise specified, heterocycles described
herein refers to both unsubstituted and substituted hetero-
cycle groups, i.e., optionally substituted heterocycles.

As used herein, the term “heteroalkyl”, “heteroalkenyl”,
or “heteroalkynyl”, refers respectively to an alkyl, alkenyl,
alkynyl group, as defined herein, which further comprises
one or more (e.g., 1, 2, 3, or 4) heteroatoms (e.g., oxygen,
sulfur, nitrogen, boron, silicon, phosphorus) wherein the one
or more heteroatoms is inserted between adjacent carbon
atoms within the parent carbon chain and/or one or more
heteroatoms is inserted between a carbon atom and the
parent molecule, i.e., between the point of attachment.
Unless otherwise specified, heteroalkyls, heteroalkenyls, or
heteroalkynyls described herein refers to both unsubstituted
and substituted heteroalkyls, heteroalkenyls, or heteroalky-
nyls, i.e., optionally substituted heteroalkyls, heteroalkenyls,
or heteroalkynyls.

As used herein, a “biodegradable group” is a group that
may facilitate faster metabolism of a lipid in a mammalian
entity. A biodegradable group may be selected from the
group consisting of, but is not limited to, —C(O)O—,
—0C(0)—, —C(O)NR)—, —NR)HC(O)—, —C(O)—,
—C(S8)— —C(S)S—, —SC(S)—, —CH(OH)—, —P(O)
(OR")YO—, —S(0),—, an aryl group, and a heteroaryl group.
As used herein, an “aryl group” is an optionally substituted
carbocyclic group including one or more aromatic rings.
Examples of aryl groups include phenyl and naphthyl
groups. As used herein, a “heteroaryl group” is an optionally
substituted heterocyclic group including one or more aro-
matic rings. Examples of heteroaryl groups include pyrrolyl,
furyl, thiophenyl, imidazolyl, oxazolyl, and thiazolyl. Both
aryl and heteroaryl groups may be optionally substituted.
For example, M and M' can be selected from the non-
limiting group consisting of optionally substituted phenyl,
oxazole, and thiazole. In the formulas herein, M and M' can
be independently selected from the list of biodegradable
groups above. Unless otherwise specified, aryl or heteroaryl
groups described herein refers to both unsubstituted and
substituted groups, i.e., optionally substituted aryl or het-
eroaryl groups.

Alkyl, alkenyl, and cyclyl (e.g., carbocyclyl and hetero-
cyclyl) groups may be optionally substituted unless other-
wise specified. Optional substituents may be selected from
the group consisting of, but are not limited to, a halogen
atom (e.g., a chloride, bromide, fluoride, or iodide group), a
carboxylic acid (e.g., C(O)OH), an alcohol (e.g., a hydroxyl,
OH), an ester (e.g., C(O)OR OC(O)R), an aldehyde (e.g.,
C(O)H), a carbonyl (e.g., C(O)R, alternatively represented
by C=0), an acyl halide (e.g., C(O)X, in which X is a halide
selected from bromide, fluoride, chloride, and iodide), a
carbonate (e.g., OC(O)OR), an alkoxy (e.g., OR), an acetal
(e.g., C(OR),R", in which each OR are alkoxy groups that
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can be the same or different and R" is an alkyl or alkenyl
group), a phosphate (e.g., P(0),>"), a thiol (e.g., SH), a
sulfoxide (e.g., S(O)R), a sulfinic acid (e.g., S(O)OH), a
sulfonic acid (e.g., S(O),0OH), a thial (e.g., C(S)H), a sulfate
(e.g., S(0),>), a sulfonyl (e.g., S(O),), an amide (e.g.,
C(O)NR?, or N(R)C(O)R), an azido (e.g., N,), a nitro (e.g.,
NO,), acyano (e.g., CN), an isocyano (e.g., NC), an acyloxy
(e.g., OC(O)R), an amino (e.g., NR,, NRH, or NH,), a
carbamoyl (e.g., OC(O)NR?, OC(O)NRH, or OC(O)NH,), a
sulfonamide (e.g., S(O),NR?, S(O),NRH, S(0),NH,, N(R)
S(O),R, N(H)S(O),R, N(R)S(O),H, or N(H)S(O),H), an
alkyl group, an alkenyl group, and a cyclyl (e.g., carbocyclyl
or heterocyclyl) group. In any of the preceding, R is an alkyl
or alkenyl group, as defined herein. In some embodiments,
the substituent groups themselves may be further substituted
with, for example, one, two, three, four, five, or six sub-
stituents as defined herein. For example, a C, 4 alkyl group
may be further substituted with one, two, three, four, five, or
six substituents as described herein.

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,
or a pig). In some embodiments, animals include, but are not
limited to, mammals, birds, reptiles, amphibians, fish, and
worms. In some embodiments, the animal is a transgenic
animal, genetically-engineered animal, or a clone.

Approximately: As used herein, the term “approxi-
mately,” as applied to one or more values of interest, refers
to a value that is similar to a stated reference value. In certain
embodiments, the term “approximately” 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).

When used with respect to two or more moieties, the
terms “linked” and “attached,” when used with respect to
two or more moieties, means that the moieties are physically
associated or connected with one another, either directly or
via one or more additional moieties that serves as a linking
agent, to form a structure that is sufficiently stable so that the
moieties remain physically associated under the conditions
in which the structure is used, e.g., physiological conditions.
An “association” need not be strictly through direct covalent
chemical bonding. It can also suggest ionic or hydrogen
bonding or a hybridization based connectivity sufficiently
stable such that the “associated” entities remain physically
associated.

Biocompatible: As used herein, the term “biocompatible”
means compatible with living cells, tissues, organs or sys-
tems posing little to no risk of injury, toxicity or rejection by
the immune system.

Biodegradable: As used herein, the term “biodegradable”
means capable of being broken down into innocuous prod-
ucts by the action of living things.

Biologically active: As used herein, the phrase “biologi-
cally active” refers to a characteristic of any substance that
has activity in a biological system and/or organism. For
instance, a substance that, when administered to an organ-
ism, has a biological effect on that organism, is considered
to be biologically active. In particular embodiments, a
polynucleotide can be considered biologically active if even

—_

0

—_

5

20

25

30

40

45

60

92

a portion of the polynucleotide is biologically active or
mimics an activity considered biologically relevant.

Sequence Optimization: The term “sequence optimiza-
tion” refers to a process or series of processes by which
nucleobases in a reference nucleic acid sequence are
replaced with alternative nucleobases, resulting in a nucleic
acid sequence with improved properties, e.g., improved
protein expression or decreased immunogenicity.

In general, the goal in sequence optimization is to produce
a synonymous nucleotide sequence than encodes the same
polypeptide sequence encoded by the reference nucleotide
sequence. Thus, there are no amino acid substitutions (as a
result of codon optimization) in the polypeptide encoded by
the codon optimized nucleotide sequence with respect to the
polypeptide encoded by the reference nucleotide sequence.

Codon substitution: The terms “codon substitution” or
“codon replacement” in the context of sequence optimiza-
tion refer to replacing a codon present in a reference nucleic
acid sequence with another codon. A codon can be substi-
tuted in a reference nucleic acid sequence, for example, via
chemical peptide synthesis or through recombinant methods
known in the art. Accordingly, references to a “substitution”
or “replacement” at a certain location in a nucleic acid
sequence (e.g., an mRNA) or within a certain region or
subsequence of a nucleic acid sequence (e.g., an mRNA)
refer to the substitution of a codon at such location or region
with an alternative codon.

As used herein, the terms “coding region” and “region
encoding” and grammatical variants thereof, refer to an
Open Reading Frame (ORF) in a polynucleotide that upon
expression yields a polypeptide or protein.

Compound: As used herein, the term “compound,” is
meant to include all stereoisomers and isotopes of the
structure depicted. As used herein, the term “stereoisomer”
means any geometric isomer (e.g., cis- and trans-isomer),
enantiomer, or diastereomer of a compound. The present
disclosure encompasses any and all stereoisomers of the
compounds described herein, including stereomerically pure
forms (e.g., geometrically pure, enantiomerically pure, or
diastereomerically pure) and enantiomeric and stereoiso-
meric mixtures, e.g., racemates. Enantiomeric and stereo-
meric mixtures of compounds and means of resolving them
into their component enantiomers or stereoisomers are well-
known. “Isotopes” refers to atoms having the same atomic
number but different mass numbers resulting from a differ-
ent number of neutrons in the nuclei. For example, isotopes
of hydrogen include tritium and deuterium. Further, a com-
pound, salt, or complex can be prepared in combination with
solvent or water molecules to form solvates and hydrates by
routine methods.

Contacting: As used herein, the term “contacting” means
establishing a physical connection between two or more
entities. For example, contacting a mammalian cell with a
nanoparticle composition means that the mammalian cell
and a nanoparticle are made to share a physical connection.
Methods of contacting cells with external entities both in
vivo and ex vivo are well known in the biological arts. For
example, contacting a nanoparticle composition and a mam-
malian cell disposed within a mammal can be performed by
varied routes of administration (e.g., intravenous, intramus-
cular, intradermal, and subcutaneous) and can involve varied
amounts of nanoparticle compositions. Moreover, more than
one mammalian cell can be contacted by a nanoparticle
composition.

Cyclic or Cyclized: As used herein, the term “cyclic”
refers to the presence of a continuous loop. Cyclic molecules
need not be circular, only joined to form an unbroken chain
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of subunits. Cyclic molecules such as the engineered RNA
or mRNA can be single units or multimers or comprise one
or more components of a complex or higher order structure.

Delivering: As used herein, the term “delivering” means
providing an entity to a destination. For example, delivering
a polynucleotide to a subject can involve administering a
nanoparticle composition including the polynucleotide to
the subject (e.g., by an intravenous, intramuscular, intrad-
ermal, or subcutaneous route). Administration of a nanopar-
ticle composition to a mammal or mammalian cell can
involve contacting one or more cells with the nanoparticle
composition.

Delivery Agent: As used herein, “delivery agent” refers to
any substance that facilitates, at least in part, the in vivo, in
vitro, or ex vivo delivery of a polynucleotide to targeted
cells.

Diastereomer: As used herein, the term “diastereomer,”
means stereoisomers that are not mirror images of one
another and are non-superimposable on one another.

Digest: As used herein, the term “digest” means to break
apart into smaller pieces or components. When referring to
polypeptides or proteins, digestion results in the production
of peptides or polypeptide fragments.

Domain: As used herein, when referring to polypeptides,
the term “domain” refers to a motif of a polypeptide having
one or more identifiable structural or functional character-
istics or properties (e.g., binding capacity, serving as a site
for protein-protein interactions).

Enantiomer: As used herein, the term “enantiomer” means
each individual optically active form of a compound, having
an optical purity or enantiomeric excess (as determined by
methods standard in the art) of at least 80% (i.e., at least 90%
of one enantiomer and at most 10% of the other enantiomer),
at least 90%, or at least 98%.

Encapsulate: As used herein, the term “encapsulate”
means to enclose, surround or encase.

Engineered: As used herein, embodiments are “engi-
neered” when they are designed to have a feature or prop-
erty, whether structural or chemical, that varies from a
starting point, wild type or native molecule.

Enhanced Delivery: As used herein, the term “enhanced
delivery” means delivery of more (e.g., at least 1.5 fold
more, at least 2-fold more, at least 3-fold more, at least
4-fold more, at least 5-fold more, at least 6-fold more, at
least 7-fold more, at least 8-fold more, at least 9-fold more,
at least 10-fold more) of a polynucleotide by a nanoparticle
to a target tissue of interest (e.g., mammalian liver) com-
pared to the level of delivery of a polynucleotide by a control
nanoparticle to a target tissue of interest (e.g., MC3, KC2, or
DLinDMA). The level of delivery of a nanoparticle to a
particular tissue can be measured by comparing the amount
of protein produced in a tissue to the weight of said tissue,
comparing the amount of polynucleotide in a tissue to the
weight of said tissue, comparing the amount of protein
produced in a tissue to the amount of total protein in said
tissue, or comparing the amount of polynucleotide in a tissue
to the amount of total polynucleotide in said tissue. It will be
understood that the enhanced delivery of a nanoparticle to a
target tissue need not be determined in a subject being
treated, it can be determined in a surrogate such as an animal
model (e.g., a rat model).

Expression: As used herein, “expression” of a nucleic acid
sequence refers to one or more of the following events: (1)
production of an mRNA template from a DNA sequence
(e.g., by transcription); (2) processing of an mRNA tran-
script (e.g., by splicing, editing, 5' cap formation, and/or 3'
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end processing); (3) translation of an mRNA into a poly-
peptide or protein; and (4) post-translational modification of
a polypeptide or protein.

Ex Vivo: As used herein, the term “ex vivo” refers to
events that occur outside of an organism (e.g., animal, plant,
or microbe or cell or tissue thereof). Ex vivo events can take
place in an environment minimally altered from a natural
(e.g., in vivo) environment.

Feature: As used herein, a “feature” refers to a character-
istic, a property, or a distinctive element. When referring to
polypeptides, “features” are defined as distinct amino acid
sequence-based components of a molecule. Features of the
polypeptides encoded by the polynucleotides include sur-
face manifestations, local conformational shape, folds,
loops, half-loops, domains, half-domains, sites, termini or
any combination thereof.

Formulation: As used herein, a “formulation” includes at
least a polynucleotide and one or more of a carrier, an
excipient, and a delivery agent.

Fragment: A “fragment,” as used herein, refers to a
portion. For example, fragments of proteins can comprise
polypeptides obtained by digesting full-length protein iso-
lated from cultured cells. In some embodiments, a fragment
is a subsequences of a full length protein (e.g., ARG1)
wherein N-terminal, and/or C-terminal, and/or internal sub-
sequences have been deleted. In some preferred aspects, the
fragments of a protein are functional fragments.

Functional: As used herein, a “functional” biological
molecule is a biological molecule in a form in which it
exhibits a property and/or activity by which it is character-
ized. Thus, a functional fragment of a polynucleotide is a
polynucleotide capable of expressing a functional ARG1
fragment. As used herein, a functional fragment of ARG1
refers to a fragment of wild type ARG1 (i.e., a fragment of
any of its naturally occurring isoforms), or a mutant or
variant thereof, wherein the fragment retains a least about
10%, at least about 15%, at least about 20%, at least about
25%, at least about 30%, at least about 35%, at least about
40%, at least about 45%, at least about 50%, at least about
55%, at least about 60%, at least about 65%, at least about
70%, at least about 75%, at least about 80%, at least about
85%, at least about 90%, or at least about 95% of the
biological activity of the corresponding full length protein.

Immune response: The term “immune response” refers to
the action of, for example, lymphocytes, antigen presenting
cells, phagocytic cells, granulocytes, and soluble macromol-
ecules produced by the above cells or the liver (including
antibodies, cytokines, and complement) that results in selec-
tive damage to, destruction of, or elimination from the
human body of invading pathogens, cells or tissues infected
with pathogens, cancerous cells, or, in cases of autoimmu-
nity or pathological inflammation, normal human cells or
tissues. In some cases, the administration of a nanoparticle
comprising a lipid component and an encapsulated thera-
peutic agent can trigger an immune response, which can be
caused by (i) the encapsulated therapeutic agent (e.g., an
mRNA), (ii) the expression product of such encapsulated
therapeutic agent (e.g., a polypeptide encoded by the
mRNA), (iii) the lipid component of the nanoparticle, or (iv)
a combination thereof.

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, in a Petri dish, etc.,
rather than within an organism (e.g., animal, plant, or
microbe).
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In vivo: As used herein, the term “in vivo” refers to events
that occur within an organism (e.g., animal, plant, or
microbe or cell or tissue thereof).

Intact: As used herein, in the context of a polypeptide, the
term “intact” means retaining an amino acid corresponding
to the wild type protein, e.g., not mutating or substituting the
wild type amino acid. Conversely, in the context of a nucleic
acid, the term “intact” means retaining a nucleobase corre-
sponding to the wild type nucleic acid, e.g., not mutating or
substituting the wild type nucleobase.

Tonizable amino lipid: The term “ionizable amino lipid”
includes those lipids having one, two, three, or more fatty
acid or fatty alkyl chains and a pH-titratable amino head
group (e.g., an alkylamino or dialkylamino head group). An
ionizable amino lipid is typically protonated (i.e., positively
charged) at a pH below the pKa of the amino head group and
is substantially not charged at a pH above the pKa. Such
ionizable amino lipids include, but are not limited to DLin-
MC3-DMA (MC3) and (13Z,1657Z)—N,N-dimethyl-3-
nonydocosa-13-16-dien-1-amine (L608).

Isolated: As used herein, the term “isolated” refers to a
substance or entity that has been separated from at least
some of the components with which it was associated
(whether in nature or in an experimental setting). Isolated
substances (e.g., polynucleotides or polypeptides) can have
varying levels of purity in reference to the substances from
which they have been isolated. Isolated substances and/or
entities can be separated from at least about 10%, about
20%, about 30%, about 40%, about 50%, about 60%, about
70%, about 80%, about 90%, or more of the other compo-
nents with which they were initially associated. In some
embodiments, isolated substances are more than 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.

A polynucleotide, vector, polypeptide, cell, or any com-
position disclosed herein which is “isolated” is a polynucle-
otide, vector, polypeptide, cell, or composition which is in a
form not found in nature. Isolated polynucleotides, vectors,
polypeptides, or compositions include those which have
been purified to a degree that they are no longer in a form
in which they are found in nature. In some aspects, a
polynucleotide, vector, polypeptide, or composition which is
isolated is substantially pure.

Isomer: As used herein, the term “isomer” means any
tautomer, stereoisomer, enantiomer, or diastereomer of any
compound of the disclosure. It is recognized that the com-
pounds can have one or more chiral centers and/or double
bonds and, therefore, exist as stereoisomers, such as double-
bond isomers (i.e., geometric E/Z isomers) or diastereomers
(e.g., enantiomers (i.e., (+) or (-)) or cis/trans isomers).
According to the disclosure, the chemical structures
depicted herein, and therefore the compounds of the disclo-
sure, encompass all of the corresponding stereoisomers, that
is, both the stereomerically pure form (e.g., geometrically
pure, enantiomerically pure, or diastereomerically pure) and
enantiomeric and stereoisomeric mixtures, e.g., racemates.
Enantiomeric and stereoisomeric mixtures of compounds of
the disclosure can typically be resolved into their component
enantiomers or stereoisomers by well-known methods, such
as chiral-phase gas chromatography, chiral-phase high per-
formance liquid chromatography, crystallizing the com-
pound as a chiral salt complex, or crystallizing the com-
pound in a chiral solvent. Enantiomers and stereoisomers
can also be obtained from stereomerically or enantiomeri-
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cally pure intermediates, reagents, and catalysts by well-
known asymmetric synthetic methods.

Linker: As used herein, a “linker” refers to a group of
atoms, e.g., 10-1,000 atoms, and can be comprised of the
atoms or groups such as, but not limited to, carbon, amino,
alkylamino, oxygen, sulfur, sulfoxide, sulfonyl, carbonyl,
and imine. The linker can be attached to a modified nucleo-
side or nucleotide on the nucleobase or sugar moiety at a first
end, and to a payload, e.g., a detectable or therapeutic agent,
at a second end. The linker can be of sufficient length as to
not interfere with incorporation into a nucleic acid sequence.
The linker can be used for any useful purpose, such as to
form polynucleotide multimers (e.g., through linkage of two
or more chimeric polynucleotides molecules or IVT poly-
nucleotides) or polynucleotides conjugates, as well as to
administer a payload, as described herein. Examples of
chemical groups that can be incorporated into the linker
include, but are not limited to, alkyl, alkenyl, alkynyl,
amido, amino, ether, thioether, ester, alkylene, heteroal-
kylene, aryl, or heterocyclyl, each of which can be option-
ally substituted, as described herein. Examples of linkers
include, but are not limited to, unsaturated alkanes, poly-
ethylene glycols (e.g., ethylene or propylene glycol mono-
meric units, e.g., diethylene glycol, dipropylene glycol,
triethylene glycol, tripropylene glycol, tetraethylene glycol,
or tetraethylene glycol), and dextran polymers and deriva-
tives thereof. Other examples include, but are not limited to,
cleavable moieties within the linker, such as, for example, a
disulfide bond (—S—S—) or an azo bond (—N—N—),
which can be cleaved using a reducing agent or photolysis.
Non-limiting examples of a selectively cleavable bond
include an amido bond can be cleaved for example by the
use of tris(2-carboxyethyl)phosphine (TCEP), or other
reducing agents, and/or photolysis, as well as an ester bond
can be cleaved for example by acidic or basic hydrolysis.

Lipid: As generally defined herein, the term “lipid” refers
to a small molecule that has hydrophobic or amphiphilic
properties. Lipids may be naturally occurring or synthetic.
Examples of classes of lipids include, but are not limited to,
fats, waxes, sterol-containing metabolites, vitamins, fatty
acids, glycerolipids, glycerophospholipids, sphingolipids,
saccharolipids, polyketides, and prenol lipids. In some
instances, the amphiphilic properties of some lipids leads
them to form liposomes, vesicles, or membranes in aqueous
media.

Methods of Administration: As used herein, “methods of
administration” can include intravenous, intramuscular,
intradermal, subcutaneous, or other methods of delivering a
composition to a subject. A method of administration can be
selected to target delivery (e.g., to specifically deliver) to a
specific region or system of a body.

Modified: As used herein “modified” refers to a changed
state or structure of a molecule. Molecules can be modified
in many ways including chemically, structurally, and func-
tionally. In some embodiments, the mRNA molecules are
modified by the introduction of non-natural nucleosides
and/or nucleotides, e.g., as it relates to the natural ribonucle-
otides A, U, G, and C. Noncanonical nucleotides such as the
cap structures are not considered “modified” although they
differ from the chemical structure of the A, C, G, U ribo-
nucleotides.

Mucus: As used herein, “mucus” refers to the natural
substance that is viscous and comprises mucin glycopro-
teins.

Naturally occurring: As used herein, “naturally occurring”
means existing in nature without artificial aid.
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Nucleic acid sequence: The terms “nucleic acid
sequence,” “nucleotide sequence,” or “polynucleotide
sequence” are used interchangeably and refer to a contigu-
ous nucleic acid sequence. The sequence can be either single
stranded or double stranded DNA or RNA, e.g., an mRNA.

The term “nucleic acid,” in its broadest sense, includes
any compound and/or substance that comprises a polymer of
nucleotides. These polymers are often referred to as poly-
nucleotides. Exemplary nucleic acids or polynucleotides
include, but are not limited to, ribonucleic acids (RNAs),
deoxyribonucleic acids (DNAs), threose nucleic acids
(TNAs), glycol nucleic acids (GNAs), peptide nucleic acids
(PNAs), locked nucleic acids (LNAs, including LNA having
a B-D-ribo configuration, a-LNA having an a-L-ribo con-
figuration (a diastereomer of LNA), 2'-amino-LNA having a
2'-amino functionalization, and 2'-amino-o-LNA having a
2'-amino functionalization), ethylene nucleic acids (ENA),
cyclohexenyl nucleic acids (CeNA) or hybrids or combina-
tions thereof.

The phrase “nucleotide sequence encoding” refers to the
nucleic acid (e.g., an mRNA or DNA molecule) coding
sequence which encodes a polypeptide. The coding
sequence can further include initiation and termination sig-
nals operably linked to regulatory elements including a
promoter and polyadenylation signal capable of directing
expression in the cells of an individual or mammal to which
the nucleic acid is administered. The coding sequence can
further include sequences that encode signal peptides.

Off-target: As used herein, “off target” refers to any
unintended effect on any one or more target, gene, or cellular
transcript.

Open reading frame: As used herein, “open reading
frame” or “ORF” refers to a sequence which does not
contain a stop codon in a given reading frame.

Operably linked: As used herein, the phrase “operably
linked” refers to a functional connection between two or
more molecules, constructs, transcripts, entities, moieties or
the like.

Optionally substituted: Herein a phrase of the form
“optionally substituted X (e.g., optionally substituted alkyl)
is intended to be equivalent to “X, wherein X is optionally
substituted” (e.g., “alkyl, wherein said alkyl is optionally
substituted”). It is not intended to mean that the feature “X”
(e.g., alkyl) per se is optional.

Part: As used herein, a “part” or “region” of a polynucle-
otide is defined as any portion of the polynucleotide that is
less than the entire length of the polynucleotide.

Pharmaceutically acceptable: The phrase “pharmaceuti-
cally acceptable” is employed herein to refer to those
compounds, materials, compositions, and/or dosage forms
that are, within the scope of sound medical judgment,
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.

Pharmaceutically acceptable excipients: The phrase
“pharmaceutically acceptable excipient,” as used herein,
refers any ingredient other than the compounds described
herein (for example, a vehicle capable of suspending or
dissolving the active compound) and having the properties
of being substantially nontoxic and non-inflammatory in a
patient. Excipients can include, for example: antiadherents,
antioxidants, binders, coatings, compression aids, disinte-
grants, dyes (colors), emollients, emulsifiers, fillers (di-
luents), film formers or coatings, flavors, fragrances, gli-
dants (flow enhancers), lubricants, preservatives, printing
inks, sorbents, suspensing or dispersing agents, sweeteners,
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and waters of hydration. Exemplary excipients include, but
are not limited to: butylated hydroxytoluene (BHT), calcium
carbonate, calcium phosphate (dibasic), calcium stearate,
croscarmellose, crosslinked polyvinyl pyrrolidone, citric
acid, crospovidone, cysteine, ethylcellulose, gelatin,
hydroxypropyl cellulose, hydroxypropyl methylcellulose,
lactose, magnesium stearate, maltitol, mannitol, methionine,
methylcellulose, methyl paraben, microcrystalline cellulose,
polyethylene glycol, polyvinyl pyrrolidone, povidone,
pregelatinized starch, propyl paraben, retinyl palmitate,
shellac, silicon dioxide, sodium carboxymethyl cellulose,
sodium citrate, sodium starch glycolate, sorbitol, starch
(corn), stearic acid, sucrose, talc, titanium dioxide, vitamin
A, vitamin E, vitamin C, and xylitol.

Polynucleotide: The term “polynucleotide” as used herein
refers to polymers of nucleotides of any length, including
ribonucleotides, deoxyribonucleotides, analogs thereof, or
mixtures thereof. This term refers to the primary structure of
the molecule. Thus, the term includes triple-, double- and
single-stranded deoxyribonucleic acid (“DNA”), as well as
triple-, double- and single-stranded ribonucleic acid
(“RNA”). It also includes modified, for example by alky-
lation, and/or by capping, and unmodified forms of the
polynucleotide. More particularly, the term “polynucle-
otide” includes polydeoxyribonucleotides (containing 2-de-
oxy-D-ribose), polyribonucleotides (containing D-ribose),
including tRNA, rRNA, hRNA, siRNA and mRNA, whether
spliced or unspliced, any other type of polynucleotide which
is an N- or C-glycoside of a purine or pyrimidine base, and
other polymers containing normucleotidic backbones, for
example, polyamide (e.g., peptide nucleic acids “PNAs”)
and polymorpholino polymers, and other synthetic
sequence-specific nucleic acid polymers providing that the
polymers contain nucleobases in a configuration which
allows for base pairing and base stacking, such as is found
in DNA and RNA. In particular aspects, the polynucleotide
comprises an mRNA. In other aspect, the mRNA is a
synthetic mRNA. In some aspects, the synthetic mRNA
comprises at least one unnatural nucleobase. In some
aspects, all nucleobases of a certain class have been replaced
with unnatural nucleobases (e.g., all uridines in a polynucle-
otide disclosed herein can be replaced with an unnatural
nucleobase, e.g., S-methoxyuridine). In some aspects, the
polynucleotide (e.g., a synthetic RNA or a synthetic DNA)
comprises only natural nucleobases, i.e., A (adenosine), G
(guanosine), C (cytidine), and T (thymidine) in the case of
a synthetic DNA, or A, C, G, and U (uridine) in the case of
a synthetic RNA.

The skilled artisan will appreciate that the T bases in the
codon maps disclosed herein are present in DNA, whereas
the T bases would be replaced by U bases in corresponding
RNAs. For example, a codon-nucleotide sequence disclosed
herein in DNA form, e.g., a vector or an in-vitro translation
(IVT) template, would have its T bases transcribed as U
bases in its corresponding transcribed mRNA. In this
respect, both codon-optimized DNA sequences (comprising
T) and their corresponding mRNA sequences (comprising
U) are considered codon-optimized nucleotide sequence. A
skilled artisan would also understand that equivalent codon-
maps can be generated by replaced one or more bases with
non-natural bases. Thus, e.g., a TTC codon (DNA map)
would correspond to a UUC codon (RNA map), which in
turn would correspond to a WWC codon (RNA map in which
U has been replaced with pseudouridine).

Standard A-T and G-C base pairs form under conditions
which allow the formation of hydrogen bonds between the
N3-H and C4-oxy of thymidine and the N1 and C6-NH2,
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respectively, of adenosine and between the C2-oxy, N3 and
C4-NH2, of cytidine and the C2-NH2, N'—H and C6-oxy,
respectively, of guanosine. Thus, for example, guanosine
(2-amino-6-oxy-9-f-D-ribofuranosyl-purine) can be modi-
fied to form isoguanosine (2-oxy-6-amino-9-f-D-ribofura-
nosyl-purine). Such modification results in a nucleoside base
which will no longer effectively form a standard base pair
with cytosine. However, modification of cytosine (1-f-D-
ribofuranosyl-2-oxy-4-amino-pyrimidine) to form isocyto-
sine (1-B-D-ribofuranosyl-2-amino-4-oxy-pyrimidine-)
results in a modified nucleotide which will not effectively
base pair with guanosine but will form a base pair with
isoguanosine (U.S. Pat. No. 5,681,702 to Collins et al.).
Isocytosine is available from Sigma Chemical Co. (St.
Louis, Mo.); isocytidine can be prepared by the method
described by Switzer et al. (1993) Biochemistry 32:10489-
10496 and references cited therein; 2'-deoxy-5-methyl-iso-
cytidine can be prepared by the method of Tor et al., 1993,
J. Am. Chem. Soc. 115:4461-4467 and references cited
therein; and isoguanine nucleotides can be prepared using
the method described by Switzer et al., 1993, supra, and
Mantsch et al., 1993, Biochem. 14:5593-5601, or by the
method described in U.S. Pat. No. 5,780,610 to Collins et al.
Other nonnatural base pairs can be synthesized by the
method described in Piccirilli et al., 1990, Nature 343:33-37,
for the synthesis of 2,6-diaminopyrimidine and its comple-
ment (1-methylpyrazolo-[4,3]pyrimidine-5,7-(4H,6H)-di-
one. Other such modified nucleotide units which form
unique base pairs are known, such as those described in
Leach et al. (1992) J. Am. Chem. Soc. 114:3675-3683 and
Switzer et al., supra.

Polypeptide: The terms ‘“polypeptide,” “peptide,” and
“protein” are used interchangeably herein to refer to poly-
mers of amino acids of any length. The polymer can
comprise modified amino acids. The terms also encompass
an amino acid polymer that has been modified naturally or
by intervention; for example, disulfide bond formation,
glycosylation, lipidation, acetylation, phosphorylation, or
any other manipulation or modification, such as conjugation
with a labeling component. Also included within the defi-
nition are, for example, polypeptides containing one or more
analogs of an amino acid (including, for example, unnatural
amino acids such as homocysteine, ornithine, p-acetylphe-
nylalanine, D-amino acids, and creatine), as well as other
modifications known in the art.

The term “polypeptide”, as used herein, refers to proteins,
polypeptides, and peptides of any size, structure, or function.
Polypeptides include encoded polynucleotide products,
naturally occurring polypeptides, synthetic polypeptides,
homologs, orthologs, paralogs, fragments and other equiva-
lents, variants, and analogs of the foregoing. A polypeptide
can be a monomer or can be a multi-molecular complex such
as a dimer, trimer or tetramer. They can also comprise single
chain or multichain polypeptides. Most commonly disulfide
linkages are found in multichain polypeptides. The term
polypeptide can also apply to amino acid polymers in which
one or more amino acid residues are an artificial chemical
analogue of a corresponding naturally occurring amino acid.
In some embodiments, a “peptide” can be less than or equal
to 50 amino acids long, e.g., about 5, 10, 15, 20, 25, 30, 35,
40, 45, or 50 amino acids long.

Pseudouridine: As used herein, pseudouridine (W) refers
to the C-glycoside isomer of the nucleoside uridine. A
“pseudouridine analog” is any modification, variant, isoform
or derivative of pseudouridine. For example, pseudouridine
analogs include but are not limited to 1-carboxymethyl-
pseudouridine, 1-propynyl-pseudouridine, 1-taurinomethyl-
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pseudouridine, 1-taurinomethyl-4-thio-pseudouridine,
1-methylpseudouridine (m1y) (also known as N1-methyl-
pseudouridine), 1-methyl-4-thio-pseudouridine (mls4v)),
4-thio-1-methyl-pseudouridine, 3-methyl-pseudouridine
(m31)), 2-thio-1-methyl-pseudouridine, 1-methyl-1-deaza-
pseudouridine, 2-thio-1-methyl-1-deaza-pseudouridine,
dihydropseudouridine, 2-thio-dihydropseudouridine,
2-methoxyuridine, 2-methoxy-4-thio-uridine, 4-methoxy-
pseudouridine, 4-methoxy-2-thio-pseudouridine, 1-methyl-
3-(3-amino-3-carboxypropyl)pseudouridine (acp3 ), and
2'-O-methyl-pseudouridine ({m).

Purified: As used herein, “purify,” “purified,” “purifica-
tion” means to make substantially pure or clear from
unwanted components, material defilement, admixture or
imperfection. When “purified” is used in relation to a
polynucleotide such as a “purified polynucleotide” refers to
one that is separated from at least one contaminant. As used
herein, a “contaminant” is any substance that makes another
unfit, impure or inferior. Thus, a purified polynucleotide
(e.g., DNA and RNA) is present in a form or setting different
from that in which it is found in nature, or a form or setting
different from that which existed prior to subjecting it to a
treatment or purification method.

Reference Nucleic Acid Sequence: The term “reference
nucleic acid sequence” or “reference nucleic acid” or “ref-
erence nucleotide sequence” or “reference sequence” refers
to a starting nucleic acid sequence (e.g., a RNA, e.g., an
mRNA sequence) that can be sequence optimized. In some
embodiments, the reference nucleic acid sequence is a wild
type nucleic acid sequence, a fragment or a variant thereof.
In some embodiments, the reference nucleic acid sequence
is a previously sequence optimized nucleic acid sequence.

Salts: In some aspects, the pharmaceutical composition
for delivery disclosed herein and comprises salts of some of
their lipid constituents. The term “salt” includes any anionic
and cationic complex. Non-limiting examples of anions
include inorganic and organic anions, e.g., fluoride, chloride,
bromide, iodide, oxalate (e.g., hemioxalate), phosphate,
phosphonate, hydrogen phosphate, dihydrogen phosphate,
oxide, carbonate, bicarbonate, nitrate, nitrite, nitride,
bisulfite, sulfide, sulfite, bisulfate, sulfate, thiosulfate,
hydrogen sulfate, borate, formate, acetate, benzoate, citrate,
tartrate, lactate, acrylate, polyacrylate, fumarate, maleate,
itaconate, glycolate, gluconate, malate, mandelate, tiglate,
ascorbate, salicylate, polymethacrylate, perchlorate, chlo-
rate, chlorite, hypochlorite, bromate, hypobromite, iodate,
an alkylsulfonate, an arylsulfonate, arsenate, arsenite, chro-
mate, dichromate, cyanide, cyanate, thiocyanate, hydroxide,
peroxide, permanganate, and mixtures thereof.

Sample: As used herein, the term “sample” or “biological
sample” refers to a subset of its tissues, cells or component
parts (e.g., body fluids, including but not limited to blood,
mucus, lymphatic fluid, synovial fluid, cerebrospinal fluid,
saliva, amniotic fluid, amniotic cord blood, urine, vaginal
fluid and semen). A sample further can include a homoge-
nate, lysate or extract prepared from a whole organism or a
subset of its tissues, cells or component parts, or a fraction
or portion thereof, including but not limited to, for example,
plasma, serum, spinal fluid, lymph fluid, the external sec-
tions of the skin, respiratory, intestinal, and genitourinary
tracts, tears, saliva, milk, blood cells, tumors, organs. A
sample further refers to a medium, such as a nutrient broth
or gel, which can contain cellular components, such as
proteins or nucleic acid molecule.

2 <
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Single unit dose: As used herein, a “single unit dose” is a
dose of any therapeutic administered in one dose/at one
time/single route/single point of contact, i.e., single admin-
istration event.

Stable: As used herein “stable” refers to a compound that
is sufficiently robust to survive isolation to a useful degree
of purity from a reaction mixture, and in some cases capable
of formulation into an efficacious therapeutic agent.

Stabilized: As used herein, the term “stabilize,” “stabi-
lized,” “stabilized region” means to make or become stable.

Subject: By “subject” or “individual” or “animal” or
“patient” or “mammal,” is meant any subject, particularly a
mammalian subject, for whom diagnosis, prognosis, or
therapy is desired. Mammalian subjects include, but are not
limited to, humans, domestic animals, farm animals, zoo
animals, sport animals, pet animals such as dogs, cats,
guinea pigs, rabbits, rats, mice, horses, cattle, cows; pri-
mates such as apes, monkeys, orangutans, and chimpanzees;
canids such as dogs and wolves; felids such as cats, lions,
and tigers; equids such as horses, donkeys, and zebras;
bears, food animals such as cows, pigs, and sheep; ungulates
such as deer and giraffes; rodents such as mice, rats, ham-
sters and guinea pigs; and so on. In certain embodiments, the
mammal is a human subject. In other embodiments, a
subject is a human patient. In a particular embodiment, a
subject is a human patient in need of treatment.

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

Synthetic: The term “synthetic” means produced, pre-
pared, and/or manufactured by the hand of man. Synthesis of
polynucleotides or other molecules can be chemical or
enzymatic.

Targeted Cells: As used herein, “targeted cells” refers to
any one or more cells of interest. The cells can be found in
vitro, in vivo, in situ or in the tissue or organ of an organism.
The organism can be an animal, for example a mammal, a
human, a subject or a patient.

Target tissue: As used herein “target tissue” refers to any
one or more tissue types of interest in which the delivery of
a polynucleotide would result in a desired biological and/or
pharmacological effect. Examples of target tissues of interest
include specific tissues, organs, and systems or groups
thereof. In particular applications, a target tissue can be a
liver, a kidney, a lung, a spleen, or a vascular endothelium
in vessels (e.g., intra-coronary or intra-femoral). An “off-
target tissue” refers to any one or more tissue types in which
the expression of the encoded protein does not result in a
desired biological and/or pharmacological effect.

The presence of a therapeutic agent in an off-target issue
can be the result of: (i) leakage of a polynucleotide from the
administration site to peripheral tissue or distant off-target
tissue via diffusion or through the bloodstream (e.g., a
polynucleotide intended to express a polypeptide in a certain
tissue would reach the off-target tissue and the polypeptide
would be expressed in the off-target tissue); or (ii) leakage
of an polypeptide after administration of a polynucleotide
encoding such polypeptide to peripheral tissue or distant
off-target tissue via diffusion or through the bloodstream
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(e.g., a polynucleotide would expressed a polypeptide in the
target tissue, and the polypeptide would diffuse to peripheral
tissue).

Terminus: As used herein the terms “termini” or “termi-
nus,” when referring to polypeptides, refers to an extremity
of a peptide or polypeptide. Such extremity is not limited
only to the first or final site of the peptide or polypeptide but
can include additional amino acids in the terminal regions.
The polypeptide based molecules can be characterized as
having both an N-terminus (terminated by an amino acid
with a free amino group (NH2)) and a C-terminus (termi-
nated by an amino acid with a free carboxyl group (COOH)).
Proteins are in some cases made up of multiple polypeptide
chains brought together by disulfide bonds or by non-
covalent forces (multimers, oligomers). These sorts of pro-
teins will have multiple N- and C-termini. Alternatively, the
termini of the polypeptides can be modified such that they
begin or end, as the case can be, with a non-polypeptide
based moiety such as an organic conjugate.

Therapeutically effective outcome: As used herein, the
term “therapeutically effective outcome” means an outcome
that is sufficient in a subject suffering from or susceptible to
an infection, disease, disorder, and/or condition, to treat,
improve symptoms of, diagnose, prevent, and/or delay the
onset of the infection, disease, disorder, and/or condition.

Transcription: As used herein, the term “transcription”
refers to methods to produce mRNA (e.g., an mRNA
sequence or template) from DNA (e.g., a DNA template or
sequence)

Transfection: As used herein, “transfection” refers to the
introduction of a polynucleotide (e.g., exogenous nucleic
acids) into a cell wherein a polypeptide encoded by the
polynucleotide is expressed (e.g., mRNA) or the polypeptide
modulates a cellular function (e.g., siRNA, miRNA). As
used herein, “expression” of a nucleic acid sequence refers
to translation of a polynucleotide (e.g., an mRNA) into a
polypeptide or protein and/or post-translational modification
of a polypeptide or protein. Methods of transfection include,
but are not limited to, chemical methods, physical treatments
and cationic lipids or mixtures.

Unmodified: As used herein, “unmodified” refers to any
substance, compound or molecule prior to being changed in
some way. Unmodified can, but does not always, refer to the
wild type or native form of a biomolecule. Molecules can
undergo a series of modifications whereby each modified
molecule can serve as the “unmodified” starting molecule
for a subsequent modification.

Variant: The term variant as used in present disclosure
refers to both natural variants (e.g., polymorphisms, iso-
forms, etc.), and artificial variants in which at least one
amino acid residue in a native or starting sequence (e.g., a
wild type sequence) has been removed and a different amino
acid inserted in its place at the same position. These variants
can be described as “substitutional variants.” The substitu-
tions can be single, where only one amino acid in the
molecule has been substituted, or they can be multiple,
where two or more amino acids have been substituted in the
same molecule. If amino acids are inserted or deleted, the
resulting variant would be an “insertional variant” or a
“deletional variant” respectively.

6. Equivalents and Scope
Those skilled in the art will recognize, or be able to

ascertain using no more than routine experimentation, many
equivalents to the specific embodiments in accordance with
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the disclosure described herein. The scope of the present
disclosure is not intended to be limited to the above Descrip-
tion.

Where ranges are given, endpoints are included. Further-
more, unless otherwise indicated or otherwise evident from
the context and understanding of one of ordinary skill in the
art, values that are expressed as ranges can assume any
specific value or subrange within the stated ranges in dif-
ferent embodiments of the disclosure, to the tenth of the unit
of the lower limit of the range, unless the context clearly
dictates otherwise. Moreover, unless clearly indicated to the
contrary, the disclosure of numerical values and ranges of
numerical values in the specification includes both i) the
exact value(s) or range specified, and ii) values that are
“about” the value(s) or ranges specified.

In addition, it is to be understood that any particular
embodiment of the present disclosure that falls within the
prior art can be explicitly excluded from any one or more of
the claims. Since such embodiments are deemed to be
known to one of ordinary skill in the art, they can be
excluded even if the exclusion is not set forth explicitly
herein. Any particular embodiment of the compositions of
the disclosure (e.g., any nucleic acid or protein encoded
thereby; any method of production; any method of use; etc.)
can be excluded from any one or more claims, for any
reason, whether or not related to the existence of prior art.

All cited sources, for example, references, publications,
databases, database entries, and art cited herein, are incor-
porated into this application by reference in their entireties,
even if not expressly stated in the citation. In case of
conflicting statements of a cited source and the instant
application, the statement in the instant application shall
control.

Section and table headings are not intended to be limiting.

EXAMPLES

Example 1. Detection of mRNA-Aldehyde
(Branched or Unbranched) Adduct Impurity Species
by HPLC

To detect and quantify the amount of IG present in LNP
formulations comprising polynucleotides and lipid, a proto-
col was developed (FIG. 2) that included (1) extraction of
the polynucleotide molecules (e.g. precipitation, liquid: lig-
uid extraction); (2) assessment of integrity (e.g. purity,
length) of the isolated polynucleotides by known methods
(e.g. fragment analyzer, gel electrophoresis); and (3) analy-
sis of the isolated polynucleotides by HPLC. Representative
data generated by this protocol is displayed in FIG. 2.

RNA was extracted from the LNP formulation by pre-
cipitation in ammonium acetate in isopropanol; resuspended
in water to target a final RNA concentration of 0.1 mg/mL;
and assessed by fragment analyzer capillary electrophoresis
and ion pair reversed phase HPLC (performed on a Thermo
DNApac RP 100x2.1 mm column at 65° C., with mobile
phases containing 50 mM dibutylammonium acetate and
100 mM triethylammonium acetate in water and acetoni-
trile). Elution with an acetonitrile gradient provided an RNA
separation primarily driven by mRNA length and sensitive
to any added hydrophobic elements. Two prominent peaks
were apparent on the HPLC chromatogram (FIG. 2), includ-
ing a “main peak” comprising non-adduct mRNA and an
“IG” peak comprising mRNA with one or more covalent
modifications. The mass fraction of RNA containing at least
one lipid adduct was determined by integrating the area
under the curve (AUC) of all RNA peaks (including prod-
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ucts shorter than the full-length product, the full-length
product, and the hydrophobic modified RNA) and taking the
late-eluting region as an area percent of the total peak area.

Example 2. Decomposition of Compound
III-N-Oxide Species into Secondary Amines and
Reactive Aldehydes

Compound III raw material was assessed by reversed
phase HPLC with charged aerosol detection (CAD). The
separation was performed on a Thermo Acclaim C30 150x3
mm column at 40° C. FIG. 3 shows baseline resolution of
Compound III and its N-oxide standard, along with other
in-process impurities. In FIG. 4, the decomposition of Com-
pound III-N-oxide into three secondary amines was
observed by HPLC-CAD when prepared in aqueous, acidic
conditions. The identity of the corresponding aldehydes was
confirmed upon labeling with aminooxy-PEG.

Example 3. Formation of IG in Mixtures
Comprising Compound III and mRNA

Compound III was dissolved in ethanol at a concentration
of 4 mg/mL, and the RNA diluted in sodium acetate buffer
pH 5.5; the RNA and lipids were then mixed in 25% ethanol.
Samples were held at 25° C., and the RNA was periodically
extracted by precipitation in isopropanol and analyzed by
ion pair reversed phase (FIGS. 5 and 6A, data marked by *).

In subsequent experiments the lipid was prepared with
amino-oxy PEG as an aldehyde and ketone scavenger prior
to mixing with the RNA, which resulted in dramatically less
IG formation and the complete elimination of some IG
species (FIG. 5, data marked by **).

Without wishing to be bound to a particular theory,
applicants propose that IG formation can be driven by
Compound III-N-oxide reacting with RNA. Towards testing
this theory, binary mixtures of synthesized Compound III-
N-oxide and RNA were prepared and analyzed by the
protocol described in Example 1 to quantify IG. IG was
detected in the aforementioned binary mixtures and, further,
the amount of IG detected in those mixtures containing
synthesized Compound III-N-oxide was higher than the
amount of IG detected in binary mixtures of Compound III
and RNA (FIG. 6 and FIG. 7). In FIG. 6A, an IG involving
a branched aldehyde produced by the decomposition of
Compound ITI-N-oxide with mRNA resulted in one peak,
consistent with one of the retention times observed in the
Compound III IG profile. In FIG. 6B-C, a spike series of the
straight chain aldehyde results in the increase in the earliest-
eluting IG peak, confirming its identity. Peak tailing at the
highest spiked level is likely due to the accumulation of
multiple modifications per mRNA molecule. In FIG. 7, a
binary mixture of pure Compound III-N-oxide with mRNA
results in dramatically higher IG than Compound III itself,
suggesting N-oxide as a key reactive impurity. Additionally,
the percentage of IG increased over time in binary mixtures
containing Compound IIT and RNA and in binary mixtures
containing Compound III-N-oxide and RNA. Together, this
data is consistent with IG formation driven and caused by
reaction of Compound III-N-oxide with RNA. Notably,
binary mixtures prepared with chromatographically purified
Compound IIT (up to 99% purity with no detectable Com-
pound I1I-N-oxide) and RNA still formed IG over time (FIG.
8). The latter result suggests that Compound III can decom-
pose into Compound III-N-oxide over time and Compound
1II-N-oxide can react with RNA to form IG.
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Example 4. Isolated Impurity Group has Low
Competency as a Translation Template

To assess whether or not (and to what extent) IG is an
adequate translation template, cell-free translation assays
and in vitro expression assays were performed with different
templates and the amount of protein translated from the
templates was quantified by gel electrophoresis and fluores-
cent activated cell sorting. The templates tested included
non-translating control, deformulated LNPs that had com-
prised mRNA and Compound III, main peak isolated by
HPLC from formulated LNPs comprising mRNA and Com-
pound 111, and IG isolated by HPLC from formulated LNPs
comprising mRNA and Compound III. In brief, RNA was
extracted from lipid nanoparticles by precipitation in iso-
propanol as described in Example 1. The unmodified RNA
population and impurity group population were isolated by
ion pair reversed phase HPLC and exchanged into water by
ultrafiltration with 30 kDa cutoff filters. The initial extracted
RNA and two separated fractions were then normalized to
0.1 mg/mL in water and analyzed by cell-free translation
(FIG. 9) and in vitro expression in cells (FIG. 10).

Cell-free translation assays were performed in wheat
germ extract with incorporation of the methionine analogue
azidohomoalanine (AHA), which was then fluorescently
labeled by a click reaction with dibenzocyclooctyne IRDye
800CW (DBCO). Briefly, the extracted, diluted RNA was
denatured and then combined with a master mix containing
the wheat germ extract in potassium acetate and an amino
acid mix with AHA in place of methionine. The plate was
incubated at room temperature protected from light, and
then the click reaction was performed by adding DBCO and
incubating for an additional hour at room temperature. The
resulting reaction was analyzed by SDS Page gel with
fluorescent detection. A clear full-length protein band was
present in lane 2 (the extracted mRNA) and lane 3 (the
isolated main peak), but almost entirely absent in lane 4 (the
isolated 1G). See FIG. 9.

In vitro expression of the extracted sample and two
isolated peaks were performed in human cervical cancer
Hela cells with lipofectamine as a transfection agent.
Expression of the 6-point dose curve was evaluated at 18
hours by FACS (FIG. 10). Fluorescence levels were com-
parable in cells transfected with unmodified RNA (FIG. 10,
data marked as “1”) and in cells transfected with main peak
isolated by HPLC from LNPs comprising mRNA and MC3
(FIG. 10, data marked as “3”). In contrast, fluorescence
levels were reduced in cells transfected with IG isolated by
HPLC from LNPs comprising mRNA and MC3 (FIG. 9).
Additionally, the isolated impurity group transfection (data
marked as “2”) showed very low signal for total expression
(FIG. 10B) compared to the extracted mRNA (data marked
as “1”) and main peak (data marked as *“3”). The residual
expression is again likely due to the residual intact RNA.
Together the data in FIG. 9 and FIG. 10 indicate that IG is
a poor template for translation compared to unmodified
RNA and RNA formulated for short times with un-treated
lipid.

Example 5. Pre-Treatment of Compound III with
Immobilized Reducing Agents

To determine if treatment of Compound I1I with reducing
agents can confer reduced percentage of IG formed in binary
mixtures of RNA and Compound III, binary mixtures of
RNA and Compound III that was pre-treated with select
reducing agents were prepared and the percentage of IG was
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quantified according to the protocol detailed in Example 1.
In brief, packed beds of silica- and agarose-based immobi-
lized reducing agents were prepared in spin columns; reduc-
ing agents were selected from the group including Si-DPP,
Ag-Thiol, Si-Cysteine, or Si-Thiol. The resins were first
treated with a reducing solution of 10 mM DTT and 10 mM
EDTA in 10 mM TrisHCI pH7.5, followed by ethanol to
remove residual water. A solution of Compound I1I was then
applied to the resin, agitated by inversion to create a slurry,
and allowed to incubate. The lipids were recovered from the
resin by centrifugation. Control binary mixtures of RNA and
Compound I1I contained IG at ~10 percent after 0 days, ~40
percent after 5 days, and ~45 percent after 25 days (FI1G. 11).
In contrast, the binary mixtures of RNA and Compound I1I
that were pre-treated with either Ag-Thiol, Si-Cysteine, or
Si-Thiol exhibited reduced levels of IG compared to control
binary mixtures (FIG. 11). A significant decrease in the
initial rate of IG formation was observed, pointing to the
elimination of reactive species by the immobilized reducing
agents.

Example 6. Removal of Trace Metals from
Compound III, mRNA, or Both by Pre-Treatment
with Chelex-100 Resin

To determine if removal of trace metals from Compound
IIT and/or RNA confers reductions in the percentage of I1G
formed in binary mixtures of RNA and Compound III,
binary mixtures were prepared with RNA and Compound 111
in which one or both components were pre-treated with
Chelex-100 resin and the percentage of 1G was quantified
according to the protocol detailed in Example 1. In brief,
packed beds of molecular biology grade Chelex-100 resin
containing immobilized iminodiacetic acid that chelates
trace metals (Bio-Rad Inc.) were prepared in 2 mL spin
columns. The Chelex-100 resin was washed with sodium
acetate pH 5.5 until the pH of the eluent was stable at
below-neutral. For the aqueous RNA purification, RNA was
diluted in sodium acetate pH 5.5 and applied to the bed,
which was suspended into a slurry and allowed to incubate.
For the lipid purification, the buffered resin was then washed
with at least 4 column volumes of neat ethanol to prevent the
introduction of water to the lipid sample, and the lipid
solution was then applied and similarly allowed to incubate.
Both resins were then eluted by centrifugation, and the
resulting solution used to prepare binary mixtures as
described in Example 3. Samples were stored at 25° C. and
the percentage of IG was quantified by HPLC over time
(FIG. 12 and FIG. 13). Control binary mixtures of RNA and
Compound III contained IG at ~15 percent after 1 day, ~35
percent after 3 days, and ~40 percent after 7 days. In
contrast, binary mixtures of RNA and Compound III in
which the RNA or both the RNA and Compound III were
pre-treated with Chelex-100 resin exhibited reduced levels
of IG compared to control binary mixtures (FIG. 13).
Treatment of the aqueous RNA solution resulted in a sig-
nificant reduction in IG, and an additional benefit was seen
by also treating the lipids.

Example 7. Treatment of RNA and/or Lipids with
Select Anti-Oxidants and Reducing Agents
Conferred Alterations to the Percentage of Impurity
Group Formed

To determine if treatment with reducing agents or anti-
oxidants confers reductions in the percentage of IG formed
in binary mixtures of RNA and Compound III, binary
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mixtures were prepared with RNA and Compound III in
which the RNA component was prepared with select reduc-
ing agents or anti-oxidants and the percentage of IG in the
resulting binary mixtures was quantified according to the
protocol detailed in Example 1. The reducing agents and
anti-oxidants tested included ascorbic acid, L-cysteine,
BHA, methionine, lipoic acid, homo cysteine, DDT, DTE,
cystamine, DTT, glutathione, N-acetyl cysteine, sodium
borohydrate, sodium thiosulfate, TCEP, and sodium thiogly-
colate, potassium metabisulfite, and sodium metabisulfite. In
brief, reducing agent and antioxidant stock solutions were
freshly prepared in water at concentrations of 0.25 M to 1 M,
with the exception of lipoic acid and L-cysteine which were
prepared in ethanol. For the data shown in FIG. 14, RNA
was prepared in sodium acetate pH 5.5 and aliquoted into
individual vials, then spiked with each of the prepared
antioxidant or reducing agent stocks to a concentration of
1.33 mM. Addition of 4 mg/ml Compound III in ethanol to
25% of the total volume then resulted in a 1 mM final
reducing agent or antioxidant concentration in each.
Samples were held at 25° C. and the percentage of IG was
quantified by HPLC after 18 hours (FIG. 14). For the data in
FIG. 15, a similar protocol was followed with one exception
being the reducing agents were at 5 mM concentration.
Notably, treatment with lipoic acid, homo cysteine, DDT,
DTE, cystamine, DTT, glutathione, N-acetyl cysteine,
sodium borohydrate, sodium thiosulfate, TCEP, sodium
thioglycolate, and potassium metabisulfite conferred
reduced levels of IG in the binary mixtures of RNA and
Compound III after 18 hours (FIG. 14) with the latter six
compounds conferring less than 10 percent IG detected after
18 hours compared to ~35 percent IG detected in control
binary mixtures (FIG. 14). For the majority of the reducing
agents and antioxidants tested, some reduction in IG forma-
tion was seen, most effectively for the strong and thiol-based
reducing agents such as TCEP, thioglycolate, and meta-
bisulfite. Notably, treatment with 5 mM potassium meta-
bisulfite or 5 mM sodium metabisulfite or 5 mM acetyl
cysteine conferred reduced levels of IG in binary mixtures of
RNA and Compound III with less than 10 percent IG
detected after 13 days of incubation at 25° C. compared to
~45 percent IG detected in control binary mixtures (FIG.
15). In FIG. 15, potassium metabisulfite, sodium meta-
bisulfite, and N-acetyl cysteine were all effective at elimi-
nating the fast initial rate of IG formation in Compound III
binaries.

FIG. 16 is a graph showing percentage of IG detected in
LNP compositions comprising mRNA and Compound III
prepared with select concentrations of sodium metabisulfite
(KDS) prior to formulation and for which KDS was
removed following formulation by dialysis with 20 mM
Tris. The percentage IG detected in binary mixtures of
mRNA and Compound III was reduced when treated with
higher concentrations after formulation (t=0 h) and follow-
ing 24 hours (FIG. 16).

To determine if treatment with reducing agents or anti-
oxidants confers reductions in the percentage of 1G formed
in binary mixtures of RNA and Compound VI, binary
mixtures were prepared with RNA and Compound VI in
which the RNA component was prepared with select reduc-
ing agents at 5 mM concentration and the percentage of IG
in the resulting binary mixtures was quantified according to
the protocol detailed in Example 1. The control binary
mixtures of RNA and Compound VI contained IG at ~55
percent after 1 day, ~70 percent after 2 days, and ~80 percent
after 13 days. In contrast, treatment of binary mixtures of
RNA and Compound VI with select reducing agents con-
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ferred 1G at ~45 percent after 1 day, ~55% after 2 days, and
~60-70% after 13 days (FIG. 17).

Example 8. Determination of how Different
Buffering Agents and pH of RNA and/or Lipids
Prior to LNP Formulation Conferred Alterations to
the Percentage of Impurity Group Formed in LNP

To determine if different buffering conditions confer
reductions in the percentage of IG formed in binary mixtures
of RNA and Compound 111, binary mixtures were prepared
with RNA and Compound III and buffered with PBS or Tris
at and the percentage of IG in the resulting binary mixtures
was quantified according to the protocol detailed in Example
1. In brief, a single batch of LNPs was split mid-process into
four aliquots, two of which were prepared in a final buffer
of 1xPBS and the other two of which were prepared in a final
buffer of 100 mM Tris-HCI pH 7.4. One of each buffer
condition was prepared at a final RNA concentration of 1.27
mg/mL, and the other diluted to 0.98 mg/mL. The PBS lots
were stored at 5° C., and the two Tris-buffered lots were
further split for two storage conditions each, 5° C. and -20°
C. The percentage of IG is lower in binary mixtures buffered
with Tris compared to binary mixtures buffered with PBS
(FIG. 18). Notably, the percentage of IG is relatively similar
over time, around 10 percent, in binary mixtures buffered
with Tris and stored either at 5° C. or 20° C.

To determine if different buffering conditions confer
reductions in the percentage of IG formed in binary mixtures
of RNA and Compound VI, binary mixtures were prepared
with RNA and Compound VI and buffered PBS or Tris at
and the percentage of IG in the resulting binary mixtures was
quantified according to the protocol detailed in Example 1.
FIG. 19 shows a series of sequential batches of the same
RNA formulated in Compound VI LNPs, and stored at 5° C.
in either PBS (Ix PBS, pH 7.2) or Tris final buffers (20 mM
Tris, 8% sucrose, pH 8). The percentage of IG is lower in
binary mixtures buffered with Tris compared to binary
mixtures buffered with PBS (FIG. 19).

In both lipid systems, storage in Tris buffers results in
significantly less IG formation.

Example 9. Detection of mRNA-Aldehyde Adduct
(IG Group) Species by Enzymatic Digestion to
Nucleosides and LC-MS/MS Analysis

To detect the lipid adduct species on the single nucleoside
level an enzymatic digestion and LC-MS/MS analysis
method was developed (see schematic in FIG. 21). In brief,
the RNA extracted from LNP formulations or lipid:RNA
binaries was subjected to an enzymatic digestion to single
nucleosides, using S1 nuclease and benzonase. This digest
was then analyzed by reversed phase HPLC-MS to identify
the later-eluting hydrophobic modified nucleosides. By first
isolating the unmodified main peak and adduct peak, or
extracting multiple timepoints to obtain a low-1G and high-
1G samples, differential analysis was performed to identify
all species unique to the impurity group. One observed
reaction specific to the straight chain aldehyde is shown here
(FIG. 21). For mRNAs of approximately 2000 nt in length,
these late-eluting peaks have been observed on the level of
three orders of magnitude below the four unmodified
nucleosides, consistent with very few or even single modi-
fications per mRNA molecule.
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Example 10: Production of Compound III

Compound III was produced in accordance with the
following scheme:

HO
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-continued

N P VN

Compound 10G

112

1) K>COy, ki
ACN, CPME
reflux @ ~80° C.
2) a) NaBH,, EtOH,
b) PinyB,, heptane
3) Chromography

Step 5

HO\/\N/\/\/\n/o\/\/\/\/\/\

o}
O
(o}
Compound IIT

Step 1: Synthesis of Compound 10A

A Grignard addition of n-octylmagnesium chloride to
ethyl formate in tetrahydrofuran was performed with tem-
perature control (-20° C. to =10° C.) during reagent addition
and exothermic reaction progress. The crude material was
isolated and purified by recrystallization from a mixture of
acetone and water to produce an intermediate Compound
10A.

Step 2: Synthesis of Compound 10C

The Compound 10A alcohol was coupled with a Com-
pound 10B acid by Steglich esterification using 4-(dimeth-
ylamino) pyridine (DMAP), N-ethyl-N'-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC) in
dichloromethane (DCM) to produce intermediate ester
Compound 10C.

Step 3: Synthesis of Compound 10D

An alkylation reaction of Compound 10C was performed
with excess ethanolamine in ethanol by stirring at 60° C.-70°
C. for several hours followed by oxalate salt formation, and
purification by recrystallization to produce Compound 10D.

Step 4: Synthesis of Compound 10G

Compound 10E was esterified with Compound 10F using
DMAP, EDC in DCM under Steglich conditions at 10°
C.-25° C. Following isolation of the crude, silica gel plug
purification and solvent removal were executed to produce
intermediate Compound 10G.

Step 5-1: Synthesis of Crude Compound I1I

Coupling was performed by an alkylation reaction of
Compound 10D and Compound 10G using potassium car-
bonate and potassium iodide in cyclopentyl-methyl ether
(CPME) and acetonitrile (ACN) at elevated temperature to
produce Crude Compound II1.

Potassium carbonate was added to the reactor, followed
by the addition of potassium iodide. The reactor was charged
with ACN. The first starting material, Compound 10G solid
was added to the reactor as a slurry. Next, a CPME solution
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of the second starting material, Compound 10D, was added
to the reactor. The mixture was stirred and heated to -80° C.
for more than 20 hours. The reaction was then cooled to
20-25° C. then the heterogeneous solution was filtered and
washed in n-heptane. The crude product was concentrated at
=40° C. in vacuo resulting in an oil.

Step 5-2: Reductive Treatment of Crude Compound
111

Crude Compound III was transferred as an ethanol solu-
tion to a reactor (if necessary) and concentrated in vacuo at
=40° C. to perform azeotropic distillation with ethanol. The
crude product was dissolved in ethanol and treated with less
than a molar equivalent of NaBH,, at ambient temperature.
The reaction was quenched with acetone and workup with
n-heptane and 5% NaHCO, aqueous solution twice. The
organic layer was concentrated at =40° C. in vacuo resulting
in an oil. Crude Compound III was dissolved in n-heptane
and treated with B,Pin, at ambient temperature. This mix-
ture was extracted with a 5% NaHCO, aqueous solution and
brine solution to remove leftover reagent. Crude Compound
11T was concentrated at =40° C. in vacuo resulting in an oil.
The resulting oil was resuspended into a 40-60% w/w
n-heptane solution.

Step 5-3: Purification of Crude Compound 111

Reduced Crude Compound III was loaded onto a stain-
less-steel column, which was packed with silica gel as a
slurry in toluene. It was first eluted with by a gradient of
n-heptane and increasing level of isopropyl acetate. The
eluate was transferred to a rotary evaporator flask through a
filter. The solvent obtained was completely evaporated
under vacuum (referred to as the degassing step) to yield
Purified Compound III.

Example 11: Pre-Treatment of Compound III with
Aminooxy Functionality Containing Agents

Binary mixtures of RNA and Compound III that was
pre-treated with selected Aminoxy functionality containing
agents were prepared and the percentage of IG was quanti-
fied according to the protocol detailed in Example 1. O-(2,
3.4,5,6-Pentafluorobenzyl)hydroxylamine  hydrochloride
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(PFBHA) and Methoxyamine hydrochloride were used as
representative Aminoxy functionality containing agents. In
brief, Aminoxy functionality containing agents stock solu-
tions were freshly prepared in ethanol at concentrations of
100 mM. For the data shown in FIG. 22, 4 mg/ml. Com-
pound III in ethanol was spiked with 10 ul of Aminoxy
functionality containing agents stock solutions (100 mM).
1:3 ratios of this solution to RNA in sodium acetate (pH 5.5)
was mixed in individual vials. Sample vials were held at 25°
C. and the percentage of IG was quantified by HPLC after
18 hours (FIG. 22). Notably, treatment with PFBHA and
Methoxyamine conferred reduced levels of IG in the binary
mixtures of RNA and Compound III after 18 hours, confer-
ring less than 1 percent 1G detected after 18 hours compared
to ~20 percent IG detected in control binary mixtures. FIG.
23 is an overlay chromatograph showing overall mRNA
profile detected in binary compositions comprising mRNA
and Compound III prepared with select concentrations of
PFBHA prior to binary mix with mRNA solution and for
which PFBHA was removed following extraction of Com-
pound III with n-heptane solvent. When compared with
compositions before n-heptane extraction, n-heptane

114

extracted Compound I1I treated with PFBHA similar showed
similar IG reduction (data not shown).

Example 12: Production of LNP Delivery Systems
with Reduced Adduct Impurities

Lipid nanoparticles are prepared using a variety of ion-
izable lipids and mRNA molecules. The lipid nanoparticles
are prepared using any 1, 2, 3, 4, 5, 6, 7, or all of the
following processes for inhibiting or reducing ionizable
lipid-polynucleotide adduct impurities:

1. Treatment of crude ionizable lipid with a scavenging
agent

2. Treatment of crude ionizable lipid with a reductive
treatment agent
. Treatment of ionizable lipid with a reducing agent
. Treatment of ionizable lipid with a chelating agent
. Treatment of mRNA with a reducing agent
. Treatment of mRNA with a chelating agent
. Treatment of LNP with a reducing agent

8. Treatment of LNP with a chelating agent
The experiments are performed with each of the following
ionizable lipids:
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The experiments result in formation of LNPs with reduced
adduct impurities.

Example 13: A Novel Mechanism for the Loss in
mRNA Activity in LNP Delivery Systems

Methods—Experiments were Performed Using the Follow-
ing Methods:
RNA Extraction from mRNA-LNPs

mRNA was extracted from mRNA-LNP formulations or
lipid binary mixtures by isopropanol precipitation. Precipi-
tation was performed with a 10x dilution of mRNA-LNP in
60 mM ammonium acetate in isopropanol, vortexing, then
centrifugation at 4° C. Supernatant was discarded. The pellet
was washed with neat isopropanol, vortexed and centrifuged
again at 4° C., then dried in vacuo and resuspended in
RNase-free water.
Reverse Phase Ion Pair Chromatography (RP-IP)

Separation was performed on a DNAPac RP column with
4-um particles and dimensions of 2.1x100 mm (Thermo
Fisher Scientific) at a flow rate of 0.35 ml./minute and
column temperature of 65° C. Mobile phase A had 50 mM
dibutylammonium acetate (TCI America), 100 mM trieth-
ylammonium acetate (Sigma-Aldrich) and mobile phase B
had 50% acetonitrile (Sigma-Aldrich), 50 mM dibutylam-
monium acetate, and 100 mM triethylammonium. Separa-
tion was accomplished by step-gradient with an initial
1.5-minute hold at 25% B, a 3.0-minute gradient from
25-50% B, a 14.5-minute gradient from 50-56% B, and a
0.5-minute gradient and hold at 100% B. Modified gradient
conditions for LP resolution were performed with an initial
1.5-minute hold at 25% B, a 1-minute gradient from 25-45%
B, a 12.5-minute gradient from 45-100% B, and a 0.5-
minute gradient and hold at 100% B. Approximately 2 pg of
mRNA were injected. mRNA was detected by UV at 260
nm. LP was quantified as the relative percent of the total
chromatographic peak area.
Capillary Electrophoresis

Separation was performed on a Fragment Analyzer (Agi-
lent Technologies), an automated multiplexed CE system
equipped with an LED light source and CCD detector. RNA
Analysis Kit (Agilent Technologies DNF-489-0500) was
used. The RNA separation gel was mixed with an interca-
lating dye (AATI) at a v/v ratio of 10,000:1 for use as the
separation matrix. RNA was denatured at 70° C. for 2
minutes and cooled on ice prior to analysis. Denatured RNA
samples were electrokinetically injected at 5 kV for 6
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seconds, and electrophoresis was performed for 40 minutes
at 8 kV. An RNA ladder (AATI) was similarly analyzed as
a calibrator for nucleotide sizing. Results were analyzed
using PROSize 2.0 software.

Size Exclusion Chromatography

Separation was performed on a Zenix SEC-300 150x4.6
mm protein SEC column (Sepax) on a Waters H-Class
UPLC (Waters). The mobile phase condition was 100 mM
Tris acetate/2.5 mM EDTA pH 8 with an isocratic flow of
0.25 ml/minute and UV detection at 260 nm.

Binary Model Preparation

mRNA-lipid binaries were formed by mixture of mRNA
and ionizable lipid. Unless otherwise noted, a standard
2,000-nucleotide mRNA was prepared at 0.135 mg/mL in
37.5 mM sodium acetate pH 5.3 (Sigma Aldrich) and mixed
at a 3:1 ratio with an ionizable lipid solution at 4 mg/mL in
ethanol, followed by incubation at room temperature for 24
hours. Isopropanol precipitation as described above was
performed to isolate the RNA prior to further analysis.
Enzymatic Digestion of mRNA to Ribonucleosides

Total nuclease digestion was performed. mRNA was
incubated with 15 units of benzonase (Millipore), 2 units of
phosphodiesterase I (Sigma-Aldrich), and 1.3 units of quick
calf intestinal alkaline phosphatase (New England Biolabs)
in buffer containing Tris-HCI (Invitrogen), NaCl, and MgCl,
(Invitrogen) at 37° C. for 2 hours.

Positive Mode LC-MS/MS

Nucleosides were separated in an increasing water/ac-
etonitrile gradient containing 0.1% formic acid at 0.4
ml./minute on an Accucore C30 column with 2.6 pm par-
ticles and dimensions of 2.1x250 mm (Thermo Scientific) at
50° C. Ultraviolet detection of mRNA was monitored at 260
nm. Mass spectral data were acquired on an Agilent 6530
QTOF (Agilent Technologies) in positive electrospray ion-
ization (ESI) mode. The mass range was 100-2000 m/z,
drying gas temperature was 290° C. at a flow rate of 11
L/min, and the nebulizer gas pressure was 35 psi. The
capillary, fragmentor, and octupole voltage were set at 3500,
100 and 750 V, respectively. External calibration was used
for accurate mass measurement. For tandem mass spectrom-
etry (MS/MS), precursor ions were subjected to collision
induced dissociation and MS/MS fragmentation analysis.
Tandem Mass Spectrometry (MS/MS)

MS/MS experiments using CID were performed follow-
ing RP-HPLC separation. Acquisition of a full mass scan
was followed by targeted MS/MS scans of precursor ions of
interest. Data were acquired on an Agilent 6530 QTOF
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(Agilent Technologies) for MS/MS analysis. Normalized
collision energy for ion activation was 30 arbitrary units.
Narrow ion isolation width (~1.3 m/z) was used for isola-
tion.

N-Oxide Precipitation and Labeling

An N-oxide standard of ionizable lipid was generated.
The N-oxide compound was dissolved in ethanol at 4
mg/mL. One milliliter of the N-oxide solution was added
dropwise to 3 mL of 37.5 mM sodium acetate pH 5.3 (Sigma
Aldrich), followed by incubation at room temperature for 24
hours. Prior to LC-CAD-MS analysis, 1 mM of aminooxy-
PEG (Thermo Fisher) was used as a labeling agent to detect
and identify aldehydes present in the system.

Aldehyde Spike Study

Synthetic aldehyde standards corresponding to the 17-car-
bon linear chain and 25-carbon branched chain of a cationic
lipid were generated. Aldehyde solutions were individually
prepared at 4 mg/mL in ethanol and mixed with a 4 mg/mlL.
ionizable lipid solution in ethanol to various target compo-
sitions, listed in % w/w of the aldehyde to ionizable lipid.
Binary preparations, intact mRNA HPLC analyses, and
digested nucleoside LC/MS analyses were then performed
as described above.

Reverse Phase Ultra Performance Liquid Chromatography
with Charged Aerosol Detection (RP-UPLC-CAD)

LNP formulations were diluted in ethanol and the super-
natant was analyzed. Lipid standards were separately diluted
and analyzed to identify and quantify lipid components.
RP-UPLC separation was performed on an ACE Excel 2
Super C18 column (Advanced Chromatography Technolo-
gies) with 2.1x150 mm dimensions heated to 60° C. Mobile
phase A consisted of 0.1% trifluoroacetic acid (TFA)
(Thermo Fisher Scientific) in water and mobile phase B
consisted of 60/40/0.1% isopropyl alcohol/tetrahydrofuran/
TFA (Thermo Fisher Scientific). Lipids were eluted by
step-gradient with an initial 1.5-minute hold at 5% B, a
4.5-minute gradient from 5-48% B and 4-minute hold, a
1-minute gradient from 48-56% B and 12-minute hold, and
an 8-minute gradient from 56-96% B and 2-minute hold.
Lipids were detected by CAD using an evaporator tempera-
ture of 35° C. and analytical gas regulation mode in vitro
expression.

Expression in BJ Fibroblasts

In vitro expression in BJ fibroblasts was performed as
previously described in Nelson J, Sorensen E, et al, Impact
of mRNA chemistry and manufacturing process on innate
immune activation, Science Advances, 24 Jun. 2020, Vol 6
no 26. Extracted mRNA was transfected with lipofectamine.
An hEPO mRNA standard was included as an assay control.
Expression by Flow Cytometry

In vitro expression was performed in HeL.a cells (ATCC,
catalog #CCL-2). Cells were seeded in MEM with 10%
FBS, 1x Glutamax, and 1x sodium pyruvate at 37° C. at
15,000 cells in a total volume of 100 pL per well and grown
for 24 hours. Extracted mRNA was transfected with lipo-
fectamine 1.2000 (Life Technologies, catalog #11668019) at
1,333 ng of mRNA per well and incubated for 18-20 hours
at 37° C. Cells were treated with Cytoxfix/Cytoperm buffer
(BD Biosciences catalog #554714) and primary antibody
prior to FACS analysis on a Becton Dickinson Fortessa and
data analysis using FlowJow software.

Discovery of Novel Lipid-Modified mRNA Species in For-
mulated mRNA-LNP System Using Above Methods

The assessment of mRNA stability is a key activity in the
development of mRNA-based vaccines and therapeutic
products due to the relatively labile nature of RNA mol-
ecules, and mRNA degradation is typically a shelf-life
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limiting parameter. Reverse phase ion pair high performance
liquid chromatography (RP-TP HPLC) and agarose or poly-
acrylamide gel or capillary electrophoresis (CE) are power-
ful tools to assess mRNA integrity. In RP-IP HPLC, the
separation can be driven by hydrophobic interactions
between the analyte and stationary phase; however since the
phosphodiester mRNA backbone is highly polar, high salt
concentrations can be used to neutralize the negative charge
and allow retention based on the hydrophobicity of the
aromatic nucleobases. Alkylammonium salts can increase
the hydrophobic interactions, driving selectivity based on
the number of charges conferred by the length of the
sequence and enabling high resolution size-based separa-
tions (FIG. 24A). This can provide a similar separation to
CE, which is driven by size and charge; however, based on
the ion pair system used, RP-IP can retain some selectivity
to variations in mRNA hydrophobicity due to sequence,
since nucleobase hydrophobicity increases from cytosine as
the least hydrophobic to adenine as the most, or chemical
modifications.

When RP-IP HPLC mRNA integrity analysis was applied
to mRNA extracted from an mRNA-LNP, a late-eluting peak
(LP) was detected by HPLC (FIG. 24B) that was not
observed by CE (FIG. 24C). In FIG. 24B, the LP elutes at
a retention time (RT) of 21 minutes, substantially resolved
from the mRNA elution region of 10-16 minutes. The UV
spectrum of the LP had the same maximum absorbance at
260 nm as the mRNA main peak (MP), confirming it as an
RNA-related population (FIG. 24B, inset). Equivalent levels
of the LP were observed under various analytical conditions,
including modified RNA extraction, RP-IP mobile phase
conditions, and stationary phase selection and temperature,
suggesting it was not a separation artifact.

Since the LP eluted substantially later than mRNAs of all
lengths, modified gradient conditions were applied, under
which it was apparent that the LP is not a single homogenous
species but rather a heterogenous mixture of resolved,
well-defined peaks (FIG. 24D). These conditions generate a
characteristic fingerprint, with the relative retention driven
by the hydrophobicity of the species. Significantly, when
mRNA-LNP formulations were monitored over time at
elevated temperatures, levels of the LP increased with
increasing storage temperature (FIG. 24E).
Characterization of the Modified mRNA Fraction

mRNA was extracted from LNPs and fractionated by
RP-IP to generate purified MP and LP fractions. Upon
reanalysis by RP-IP, separation of the MP and LP was
preserved (FIG. 25A); however, by CE, no difference in
migration time between MP and LP was observed (FIG.
25B). Size exclusion chromatography (SEC) at ambient
conditions was applied to the MP and LP to investigate the
role of tertiary structure. Typical mRNA molecules are
extensively structured, with intra- and inter-molecular struc-
tures generated through hydrogen bonding, Coulombic
interactions, and hydrophobic effects. These interactions
lead to a sequence-, salt-, and temperature-dependent
ensemble of structures typically denatured under RP or CE
conditions but which can be resolved by native SEC. The
SEC profiles of the MP and LP fractions were identical to
mRNA extracted from the LNP, with a dominantly mono-
meric profile (FIG. 25C). Together, these results strongly
implicated additional hydrophobicity as the origin of the LP.

Compositional analysis was pursued to differentiate the
LP and MP. Bulk chemical measurements such as UV in
FIG. 24B did not distinguish the LP from the MP. Fourier-
transform infrared spectroscopy (FT-IR) revealed minor
differences that may be consistent with chemical modifica-
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tion (data not shown). Next generation sequencing (NGS)
and digest-based mass spectrometry (MS) approaches,
including a) RNA oligonucleotide mapping, b) nucleotide
profiling, and ¢) nucleoside profiling, were pursued to elu-
cidate molecular differences. These bottom-up MS
approaches cleave or digest the mRNA to oligonucleotides
or nucleotide/nucleosides that can be analyzed by liquid
chromatography (LC)-MS and further studied by tandem
mass spectrometry (MS/MS) approaches. Both NGS and
RNA oligonucleotide mapping showed an identical profile
between the MP and LP, suggesting low abundance of
non-site-specific modifications. Nucleotide profiling by LC-
UV showed an identical composition of nucleobases, and
MS analysis failed to identify modifications in the LP,
possibly due to poor ionization of the lipid modified nucleo-
tide species in negative electrospray ionization mode.
Identification of Lipid-Modified Nucleosides

Nucleoside profiling was performed by enzymatic diges-
tion of the LP and MP fractions and analysis using positive
mode LC-MS/MS. While the UV and total ion-current
chromatograms showed identical composition of the four
unmodified nucleobases for the MP and LP fractions, dif-
ferential analysis revealed several abundant mass-to-charge
(m/z) values that were exclusively found in the isolated LP,
with abundances of less than 1% relative to total unmodified
nucleosides (FIG. 26A). Under the LC conditions used,
these unique masses eluted significantly later (9.5-11 min-
utes) than the unmodified nucleosides (2-8 minutes) but not
as late as the ionizable lipid eluting at 12 minutes, indicating
that they had an intermediate hydrophobicity between
nucleoside and ionizable lipid.

For structural elucidation of each detected reacted nucleo-
side, elemental composition was assigned based on high-
resolution MS data. Further MS/MS analyses across the
reacted nucleosides showed covalent addition of additional
mass via the nucleobase, as exemplified by the fragmenta-
tion pattern of ion of m/z 526.30 in FIG. 26B. The presence
of a fragment ion at m/z 112.05 corresponds to the proto-
nated monoisotopic mass of cytosine. The neutral mass loss
of 132.05 Da corresponds to the monoisotopic residue mass
of ribose, indicating that ribose is in a terminal position.
Across several lipid systems studied, a variety of lipid
adducts were observed, with reactions across all four mRNA
nucleobases demonstrated in model systems.

Reaction Modeling to Identify Contributors to Adduct For-
mation

To investigate the source of reactions, combinations of
mRNA with the individual LNP components (ionizable
cationic lipid, PEG lipid, sterol, and phosphocholine) were
studied. LP was observed in preparations with the ionizable
lipid component (FIG. 27A). When the RP-TP chromato-
gram of a binary combination of mRNA and ionizable lipid
was compared to that of mRNA-LNP formulated with the
same ionizable lipid, an identical LP peak profile was
observed by RP-IP (FIG. 27B), suggesting the same reac-
tions are occurring in this simplified system.

Over 100 different ionizable lipid chemistries were evalu-
ated, all of which generated quantifiable levels of mRNA
lipid adduct, demonstrating a broad class effect. The RP-IP
profile of these adduct species varied in LP abundance and
retention times across different chemistries (data not
shown), as the hydrophobicity of the resulting modification
varied with the lipid structure. Across different lots of a
given ionizable lipid tested in the binary system, the relevant
abundance of a consistent set of LP species varied signifi-
cantly (FIG. 27C), suggesting that these reactions are driven
by impurities of the ionizable lipid rather than chemical
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reactivity of the lipid per se. To provide insight into the
chromatographic behavior of the intact adducted mRNA, a
highly reactive ionizable lipid from the chemistry screen
was studied in this system (FIG. 27D). At 1 day, a discrete
shift in retention produced LP peaks at 10-12 minutes, then
as the reaction progressed, increased tailing from 12.5-22.5
minutes was observed as the MP was depleted. This behav-
ior is indicative that a single adduct event results in the shift
to 10 minutes, and accumulation of multiple adducts per
mRNA molecule drives the further increase in retention
time.

The binary system was used to study contributions from
the mRNA molecule as well. A series of mRNA sequences
varying from 700 to over 4000 nucleotides in length was
prepared at equivalent masses in individual binary reactions,
resulting in increasing LP with mRNA length (FIG. 27E).
Since the relative UV intensity of the LP peak in the RP-IP
assay is correlated with relative mass, this observation is
consistent with a constant rate of reaction on the single base
level, each of which has an increased impact and shifts more
mass to LP as sequence length increases. This correlation
highlights the relevance of these reactions for mRNA as a
high molecular weight nucleic acid polymer. Looking at the
chromatographic profile, the same adduct peaks can be
observed across mRNAs of different lengths in FIG. 27F,
with a decrease in retention time of each LP region with
increasing mRNA length. Considering the average hydro-
phobicity of the adducted mRNA sequence: as sequence
length increases, the same modification makes of less of the
total molecule and has less impact on retention.

Oxidative Impurities of Tonizable Lipid as Driver of Adducts
Formation

Having implicated impurities of the ionizable lipid as the
driver of adduct formation (FIGS. 27A-C), impurities and
degradants that are common among but unique to the
ionizable amino-lipid family were considered. N-oxide was
identified as leading to high levels of LP, with almost
complete conversion of the mRNA to LP with 3 days in the
binary system (FIG. 28D). N-oxide formation is a degrada-
tion pathway for tertiary-amine-containing molecules under
oxidative stress. Although relatively stable, N-oxide can
further hydrolyze to secondary amines and aldehyde coun-
terparts, as shown in FIG. 28A, possible typically through
metal catalysis. The relevance of N-oxide hydrolysis in the
absence of metal catalysts was evaluated. N-oxide standard
was generated from a representative ionizable lipid, precipi-
tated in acidic buffer, and analyzed by reverse phase ultra-
high-performance liquid chromatography with charged
aerosol detection (RP-UPLC-CAD) and MS/MS detection
(FIG. 28C). Three peaks generated under these conditions at
retention time 8.7, 10.3, and 25 minutes were identified by
MS/MS as the three secondary amines resulting from hydro-
lysis of the N-oxide. To detect the residual mass, the
degraded N-oxide solution was derivatized with an ami-
nooxy-PEG to label all aldehyde functionalities. Unique
peaks at 9.5 minutes and 16 minutes were detected by CAD
corresponding to the aldehyde products of N-oxide hydro-
lysis; the third, small aldehyde, likely elutes in the column
void. These studies demonstrate that even in relatively mild
acidic conditions, N-oxide hydrolysis can generate second-
ary amines and aldehydes without the use of metallic
catalysts.

Investigation of mRNA Adduction by Aldehydes

Two representative aldehydes from the N-oxide degrada-
tion pathway of an ionizable lipid were studied: a linear,
17-carbon chain, and a branched, 25-carbon chain. The
aldehydes were individually spiked into the ionizable lipid
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as impurities prior to precipitation in binary reactions.
Significant increases in lipid-mRNA adduct levels were
observed with increasing spike concentration for both alde-
hydes. By RP-IP, peaks corresponding to mRNA adducts
with the smaller linear aldehyde elute at 7.5 minutes (FIG.
28D), while peaks corresponding to reactions with the larger
branched aldehyde elute later at 8-10 minutes (FIG. 28E).
The resolution between these species, differing by 8 carbons,
highlights the remarkable selectivity of the RP-IP method to
minute differences on the intact mRNA molecule. The
increase in tailing at the highest spike concentration may be
due to the accumulation of multiple lipid adducts per mRNA
strand, in contrast to the initial discrete shift that occurs for
each aldehyde with a single addition. These reactions were
further confirmed on the single nucleoside level through
enzymatic digestion and positive mode LC-MS/MS analy-
sis. Using cytidine as an example, when the aldehyde in FIG.
28E was prepared at various concentrations in the binary,
there was a corresponding increase in two resulting nucleo-
side masses (m/z 526.3 and 540.3), which were further
elucidated by MS/MS as the products of aldehyde addition
(FIG. 28F). While hydrolysis of N-oxide is one pathway for
the generation of aldehydes in the LNP system, similar
species may be present as lipid raw material impurities or
oxidative degradants, generating the diversity of adduct
species observed on the intact mRNA and single nucleoside
level.

Impact of Lipid-mRNA Adduct on Protein Expression and
Product Shelf Life

MP and LP fractions were isolated by RP-TP from two
mRNA formulations in which the mRNA encoded the
human erythropoietin (hEPO) protein and analyzed in vitro
in BJ fibroblasts for protein expression. The isolated MP
showed comparable expression to the unfractionated
extracted mRNA and hEPO assay control, whereas the
isolated LP showed almost no protein production (FIG.
29A). In a separate study, five LNP formulations were
incubated to various levels of degradation, after which the
mRNA was extracted from the LNP and analyzed by RP-IP,
CE, and in vitro protein expression (FIG. 29B). The relative
mRNA purity by RP-IP (including adduct as an impurity)
had a strong correlation with protein expression, whereas a
comparatively poor correlation between mRNA integrity
measured by CE and protein expression results, with all
samples within 20% relative purity by CE. Extrapolating the
correlation, a total loss in protein production would occur
while the CE electropherogram suggests that mRNA purity
remains greater than 60%. These data demonstrate the
potential of these adduct reactions to reduce activity of
mRNA-LNP products, and the inadequacy of CE to deter-
mine mRNA quality in LNP formulations.

Given the impact of RNA-lipid adduct on protein expres-
sion, the thorough characterization and control of adduct
levels must be a critical activity throughout the research,
development, and manufacture of mRNA-LNP products to
ensure mRNA activity. The potential impact to refrigerated
vaccine stability, as one example, is shown in FIG. 29C. Two
vaccine formulations utilizing the same mRNA sequence
and lipid system are shown, with proper adduct controls in
place for Vaccine B and poor control in Vaccine A. An initial
delta in 15% indicates rapid adduct formation in processing
or prior to product testing, followed by loss in almost 50%
of mRNA integrity to adduct formation over 3 months at 5C.
By contrast, Vaccine B demonstrates comparatively low
levels of adduct with a negligible increase over time.

CONCLUSIONS

A novel lipid-modified class of mRNA impurities gener-
ated by electrophilic degradants and impurities originating
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in the ionizable lipid which disrupt mRNA translation was
identified, which impacts the activity of LNP-formulated
mRNA products. RP-IP HPLC provides remarkable speci-
ficity and sensitivity to detect adducted mRNA molecules,
which are otherwise difficult to identify due to the low rate
of modification. Indeed, the data suggests that even single
adduct events are detected on the intact mRNA by RP-IP
HPLC, whereas even purified LP is not distinguished by CE
methodology typically employed. Because of the impact to
protein translation, these species represent a variable affect-
ing product activity that is hidden to certain analytical
techniques traditionally utilized to assess mRNA integrity in
mRNA-LNP such as CE.

Furthermore, the formation of these mRNA-lipid adducts
can be evaluated starting from formulation design into
clinical evaluation and through to commercialization by
using appropriate RP-IP HPLC methodologies.

As one mechanism, the hydrolysis of N-oxide to alde-
hydes is broadly relevant to tertiary amines used in the LNP
formulation of siRNA and mRNA. It is highly probable
therefore that formation of this class of adducts has hitherto
been missed by historically applied analytical technologies
such as CE, and subsequently an important critical quality
attribute of mRNA-LNP has not been addressed. This rep-
resents a gap in control of mRNA-LNP’s particularly as it
pertains to consistency and control of manufacture and
activity of the resultant drug product. The pathway reported
in this paper generates an important class of previously
un-reported impurities that may be present in lipid-based
mRNA formulations. These reactions can be mitigated
through raw material control, manufacturing process param-
eters, formulation design, and LNP storage conditions. In the
research, development, and manufacture of LNP-formulated
nucleic acid products it is critical to monitor and control
lipid adduct formation to ensure the quality, consistency, and
activity of the pharmaceutical product.

What is claimed is:

1. A composition comprising a lipid nanoparticle com-
prising a mRNA, a phospholipid, a cholesterol, a PEG-lipid,
and an ionizable lipid,

wherein the mRNA comprises an N1-methyl-pseudouri-

dine (ml4)),

wherein the ionizable lipid is selected from
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wherein the composition comprises a Tris (tris(thy-
droxymethyl)aminomethane) buffer and sucrose, and

wherein less than about 10% of the mRNA is in the form
of'an ionizable lipid-polynucleotide adduct impurity, as
measured by reverse phase ion pair high performance
liquid chromatography (RP-IP HPLC).

2. The composition of claim 1, wherein the ionizable lipid
is
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3. The composition of claim 2, wherein less than about
5% of the mRNA is in the form of the ionizable lipid-
polynucleotide adduct impurity.

4. The composition of claim 2, wherein less than about
1% of the mRNA is in the form of the ionizable lipid-
polynucleotide adduct impurity.

5. The composition of claim 2, wherein the composition
comprises a molar ratio of 20-60% ionizable lipid, 5-25%
phospholipid, 25-55% cholesterol, and 0.5-15% PEG-lipid,
based on the lipid components.

6. The composition of claim 2, wherein all uridines in the
mRNA are N1-methyl-pseudouridines (m11)).

7. The composition of claim 2, wherein the ionizable
lipid-polynucleotide adduct impurity comprises an alde-
hyde-mRNA adduct impurity.

8. The composition of claim 7, wherein an amount of lipid
aldehydes in the composition is less than about 50 ppm.
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9. The composition of claim 7, wherein an amount of the
ionizable lipid-polynucleotide adduct impurity increases at
an average rate of less than about 2% per day when stored
at a temperature of about 25° C. or below.

10. The composition of claim 7, wherein an amount of the
ionizable lipid-polynucleotide adduct impurity increases at
an average rate of less than about 0.5% per day when stored
at a temperature of about 5° C. or below.

11. The composition of claim 7, wherein an amount of the
ionizable lipid-polynucleotide adduct impurity increases at
an average rate of less than about 0.5% per day when stored
at a refrigerated temperature.

12. The composition of claim 11, wherein the refrigerated
temperature is about 5° C.

13. The composition of claim 1, wherein the ionizable
lipid is

SN N PP
N

OH
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14. The composition of claim 13, wherein less than about
5% of the mRNA is in the form of the ionizable lipid-
polynucleotide adduct impurity.

15. The composition of claim 13, wherein less than about
1% of the mRNA is in the form of the ionizable lipid-
polynucleotide adduct impurity.

16. The composition of claim 13, wherein the composi-
tion comprises a molar ratio of 20-60% ionizable lipid,
5-25% phospholipid, 25-55% cholesterol, and 0.5-15%
PEG-lipid, based on the lipid components.

17. The composition of claim 13, wherein all uridines in
the mRNA are N1-methyl-pseudouridines (m11).

18. The composition of claim 13, wherein the ionizable
lipid-polynucleotide adduct impurity comprises an alde-
hyde-mRNA adduct impurity.

19. The composition of claim 18, wherein an amount of
lipid aldehydes in the composition is less than about 50 ppm.

20. The composition of claim 18, wherein an amount of
the ionizable lipid-polynucleotide adduct impurity increases
at an average rate of less than about 2% per day when stored
at a temperature of about 25° C. or below.

21. The composition of claim 18, wherein an amount of
the ionizable lipid-polynucleotide adduct impurity increases
at an average rate of less than about 0.5% per day when
stored at a temperature of about 5° C. or below.

22. The composition of claim 18, wherein an amount of
the ionizable lipid-polynucleotide adduct impurity increases
at an average rate of less than about 0.5% per day when
stored at a refrigerated temperature.

23. The composition of claim 22, wherein the refrigerated
temperature is about 5° C.

* * * #* *
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