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Lipid nanoparticles (LNPs) for delivery ofmRNAusually contain
ionizable lipid/helper lipid/cholesterol/PEG-lipid inmolar ratios
of 50:10:38.5:1.5, respectively. These LNPs are rapidly cleared
from the circulation following intravenous (i.v.) administration,
limiting uptake into other tissues. Here, we investigate the prop-
erties of LNP mRNA systems prepared with high levels of “help-
er” lipids such as 1,2-distearoyl-sn-glycero-3-phosphorylcholine
(DSPC) or N-(hexadecanoyl)-sphing-4-enine-1-phosphocholine
(egg sphingomyelin [ESM]).We show that LNPmRNAs contain-
ing 40 mol % DSPC or ESM have a unique morphology with a
small interior “solid” core situated in an aqueous compartment
that is bounded by a lipid bilayer. The encapsulated mRNA ex-
hibits enhanced stability in the presence of serum. LNP mRNA
systems containing 40mol % DSPC or ESM exhibit significantly
improved transfection properties in vitro comparedwith systems
containing 10 mol % DSPC or ESM. When injected i.v., LNP
mRNAs containing 40 mol % ESM exhibit extended circulation
lifetimes compared with LNP mRNA systems containing 10
mol % DSPC, resulting in improved accumulation in extrahe-
patic tissues. Systems containing 40 mol % ESM result in signif-
icantly improved gene expression in spleen and bone marrow as
well as liver post i.v. injection compared with 10 mol % DSPC
LNP mRNAs. We conclude that LNP mRNAs containing high
levels of helper lipid provide a new approach for transfecting he-
patic and extrahepatic tissues.

INTRODUCTION
Lipid nanoparticles (LNPs) are clinically validated systems for deliv-
ery of messenger RNA (mRNA) in vivo having been used in COVID-
19 mRNA vaccines to express viral genes in muscle and antigen-pre-
senting cells following intramuscular administration.1 There is
considerable additional literature detailing the ability of LNP
mRNA systems to transfect the liver (hepatocytes) following intrave-
nous (i.v.) administration, leading to many more potential therapeu-
tic applications.1–4 Liver-tropic LNP mRNA therapeutics are
currently being developed to treat cancer, atherosclerosis, heart fail-
ure, and rare diseases using gene editing or protein replacement ap-
proaches.2,3,5 All these formulations use LNP lipid compositions con-
sisting of ionizable lipid/helper lipid/cholesterol/PEG-lipid in the
approximate molar ratios 50:10:38.5:1.5, respectively. The helper lipid
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commonly used is 1,2-distearoyl-sn-glycero-3-phosphorylcholine
(DSPC). Here, we refer to this lipid composition as the “Onpattro”
formulation as similar lipid ratios are used in Onpattro, the clinically
approved siRNA-based nanomedicine used to treat transthyretin-
induced amyloidosis.6

Efforts to transfect extrahepatic tissues via i.v. administration have
been less successful. Approximately 90% of the injected dose of
LNP mRNA formulations with the Onpattro lipid composition is
cleared to the liver within 30 min of i.v. administration,7 limiting ac-
cess to other tissues. Extended circulation lifetimes necessary to access
non-liver tissues can be achieved by incorporating PEG-lipids that
remain associated with the LNP following i.v. administration.8,9 How-
ever, the presence of a PEG coating inhibits cell uptake and delivery of
mRNA contents.9,10 Incorporation of positively charged lipids can
enhance transfection in a number of extrahepatic tissues following
i.v. administration.11 Unfortunately, such lipids can be toxic, poten-
tially limiting clinical applications.12,13

In recent work we have shown for the ethanol dilution/rapid mixing
formulation technique that incorporation of increasing amounts of
triolein (TO), a non-polar lipid that is not soluble in lipid bilayers,
in mixtures with DSPC/Chol at molar ratios of 40:40:20 (DSPC/
Chol/TO, respectively) results in LNPs that exhibit an interior solid
core structure surrounded by a lipid bilayer as visualized by cryo-
genic-transmission electron microscopy (cryo-TEM).14 Similar
structures are observed for LNP systems containing 40 mol %
DSPC and reduced levels of ionizable cationic lipids, with or
without an siRNA payload.15 The structure of these systems is
consistent with a lipid bilayer consisting of DSPC/Chol and an inte-
rior solid core consisting of the hydrophobic TO or oil form of the
ionizable lipid surrounded by a lipid monolayer. Such systems offer
interesting possibilities for long circulation properties given the long
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circulation lifetimes of DSPC/Chol liposomal systems used in cancer
applications.16,17

Here, we examine the transfection properties of LNP mRNA systems
containing high (up to 40 mol %) levels of DSPC or an alternative
helper lipid, N-(hexadecanoyl)-sphing-4-enine-1-phosphocholine
(egg sphingomyelin [ESM]), together with reduced levels (as low as
33 mol %) of the ionizable cationic lipid DLinMC3DMA (MC3)
both in vitro and in vivo. For systems containing 40mol % helper lipid
we show that such systems can achieve mRNA trapping efficiencies
greater than 90% and that they exhibit cryo-TEM morphology con-
sisting of a “solid core” and an aqueous compartment that is partially
or completely surrounded by a lipid bilayer. These systems exhibit
transfection potencies in vitro that are comparable with or superior
than Onpattro-based LNP mRNA systems that contain 10 mol %
DSPC. Furthermore, we demonstrate that LNP mRNA systems con-
taining 40 mol % ESM result in improved transfection potency in the
liver, spleen, and bone marrow following systemic administration
relative to LNPs with the Onpattro lipid composition. It is concluded
that LNP mRNA systems containing high concentrations of helper
lipids such as ESM represent a new class of mRNA delivery systems
that can be used to transfect hepatic as well as extrahepatic tissues
in vivo.

RESULTS
LNP mRNA systems containing 40 mol % ESM exhibit a solid

core within a bilayer morphology as detected by cryo-TEM

As noted, the structure of LNP siRNA systems containing high levels
of helper lipids such as DSPC can exhibit unusual morphology con-
sisting of an inner solid core separated from an external bilayer by
an aqueous compartment. To determine whether similar structures
are observed for LNP mRNA systems formulated at high helper lipid
contents we examined the morphology of LNP luc mRNA systems as
the proportion of ESM helper lipid was increased.

LNP luc mRNA formulations were prepared using MC3 as the ioniz-
able lipid and ESM as the helper lipid. The proportion of ESM was
increased from 10 to 55 mol % at the expense of both ionizable lipid
and cholesterol (keeping the MC3/Chol ratio constant). As shown in
Table S1, mRNA encapsulation efficiencies >95% were achieved for
LNPs containing 10–40 mol % ESM, whereas reduced entrapment ef-
ficiencies were observed at higher ESM levels. LNPs containing up to
50 mol % ESM exhibited diameters of�50 nm and low polydispersity
indices (PDIs), LNP mRNA systems containing 55 mol % ESM were
larger (68 nm) and more polydisperse.

It would be expected that the morphology of the LNP mRNA sys-
tems containing increasingly high levels of ESM would exhibit
progressively more bilayer structure as ESM adopts the bilayer
structure on hydration.18,19 Cryo-TEM studies revealed that
increasing proportions of ESM result in a progressive transition
from the commonly observed20–22 spherical solid-core structure
seen for LNP containing 10 mol % ESM to an elongated structure
containing a solid core surrounded by a bilayer for systems con-
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taining 40 mol % or higher ESM (Figures 1D–1F). LNP mRNA
systems containing 40 mol % ESM showed the most homogeneous
structures.

LNP mRNA systems containing 40 mol % ESM or DSPC exhibit

increased mRNA expression in vitro compared with LNP mRNA

systems with the Onpattro formulation containing 10 mol %

helper lipids

As noted, LNP systems containing 40 mol % ESM exhibit homoge-
neous morphology bounded by a lipid bilayer that could be consistent
with extended circulation lifetimes. The next question was whether
they could be transfection potent. We first examined transfection
potency in vitro. The effect of increasing the proportions of ESM
and DSPC from 10 mol % (Onpattro formulation) to 40 mol %
(ESM or DSPC/MC3/Chol/PEG-lipid 40:33:25.5:1.5 mol/mol) on
the cellular uptake and transfection potency of LNP containing lucif-
erase mRNA was examined in HuH7 (human-derived hepatocarci-
noma) cells. LNP luc mRNA formulations were prepared using an
N/P ratio of 6 (a ratio that is commonly used in vivo23–27), and con-
tained 0.2 mol % of the fluorescent dye 1,10-dilinoleyl-3,3,30,30-tetra-
methylindocarbocyanine perchlorate (DiI). HuH7 cells were incu-
bated with 0.03–3 mg LNP luc mRNA/mL for 24 h and luciferase
expression was quantified by measuring luminescence as detailed in
methods.

As shown in Figure 2A, LNPs containing 40 mol % DSPC or ESM
were significantly more potent transfection systems in vitro than the
LNPs containing 10 mol % DSPC or ESM. Incubation (24 h) of
HuH7 cells with LNP Luc mRNA formulations (0.3 mg mRNA/
mL) containing 40 mol % ESM resulted in a 100-fold increase in
luciferase expression compared with the 10 mol % DSPC formula-
tion. At all doses tested for both helper lipids, the luminescence
was considerably higher for LNP luc mRNA systems containing
40 mol % helper lipid formulations compared with those containing
10 mol % helper lipid. Although the LNP containing 40 mol %
helper lipid exhibited higher (�30%) levels of uptake compared
with systems containing 10 mol % helper lipid as assayed by
mean fluorescence intensity (MFI) of the incorporated fluorescent
dye at 24 h post transfection (Figure 2B), such increases cannot
account for the orders of magnitude improvement in transfection
potency. These results lead to two conclusions. First, increasing
the proportions of helper lipids in LNP mRNA systems to 40
mol % dramatically enhances transfection potency in vitro
compared with LNP mRNA with the 10% DSPC (Onpattro) lipid
composition. Second, LNP mRNA systems containing 40% ESM
are significantly more potent transfection agents in vitro than
LNP systems containing 40 mol % DSPC. Liposomal formulations
consisting of ESM and cholesterol can achieve circulation lifetimes
approaching those achieved for “stealth” liposomes containing
high concentrations of PEG-lipids.16 Thus, LNP mRNA systems
containing 40% ESM have the potential to both enhance transfec-
tion potency in vivo and prolong circulation lifetimes leading to a
wider range of tissues that the LNP mRNA can access and
potentially transfect.
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Figure 1. LNP luc mRNA morphology progress from a solid core structure to a bilayer structure surrounding an aqueous compartment containing a small

solid core as the ESM helper lipid content is increased

LNP luc mRNA systems were formulated at an N/P ratio of 6 as described in methods to contain increasing amounts of the helper lipid egg sphingomyelin (ESM). (A) LNP

composition ESM/MC3/Chol/PEG-lipid 10:50:38.5:1.5 mol/mol, (B) LNP composition ESM/MC3/Chol/PEG-lipid 20:44.25:34.25:1.5 mol/mol, (C) LNP composition ESM/

MC3/Chol/PEG-lipid 30:38.5:30:1.5 mol/mol, (D) LNP composition ESM/MC3/Chol/PEG-lipid 40:33:25.5:1.5 mol/mol, (E) LNP composition ESM/MC3/Chol/PEG-lipid

50:27.25:21.25:1.5 mol/mol, (F) LNP composition ESM/MC3/Chol/PEG-lipid 55:24.5:19:1.5 mol/mol. For other details see Table S1.
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LNP systems containing 40 mol % ESM exhibit improved mRNA

stability in the presence of serum

As noted in Figure 1, LNP mRNA systems containing 40 mol % ESM
exhibit a bilayer structure surrounding an aqueous region containing
a solid core. Previous work would suggest that the interior solid core
contains the neutral form of the ionizable lipid and the mRNA sur-
rounded by a lipid monolayer. If this is the case then it is possible
that the mRNA would be better protected from external nucleases
than mRNA contained in Onpattro-type systems containing 10
mol % DSPC, which exhibit only an external monolayer.15 To deter-
mine whether this was the case we tested the stability of mRNA cod-
ing for GFP (GFP-mRNA) encapsulated in the 40% ESM formulation
relative to an Onpattro formulation containing 10% DSPC. We used
GFP-mRNA in this and subsequent in vivo experiments as a quanti-
tative assessment of GFP expression in vivo in individual cells of
various tissues can be achieved when GFP fluorescence is measured
by flow cytometry.

The mRNA stability data obtained by the Bioanalyser analysis (see
methods) are presented in Figure 3. As shown, naked mRNA was
immediately degraded in serum, as also demonstrated by flattening
Molecular The
of the mRNA peaks in the electropherogram and the disappearance
of related bands in the gel images (see Figure S2). LNP mRNA encap-
sulated in LNPs with the Onpattro lipid composition (DSPC/MC3/
Chol/PEG-lipid 10:50:38.5:1.5 mol/mol) underwent degradation at
a rate of 20% per hour on incubation in 50% fetal bovine serum
(FBS). In contrast, the mRNA encapsulated in LNPs containing
40% ESM (ESM/MC3/Chol/PEG-lipid 40:33:25.5:1.5 mol/mol) only
exhibited appreciable degradation at the 24 and 48 h time points indi-
cating a degradation rate as low as 5% per hour.
LNP mRNA systems containing 40 mol % ESM exhibit longer

circulation lifetimes and increased extrahepatic distribution

following i.v. administration compared with LNPmRNA systems

with Onpattro lipid compositions

As noted, LNP with an external lipid bilayer consisting of ESM/Chol
should exhibit extended circulation lifetimes as suggested by the
stealth characteristics of liposomal systems consisting of ESM/
Chol.16 To determine whether this was the case, we investigated the
pharmacokinetic properties of LNP GFP mRNA systems prepared
with the Onpattro composition (10 mol % DSPC) or the formulation
rapy: Methods & Clinical Development Vol. 30 September 2023 237
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Figure 2. LNP mRNA system containing high helper

lipid contents exhibit dramatically improved

transfection potencies compared with Onpattro-type

formulations in vitro

HuH7 cells were incubated with LNP luc mRNA systems

containing DSPC or ESM at 10 or 40 mol % levels over a

dose range of 0.03–3 mg mRNA/mL Luciferase expression

(luminescence) was quantified after a 24 h incubation. (A)

Luminescence observed for each formulation and dose.

Data represent the arithmetic mean ±SD of three replicates.

(B) Bar graphs depicting the mean fluorescence intensity

(MFI) of HuH7 cells indicating the uptake of DiI-labeled

LNPs. Data represent the arithmetic mean ± SD of three

replicates and are normalized for the higher lipid content of

40 mol % systems as described in methods. *p < 0.05,

***p < 0.001.
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containing 40 mol % ESM and the fluorescent lipid label DiD
following i.v. administration. DiD could be used to follow blood clear-
ance.28 As shown in Figure 4, LNP systems containing 40 mol % ESM
exhibited a significantly longer circulation lifetime as indicated by a
half-life of 3.7 h for the 40% ESM formulation compared with
15 min for the 10% DSPC formulation. As a result, we refer to the
LNP mRNA systems containing 40 mol % ESM as “long-circulating”
LNP, or lcLNP.

The biodistribution of LNP GFP mRNA in the heart, lung, liver,
spleen, kidney, and bone marrow was also measured following sys-
temic administration of the DiD-labeled LNP GFP mRNA systems.
As shown in Figure 5, increased accumulation of LNP with the On-
pattro composition (10 mol % DSPC) was observed in the liver
compared with LNP containing 40 mol % ESM, whereas the lcLNP
containing 40 mol % ESM exhibited greater accumulation in the
spleen and bone marrow.

LNP mRNA systems containing 40 mol % ESM exhibit improved

transfection potency relative to LNPwith the Onpattro-type lipid

composition in the liver, spleen, and bone marrow

The major objective of this study was to develop transfection-compe-
tent lcLNP mRNA systems that could result in greater accumulation
of LNPmRNA in extrahepatic tissues such as the bonemarrow. Given
the apparent tropism of the lcLNPs containing 40 mol % ESM for
bone marrow and spleen we examined protein expression in both tis-
sues (as well as liver) for Onpattro LNP GFP mRNA and lcLNP GFP
mRNA following systemic administration (3 mg mRNA/kg) in mice.
Translation of GFP in liver, spleen, and bonemarrowwas investigated
at a cellular level using flow cytometry, the uptake in hepatocytes,
splenocytes, and bone marrow cells was assessed using the fluores-
cence arising from trace levels of DiD. The details regarding gating
strategies can be found in the methods.

Considerable LNP accumulation was observed in hepatocytes for
both Onpattro and lcLNP formulations at 4 and 24 h post injection.
At 24 h, LNP accumulation was detected in 60% and 70% of hepato-
cytes for the 10% and 40% ESM formulations, respectively (Fig-
238 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
ure 6A). For both formulations the percentage of DiD-positive cells
increased significantly from 4 to 24 h (Figure 6A). Remarkably, the
proportion of hepatocytes expressing GFP at both 4 and 24 hours
post infection was significantly higher for LNP mRNA containing
40% ESM compared with the 10% ESM formulation (Figure 6B) or
the classic Onpattro formulation containing 10 mol % DSPC (see
Figures S1A and S1B).

In the case of the spleen, LNP GFP mRNA systems containing 40
mol % ESM exhibited preferential distribution to the spleen relative
to LNP GFP mRNA containing 10% ESM at both 4 and 24 h post in-
jection (Figure 7A). The proportion of splenocytes expressing GFP
was similar for LNP containing both 10 and 40 mol % ESM. However,
the LNP mRNA containing 40% ESM exhibited enhanced GFP trans-
lation in splenocytes relative to systems containing 10% ESM at both
4 and 24 h post injection (Figure 7B) as well as the classic Onpattro
formulation containing 10 mol % DSPC (see Figures S1A and S1B).

As shown in Figure 8B, i.v. administration of LNP GFP mRNA for-
mulations containing 40% ESM led to significantly greater expression
in bone marrow cells compared with the 10% ESM formulations at
24 h post injection. At 4 h similar levels of transfection were observed
for LNPs containing 10 mol % DSPC or 10 mol % ESM vs. 40 mol %
ESM, with the latter showing significantly higher levels of GFP
expression (Figure S1). In short, the results presented in this section
show that i.v. administration of lcLNP GFPmRNA formulations con-
taining 40 mol % GFP give rise to similar or improved protein expres-
sion in liver, spleen, and bone marrow compared with systems con-
taining 10 mol % ESM or classic Onpattro-type systems containing
10 mol % DSPC.

Finally, toxicity studies demonstrated that the newly developed for-
mulations as well as the Onpattro-based LNPmRNAs were well toler-
ated and did not cause any adverse effect, as assessed by clinical ob-
servations, weight measurements, and the chemistry and cytokine
panel. During the follow up, a very slight weight loss was observed
24 h post injection, which was regained after 48 h (Figure S4A). Liver
function remained largely intact despite a significant accumulation of
mber 2023



Figure 3. mRNA encapsulated in LNP containing high levels of helper lipid

exhibits improved stability properties when incubated with serum

compared with free mRNA or mRNA encapsulated in Onpattro-type LNP

formulations

LNP GFP mRNA systems containing 10% DSPC (DSPC/MC3/Chol/PEG-lipid

10:50:38.5:1.5 mol/mol) or 40% ESM (ESM/MC3/Chol/PEG-lipid 40:33:25.5:1.5

mol/mol) were prepared as described in methods (N/P = 6) and were incubated in

50% FBS at 37�C for 48 h mRNA stability was assessed using an Agilent 2100

Bioanalyzer (see methods). Data are representative of two separate experiments.
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LNP mRNAs. The chemistry panel revealed only a slight elevation of
two liver enzymes 24 h post injection, which returned to normal 48 h
later (Figure S4B). Also, no alteration of blood chemistry was noted,
demonstrating an intact kidney function and electrolyte balance.
Finally, from the cytokine panel, only IL-1a and IL-6 were slightly
elevated at the 48 h time point, overall demonstrating that the LNP
mRNAs did not exhibit any significant immunogenicity with no
serious adverse effect on animals (Figures S4C and S4D).

DISCUSSION
The results presented here demonstrate that, by adjusting the amount
and type of helper lipid, LNP mRNA systems can be achieved that
result in enhanced expression at 4 and 24 h post administration in
target tissues such as liver, spleen, and bone marrow compared
with classical Onpattro formulations that contain 10 mol % DSPC.
There are three aspects of these results that warrant further discus-
sion. First, the LNPmRNA systems containing 40 mol % ESM exhibit
a unique morphology with an outer monolayer surrounding an inner
solid core as visualized by cryo-TEM studies, requiring discussion of
how such structures may be generated and the benefits in terms of cir-
culation lifetimes and mRNA stability. Second, the results presented
here demonstrate that LNP mRNA systems containing 40 mol % of
helper lipids such as DSPC or ESM can be highly effective transfection
vehicles in vitro and that systems containing 40 mol % ESM are also
highly effective in vivo. This contrasts with previous studies that sug-
gest 10 mol % DSPC results in optimized gene silencing in vivo for
Molecular The
LNP siRNA systems. Finally, the potential utility of these systems
for transfection of hepatic and extrahepatic tissues is of interest. We
discuss these topics in turn.

LNP mRNA systems containing 40 mol % helper lipid exhibit a novel
morphology with a bilayer surrounding an inner solid core. Related
structures observed for LNP siRNA systems containing high levels
of helper lipid have been interpreted as a core of siRNA complexed
with ionizable lipid, as well as ionizable lipid in the neutral (oil)
form, surrounded by a monolayer of helper lipid/cholesterol sus-
pended in an aqueous environment, which is in turn surrounded by
a bilayer consisting of helper lipid/cholesterol.15 A similar interpreta-
tion can be made for the mRNA containing systems, where the inte-
rior solid core contains the mRNA. The mechanism whereby these
LNP mRNA systems are formed using the rapid mixing/ethanol dilu-
tion process can be suggested to begin with formation of a hydropho-
bic mRNA-ionizable lipid core at pH 4 surrounded by a monolayer of
helper lipid/cholesterol that fuses with smaller empty vesicles as the
pH is raised due to the conversion of the ionizable cationic lipid to
the neutral form.15,29 As the larger LNP systems form, the ratio of sur-
face lipid (e.g., ESM/Chol) to core lipid (the neutral form of the ioniz-
able cationic lipid) increases and eventually exceeds the amount
needed to form the external monolayer. At this point the bilayer lipid
progressively forms blebs. At high enough helper lipid contents, the
exterior bilayer-preferring helper lipid can form a complete bilayer
around the interior hydrophobic core.

The observation that LNP mRNA systems containing high (40
mol %) levels of “helper” lipids such as ESM exhibit comparable or
superior levels of protein expression as compared with LNP mRNA
with the Onpattro composition in vitro and in vivo has not been re-
ported previously. This is perhaps surprising considering the large
amount of work performed to optimize the transfection properties
of LNP formulations of siRNA and mRNA. However, an over-
whelming proportion of this work has focused on optimizing the
cationic lipid component and has largely concerned studies on in vivo
properties of these LNP systems.30

The enhanced in vitro transfection potency of LNP mRNA systems
containing ESM, as opposed to DSPC, could be related to enhanced
cellular uptake as the ESM formulations exhibited improved uptake
into the HuH7 cells compared with systems containing DSPC (Fig-
ure 2B). However, the mechanism whereby LNP mRNA systems
containing 40 mol % DSPC or ESM elicit dramatically enhanced
protein expression in vitro compared with systems containing 10
mol % DSPC or ESM (Figure 2A) cannot be ascribed to increased
uptake and is not currently understood. In particular, the enhanced
transfection potency of systems containing high helper levels would
appear to disagree with the proposed mechanism of action for endo-
somal escape whereby optimized LNP mRNA systems destabilize
bilayer structure in the endosome on protonation of the ionizable
cationic lipid component due to formation of non-bilayer struc-
tures.31 This is because helper lipids such as DSPC and ESM prefer
bilayer structure and would be expected to mitigate against
rapy: Methods & Clinical Development Vol. 30 September 2023 239
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Figure 4. LNP mRNA systems containing 40 mol %

ESM exhibit longer circulation lifetimes following i.v.

administration than Onpattro-type formulations

DiD-labeled LNP GFP mRNA were administered at a dose

of 1.5 mg mRNA/kg and blood was collected via the

saphenous vein at 0, 1.5, 4, 8, and 24 h. The circulating LNP

levels were determined by measuring the DiD fluorescent

intensity from collected blood. Each data point represents

the arithmetic mean ± SD of data collected from five mice.

(A) LNP GFP mRNA systems with the Onpattro lipid

composition (DSPC/MC3/Chol/PEG-lipid 10:50:38.5:1).

(B) LNP GFP mRNA systems containing 40 mol % ESM

(ESMMC3/Chol/PEG-lipid 40:33:25.5:1.5).
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formation of non-bilayer structures that destabilize the endosomal
membrane.32 It is possible that changes in the structure of these
LNPs increases the availability of the solid core as the pH is lowered
in the endosome; these and other possibilities are under
investigation.

The fact that the 40 mol % ESM systems are more transfection potent
in vivo in the liver following i.v. administration than classical Onpat-
tro systems containing 10 mol % ESM or DSPC is surprising as exten-
sive efforts have beenmade to achieve optimized systems for liver (he-
patocyte) transfection following i.v. administration. As noted, almost
all these optimization efforts for mRNA have focused on LNP with
the Onpattro-type lipid composition and have been aimed at devel-
oping improved ionizable cationic lipids.1,30 Work that has been re-
ported for systems containing helper lipid concentrations as high as
40 mol % has focused mainly on the tropism exhibited by LNPs
with different helper lipid species and direct comparisons with the
properties of LNP mRNA systems with Onpattro lipid compositions
are lacking.33,34 It is perhaps not surprising that LNP lipid composi-
tions optimized for siRNA delivery to the liver are not optimal for de-
livery of mRNA. As noted, reasons for the enhanced transfection
properties of LNP mRNA systems containing 40 mol % ESM could
include the improved stability of the encapsulated mRNA as well as
the enhanced transfection potency following uptake into cells as indi-
cated by the in vitro results presented here.

There are many other factors that could also play a role in increasing
transfection potency for the high-ESM LNP system. For example, the
protein corona adsorbed by the LNPs in the presence of serum
proteins can dramatically affect cell tropism.35 In addition, it should
be noted that a dose based on mg mRNA/kg body weight of the
LNP mRNA systems containing high levels of helper lipids such as
ESM results in more LNPs per dose with a lower number of copies
of mRNA per LNP. For instance, for LNP mRNA systems prepared
at an N/P value of 6 with a diameter of 50 nm it can be calcu-
lated that a dose of LNP with the ESM/MC3/Chol/PEG-lipid
(40:33:25.5:1.5 mol/mol) lipid composition contains approximately
1.7 times as many LNPs compared with an equivalent dose of LNP
240 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
with the Onpattro lipid composition. Furthermore, if it is assumed
that all of the LNPs contain mRNA it can be calculated that the
average number of mRNA per LNP decreases from �2.1 copies per
LNP for the Onpattro composition to �1.3 for the LNP containing
40 mol % ESM. However, as noted by Li et al., cryo-TEM and other
common nanoparticle characterization methods such as small-angle
neutron scattering, NMR, and nanoparticle tracking analysis, could
not effectively resolve these payload characteristics at the single-
nanoparticle level, primarily due to difficulty in distinguishing empty
LNPs from those with a payload, and in quantifying mRNAmolecules
in mRNA-loaded LNPs.36 In addition, the amount of ionizable lipid
per LNP is reduced by the same proportion, which could be rectified
by somewhat higher N/P values. All these factors could play a role in
affecting transfection properties. For instance, it is well known that
higher lipid doses lead to longer circulation lifetimes for liposomal
LNP systems,37 consistent with the longer circulation lifetimes of
the LNP containing 40 mol % ESM.

The ability of the 40 mol % ESM systems to elicit improved protein
expression in the spleen and bone marrow is likely related to the
enhanced distribution to these tissues due to the longer circulation
lifetimes as well as the enhanced transfection potency of the LNPs
containing 40 mol % ESM. It is interesting to note that the circulation
lifetimes achieved (3.7 h) are relatively modest; circulation lifetimes in
excess of 10 h can be achieved for DSPC/Chol systems at high (100mg
lipid/kg) dose levels.37 The lipid dose level corresponding to a dose of
1.5 mg mRNA/kg for an N/P value of 6 is 66 mg lipids/kg. Liposomes
consisting of bilayer lipid mixtures such as DSPC/Chol are very well
tolerated, doses as high as 1 g lipids/kg have been administered with
no observable adverse effects.37 Higher lipid doses would be expected
to lead to longer circulation lifetimes and possibly improved extrahe-
patic transfection properties.

In summary, the results of this study clearly indicate that SCL LNP
mRNA systems containing high levels of helper lipids such as ESM
can exhibit improved transfection properties in vitro compared with
LNPs with the standard Onpattro formulation and that such sys-
tems can also provide enhanced transfection levels in vivo for
mber 2023



Figure 5. LNP GFP mRNA systems containing 40 mol % ESM exhibit

enhanced accumulation in spleen and bone marrow 48 h post injection

compared with LNP GFP mRNA systems with Onpattro (10 mol % helper

lipid) lipid compositions

DiD-labeled LNP GFP mRNA were administered i.v. at a dose of 1.5 mg mRNA/kg.

LNP GFP mRNA systems with the Onpattro lipid composition contained DSPC/

MC3/Chol/PEG-lipid 10:50:38.5:1. LNP GFP mRNA systems containing 40

mol % ESM had the lipid composition ESMMC3/Chol/PEG-lipid 40:33:25.5:1.5.

Organs were isolated 48 h post administration and DiD fluorescence was deter-

mined in cell isolates using flow cytometry. The MFI was calculated from the FACS

contour plots (see methods) and normalized to PBS-treated values. Bar graphs

depict mean fold increase of DiD in indicated tissues. Each data point represents

arithmetic mean ± SD of five mice. *p < 0.05.
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hepatic and non-hepatic tissues without any adverse effects. These
systems exhibit novel structures characterized by an external lipid
bilayer surrounding a solid core suspended in an aqueous interior.
The improved transfection properties are due, at least in part, to
processes that occur subsequent to cellular uptake and could also
reflect improved stability of the mRNA cargo in the LNP interior
due to the protective lipid bilayer. The improved circulation life-
times are consistent with the presence of an exterior lipid bilayer
and it is likely that longer circulation lipids and improved bio-
distribution and transfection can be achieved for higher lipid doses.
It is concluded that these LNPmRNA systems containing high levels
of the helper lipid ESM provide a promising approach for achieving
improved hepatic and extrahepatic transfection following i.v.
administration.

MATERIALS AND METHODS
Materials

The lipids DSPC and ESM were purchased from Avanti Polar
Lipids (Alabaster, AL). The ionizable cationic lipid heptatriaconta-
6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate (DLin-MC3-
DMA; MC3) was synthesized by Biofine International (Vancouver,
Molecular The
BC, Canada). Cholesterol, sodium acetate, Dulbecco’s phosphate-
buffered saline (PBS), FBS, and Triton X-100 were purchased from
Sigma-Aldrich (St. Louis, MO). (R)-2,3-bis(octadecyloxy)propyl-1-
(methoxy polyethylene glycol 2000) carbamate (PEG-DMG)
was provided by Alnylam Pharmaceuticals. Lipid tracers 1,10-diocta-
decyl- 3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI-C18)
and 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate Salt (DiD-C18) were purchased from Invi-
trogen (Burlington, ON). Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Thermo Fischer Scientific. Luciferase
mRNA was provided by Dr. Drew Weismann’s lab (University of
Pennsylvania). CleanCap EGFP mRNA (5moU) was purchased
from TriLink Biotechnologies (San Diego, CA).

Methods

LNP mRNA preparation using T-tube mixing

Ionizable amino-lipid (DLin-MC3-DMA), helper lipid (DSPC or
ESM), cholesterol, and PEG-DMG were dissolved in ethanol at vary-
ing mole ratios. The lipids in ethanol and mRNA prepared in 25 mM
acetate buffer (pH 4.0) were combined using the T-tube formulation
method at total flow rate of 20 mL/min and flow rate ratio of 3:1
aqueous/organic phases (v/v). Following formulation, particles were
dialyzed against Dulbecco’s PBS (pH 7.4) using 12–14 kDa regener-
ated cellulose membranes (Spectrum Labs, Rancho Dominguez,
CA) overnight to remove residual EtOH.

Analysis of LNP size and morphology

LNP size and morphology were determined using cryo-TEM as
described previously.38,39 LNP size (number mean) and PDIs
were further confirmed by dynamic light scattering using the
Malvern Zetasizer NanoZS (Worcestershire, UK). Total lipid was
determined by measuring the cholesterol content using the Choles-
terol E assay (Wako Chemicals, Richmond, VA) at an absorbance
of 260 nm.

Analysis of mRNA encapsulation efficiency

mRNA encapsulation efficiency was determined using the Quant-iT
Ribogreen RNA assay (Life Technologies, Burlington, ON). In brief,
LNP mRNA was incubated at 37�C for 10 min in the presence or
absence of 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) followed
by the addition of the Ribogreen reagent. The fluorescence intensity
(Ex/Em = 480/520 nm) was determined and samples treated with
Triton X-100 represent total mRNA while untreated samples repre-
sent unencapsulated mRNA.

Cryo-TEM

LNPs loaded with mRNA were concentrated (Amicon Ultra-15
Centrifuge Filter Units, Millipore, Billerica, MA) to a total lipid con-
centration of�25mg/mL prior to analysis. Formulations were depos-
ited onto glow-discharged copper grids and vitrified using an FEI
Mark IV Vitrobot (FEI, Hillsboro, OR). Cryo-TEM imaging was per-
formed using a 200 kV Glacios microscope equipped with a Falcon III
camera at the UBC High Resolution Macromolecular Cryo-Electron
Microscopy facility (Vancouver, BC, Canada).
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Figure 6. LNPGFPmRNA systems containing 40mol%ESMexhibit superior protein expression in liver (C57B16mice) at 4 and 24 h post injection compared

with systems containing 10 mol % ESM

Flow cytometry results showing LNP uptake and GFP expression in hepatocytes. For original flow data see Figure S3A. (A) Bar graphs represent the arithmetic mean ± SD of

the percentage of DiD+ cells and (B) the arithmetic mean ± SD of the percentage of cells co-expressing DiD and GFP. *p < 0.05. The data represent three measurements of

duplicate mice in three different experiments.
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In vitro protein expression assay for LNP mRNA

Luciferase protein expression was performed using HuH7 cell hepa-
tocyte-derived carcinoma cell line. Growth medium was composed
of DMEM with FBS (10%). Cells were plated in 96-well cell cul-
ture-treated plates (Falcon/Corning, Corning, NY) at a density of
12,500 cells/well approximately 24 h before treatment. LNP RNA in
PBS were diluted as necessary with PBS and added to the appropriate
volume of medium to obtain final treatment concentrations of 0, 0.03,
0.1, 0.3, 1, and 3 mg/mLmRNA concentrations. Treated cells analyzed
for luciferase expression after 24 h. Cells were lysed using the Glo lysis
buffer and treated with the luciferase reagent (both from Promega,
Madison, WI) followed by a readout using a luminometer. To analyze
cellular uptake, 0.2 mol %DiI was included in the lipid mix during the
formulation process. Following incubation with the formulations un-
der investigation, the plate was washed, fixed and inserted into the
Cellomics tray to assess the DiI signal. Uptake analysis based on
MFI was determined using Cellomics (Thermo Fisher Scientific, Pitts-
burgh, PA).

LNP mRNA stability assay

The stability of LNP mRNA formulations circulating in the biological
systems is a determining factor for their activity. Therefore, the ability
of mRNA coding for GFP in LNPs comprising 40 mol % helper lipid
to endure degradation in vitro when incubated in serum, relative to a
formulation containing 10 mol % helper lipid content, was investi-
gated. For this, GFP mRNA encapsulated in 10% DSPC (MC3-
50%) and 40% ESM (MC3-33%) were incubated in 50% FBS for 0,
2, 4, 8, 16, and 24 h at 5 mM dose. Naked GFP mRNA and MC3-
33% were also incubated in 50% FBS and PBS and acted as negative
and positive controls, respectively. At the indicated time points,
mRNA was extracted from the LNP mRNA formulations following
the manufacturer’s instructions using a PureLink RNA Mini Kit
(Thermo Fisher Scientific). Extracted RNAs were also loaded into
an RNA Chip kit and mRNA integrity was determined by automated
electrophoresis using an Agilent 2100 Bioanalyzer. Electrophero-
grams of the mRNA samples were generated and Agilent 2100 Expert
Software (Agilent Technologies) was used to determine mRNA qual-
242 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
ity in the formulation following incubation in PBS or serum.
Following the manufacturer’s instructions, mRNA integrity was
determined using the individual electropherograms generated by
drawing appropriate regions including the peak corresponding to
the intact mRNA consistent with the 996 nucleotidet GFP mRNA
size and the region indicating degradation of mRNA. A ratio between
the intact and the degraded mRNA was generated and expressed as
percent corrected area, a function that factorizes the speed of
mRNAmigration. The ratio of corrected area at 0 time point whereby
the mRNAwas assumed intact, was considered 100%, and any change
toward degradation was calculated relative to this value.

Pharmacokinetic and biodistribution analysis

For the evaluation of the circulation lifetime of the encapsulated
mRNA in LNP in blood, fluorescently labeled LNPs were used.28 In
brief, mice, five per group, were administered systemically with
1.5 mg/kg mRNA of 10% DSPC and 40% ESM LNP mRNA labeled
with DiD-C18 or PBS control. Prior to and following systemic admin-
istration, 30 mL of blood was collected from the saphenous vein at the
indicated times, and plasma were separated through centrifugation at
10,000 � g for 5 min. Next, 10 mL plasma serum was diluted to 1%
Triton X- at 1:1,000 dilution (100 mL) and fluorescence was measured
at Ex/Em 644/663 nm using a Spark Multimode Microplate reader
The percent of DiD-C18 in the blood was determined from a standard
curve of DiD-C18 in mouse serum. To investigate the accumulation
of DiD-labeled LNP mRNAs in main organs, heart, lungs, liver,
spleen, kidney, and femurs were harvested and kept in complete
RPMI medium. Next, they were minced in small pieces, passed
through a 42 mm Falcon cell strainer and incubated in RPMI medium
containing 0.5 mg/mL collagenase IV (Worthington) for 20 min at
37�C. Bone marrow was also collected from the femurs, resuspended
in completed RPMI medium, and cultured for 20 min. Next, aliquots
of cell suspension from the indicated organs were collected, washed
with FACS staining buffer (2% FBS, 1mM ethylenediaminetetraacetic
acid [EDTA], and 0.1% sodium azide), and analyzed using an LSRII
flow cytometer (BD Biosciences) and FACSDiva software as
described. DiD expression in organs was measured to determine
mber 2023



Figure 7. LNP GFP mRNA systems containing 40 mol % ESM exhibit superior protein expression in spleen (C57B16 mice) at 24 h post injection compared

with systems containing 10 mol % ESM

Flow cytometry results showing LNP uptake and GFP expression in splenocytes. For original flow data see Figure S3B. (A) Bar graphs represent the arithmetic mean ± SD of

the percentage of DiD+ cells and (B) the arithmetic mean ± SD of the percentage of cells co-expressing DiD and GFP. *p < 0.05. The data represent three measurements of

duplicate mice in three different experiments.
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LNP mRNA accumulation in targeted organs using the FlowJo soft-
ware. Assuming that the fluorescence signal is proportional to the
lipid content, a normalization factor was calculated by dividing the to-
tal lipid of the formulations under investigation (20.6 mg/mL for the
Onpattro-based formulation/25.5 mg/mL for 40% DSPC or ESM
formulation) equaling 0.81. DiD fluorescence intensity was then cor-
rected by multiplying all MFI values of 10% DSPC and 40% ESM,
respectively, by the normalization factor. To calculate theMFI fold in-
crease relative to PBS, the MFI values were divided by the MFI ob-
tained following PBS treatment.

In vivo analysis of GFP expression

All mouse protocols were approved by the Canadian Animal Care
Committee and conducted in accordance with relevant guidelines
and regulations. Mice were maintained on a regular 12 h light/
12 h dark cycle in a specific pathogen-free animal facility at UBC.
C57Bl6 male mice aged between 8 and 10 weeks were used
throughout. These mice were divided into groups of two and
received i.v. injection of GFP mRNA-delivered LNPs based on On-
pattro, 40 mol % ESM (approach A), or PBS as a negative control.
For biodistribution studies, LNPs entrapping GFP mRNA were
labeled with 0.2 mol % DiD as fluorescent lipid marker. Injections
Figure 8. LNP GFPmRNA systems containing 40 mol % ESM exhibit superior pr

compared with systems containing 10 mol % ESM

Flow cytometry results showing LNP uptake and GFP expression in bone marrow cells. F

SD of the percentage of DiD+ cells and (B) the arithmetic mean ± SD of the percenta

surements of duplicate mice in three different experiments.

Molecular The
were performed at 3 mg/kg mRNA dose and mice were sacrificed
at 4 and 24 h post injection. Mice were first anesthetized using a
high dose of isoflurane followed by CO2. Transcardiac perfusion
was performed as follows: once the animals were unresponsive, a
5 cm medial incision was made through the abdominal wall,
exposing the liver and heart. While the heart was still beating, a but-
terfly needle connected to a 30 mL syringe loaded with pre-warmed
Hank’s balanced salt solution (HBSS) (Gibco) was inserted into the
left ventricle. Next, the liver was perfused with perfusion medium
(HBSS supplemented with 0.5 mM EDTA, 10 mM glucose, and
10 mMHEPES) at a rate of 3 mL/min for 10 min. Once liver swelling
was observed, a cut was performed on the right atrium and perfusion
was switched to digestion medium (DMEM, Gibco) supplemented
with 10% FBS (Gibco), 1% penicillin streptomycin (Gibco), and
0.8 mg/mL collagenase type IV (Worthington) at 3 mL/min for
another 10 min. At the end of the perfusion of the entire system,
as determined by organ blanching, the whole liver and spleen
were dissected and transferred to 50 mL Falcon tubes containing
10 mL ice-cold (4�C) perfusion medium and placed on ice. Next,
isolation of hepatocytes was performed following density
gradient-based separation. Spleens and femurs were also harvested
to isolate splenocytes and bone marrow cells. In brief, the liver
otein expression in bone marrow (C57B16 mice) at 4 and 24 h post injection

or original flow data see Figure S3C. (A) Bar graphs represent the arithmetic mean ±

ge of cells co-expressing DiD and GFP. *p < 0.05. The data represent three mea-
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was transferred to a petri dish containing digestion medium, minced
under sterile conditions, and incubated for 20 min at 37�C with oc-
casional shaking of the plate. Cell suspensions were then filtered
through a 40 mm mesh cell strainer to eliminate any undigested tis-
sue remnants. Primary hepatocytes were separated from other liver-
residing cells by low-speed centrifugation at 500 rpm with no brake.
The pellet containing mainly hepatocytes was collected, washed at
5,000 rpm for 5 min, and kept in 4�C. Femurs were centrifuged
10,000 � g in a microcentrifuge for 10 s to collect the marrow
that was resuspended in ACK lysis buffer for 1 min to deplete the
red blood followed by washing with ice-cold PBS. Phenotypic detec-
tion of hepatocytes was then performed using monoclonal anti-
bodies to assess LNP delivery and mRNA expression. Cellular up-
take and GFP expression was also detected in splenocytes and
bone marrow cells immediately after isolation. Here, the spleen
was dissected and placed into a 40 mm mesh cell and mashed
through the cell strainer into the petri dish using the plunger end
of the syringe. The suspended cells were transferred to a 15 mL Fal-
con tube and centrifuged at 1,000 rpm for 5 min. The pellet was re-
suspended in 1 mL ACK lysis buffer (Invitrogen) to lyse the red
blood cells and aliquoted in FACS buffer. Cell aliquots were resus-
pended in 300 mL FACS staining buffer (FBS 2%, sodium azide
0.1%, and EDTA [1 mM]) followed by staining with fluorescence-
tagged antibodies. Prior to staining, cells were first labeled with
anti-mouse CD16/CD32 (mouse Fc blocker, Clone 2.4G2)
(AntibodyLab, Vancouver, Canada) to reduce background. Hepato-
cytes were detected following staining with primary mouse antibody
detecting ASGR1 (8D7, Novus Biologicals) followed by goat poly-
clonal secondary antibody to mouse IgG2a labeled to PE-Cy7
(BioLegend). Detection of hepatocytes, splenocytes, and bone
marrow cells was acquired using an LSRII flow cytometer and the
FACSDiva software and analyzed by FlowJo following acquisition
of 1,000,000 events after gating on viable cell populations. LNP
mRNA delivery or transfection efficacy were assessed based on the
relative MFI of DiD- or GFP-positive cells, respectively, measured
on histograms obtained from gated cell populations.

Toxicity studies

To measure the toxicity of the formulations used in vivo in parallel
experiments, mice (n = 3) for each group were administered i.v.
with 3 mg/kg LNP mRNA formulated based on Onpattro composi-
tion (MC3 50%/ESM 10%/Chol 38.5%/PEG 1.5%), the new composi-
tion (MC3 33%/ESM 40%/Chol 25.5%/PEG 1.5%) and saline control.
At the 24 h time point post i.v. administration, 100 mL of blood was
collected from lateral saphenous vein, and under isoflurane anes-
thesia, 48 h post LNP mRNA administration 1 mL of blood was with-
drawn through cardiac puncture. Blood was transferred to
MiniCollect K2EDTA and a VACUETTE Z serum clot activator
tube with a gel separator, respectively (Fisher Scientific, Ottawa,
ON, Canada), allowed to clot at room temperature for 30 min, and
centrifuged at 2,000 rpm for 10 min. Serum was then transferred
to Eppendrof tubes and kept at 4�C. Custom clinical chemistry
tests and a Mouse Cytokine Multiplex Panel were performed by
IDEXX BioAnalytics (Delta, BC, Canada) and IDEXX BioAnalytics
244 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
(Columbia, MO). Blood analytes were used to assess biomarkers of
liver health, general protein concentration, electrolyte balance, meta-
bolic status, acid-base balance and kidney health. In addition, a panel
of 10 cytokines in the serum was also measured to assess the immu-
nogenicity of LNP mRNA formulations.

Statistical analysis

Statistical analyses were performed using a two-tailed Student’s t test,
where groups were compared as indicated. The type (paired or two-
sample equal variance-homoscedastic) was determined based on
the variation of the standard deviation of two populations. p < 0.05
was accepted as statistically significant (*p < 0.05).
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