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Introduction

Analysis of PEG-lipid anchor length on lipid
nanoparticle pharmacokinetics and activity in a
mouse model of traumatic brain injury+

Lauren E. Waggoner, (2 2 Katelyn F. Miyasaki 2 £ and Ester J. Kwon (2 *°

Traumatic brain injury (TBI) affects millions of people worldwide, yet there are currently no therapeutics
that address the long-term impairments that develop in a large portion of survivors. Lipid nanoparticles
(LNPs) are a promising therapeutic strategy that may address the molecular basis of TBI pathophysiology.
LNPs are the only non-viral gene delivery platform to achieve clinical success, but systemically adminis-
tered formulations have only been established for targets in the liver. In this work, we evaluated the phar-
macokinetics and activity of LNPs formulated with polyethylene glycol (PEG)-lipids of different anchor
lengths when systemically administered to a mouse model of TBl. We observed an increase in LNP
accumulation and activity in the injured brain hemisphere compared to the uninjured contralateral brain
hemisphere. Interestingly, transgene expression mediated by LNPs was more durable in injured brain
tissue compared to off-target organs when compared between 4 and 24 hours. The PEG-lipid is an
important component of LNP formulation necessary for the stable formation and storage of LNPs, but the
PEG-lipid structure and content also has an impact on LNP function. LNP formulations containing various
ratios of PEG-lipid with C18 (DSPE-PEG) and C14 (DMG-PEG) anchors displayed similar physicochemical
properties, independent of the PEG-lipid compositions. As the proportion of DSPE-PEG was increased in
formulations, blood circulation times of LNPs increased and the duration of expression increased. We also
evaluated diffusion of LNPs after convection enhanced delivery (CED) in healthy brains and found LNPs
distributed >1 mm away from the injection site. Understanding LNP pharmacokinetics and activity in TBI
models and the impact of PEG-lipid anchor length informs the design of LNP-based therapies for TBI
after systemic administration.

rodegeneration and eventual functional impairments.® Gene
therapy mediated by lipid nanoparticles (LNPs) is one poten-

Traumatic brain injury (TBI) impacts millions per year globally
and there are currently no clinically approved therapeutics that
address long-term patient brain health,’” with 43% of hospi-
talized TBI survivors developing long-term disabilities,* includ-
ing cognitive, motor, and psychosocial impairments.” The
primary injury causes immediate cellular and structural
damage due to the physical impact, and initiates a secondary
injury that lasts days to weeks, during which a number of bio-
chemical and physiological responses lead to progressive neu-
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tial therapy for TBI that could address disease pathways
during the secondary injury. While viral vectors are highly
efficient, LNPs are a potential alternative that have lower
immunogenicity’” and are less limited by cargo size.*® In
addition, the activity of LNPs is more transient compared to
viral vectors,'®™® making them well-matched to treat the acute
phase of TBI within days to weeks of the injury."*™® LNPs are
currently the most clinically advanced non-viral gene delivery
vehicle, and multiple formulations have been approved by the
FDA."” ™" patisiran, an LNP treatment for hereditary transthyre-
tin-mediated amyloidosis, was approved in 2018 and was the
first LNP and siRNA therapeutic approved for clinical
use.’”?**! In 2020, mRNA LNPs were developed as vaccines
against SARS-CoV-2 and received emergency use authorization
for the COVID-19 pandemic>>~>* followed by full FDA approval
shortly after in the subsequent 1-2 years.'®'® There are mul-
tiple siRNA and mRNA LNPs in the clinical pipeline as thera-
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peutics for cancer, infections, and genetic disorders.
this work, we evaluate the potential of LNPs for non-viral gene
delivery to the injured brain in a mouse model of TBI.

TBI causes dysregulation of the blood-brain barrier (BBB),
hallmarks of which include cell death and loss of tight junc-
tion proteins,*® both of which cause an increase in BBB per-
meability; this increased permeability creates an opportunity
for access of nanoscale materials into injured brain tissue after
systemic delivery. Our group and others have demonstrated
increased transport of a variety of nanoparticle types into the
injured brain exploiting this transient dysregulation.?®™!
Appreciable passive nanoparticle accumulation in the injured
tissue has been reported for diameters ~100 nm in size after
intravenous administration up to 24 hours after TBL>*™* The
principle of nanoparticle accumulation in the injured brain is
analogous to the enhanced permeation and retention (EPR)
effect described in tumors.*®?” Passive accumulation of nano-
particles in tumors and the injured brain is known to be
impacted by the physicochemical properties of nanoparticles,
including size,***® charge,***! and surface chemistry.>**> LNP
pharmacokinetics are also impacted by their physicochemical
properties. For example, increased lung, liver, and spleen LNP
accumulation have been achieved by tuning LNP charge
through formulation with specific organ targeting (SORT) cat-
ionic, zwitterionic, and anionic lipids, respectively.®® Size-
based differences in organ accumulation have also been
observed, with 80 nm LNPs preferentially accumulating more
in the spleen compared to 45 nm and 30 nm LNPs.**

One aspect of nanoparticle physicochemical property is
hydrophilicity, typically tuned in LNPs by the inclusion of poly-
ethylene glycol (PEG)-lipids in the formulation. PEG has been
incorporated in nanomedicine for decades in order to increase
blood half-life through reducing uptake by the reticuloen-
dothelial system (RES).*> Generally, increased passive accumu-
lation is observed by nanoparticles with longer blood half-
lives.?>*1*>™"7 por example, in a breast cancer model, the
addition of PEG to paclitaxel liposomes increased blood area
under the curve values ~4.5-fold, and thus increased paclitaxel
tumor accumulation ~1.5- and 4-fold at 6 and 24 hours after
systemic administration.*® Similarly, PEG-lipids are included
in LNP formulations to extend their blood circulation, in
addition to improving their stability during synthesis and
storage.*>*® However, PEG is also a steric barrier that hinders
cellular interaction and endosomal escape, crucial steps in
payload delivery.>'* Recent research has demonstrated that
PEG mole percent (mol%),>>>” PEG molecular weight,*® and
PEG-lipid anchor length®>°%° affect the activity and pharma-
cokinetic profiles of LNPs. Reduction in the amount of PEG-
lipid in LNP formulations mediated more transfection in hep-
atocytes in primary cell culture and after systemic adminis-
tration in vivo due to their increased cellular interactions.>® In
studies of LNPs formulated with different PEG-lipid anchor
lengths, Mui et al. demonstrated that short C14 anchor PEG-
lipids desorb quickly from LNP formulations in the blood,
leading to accumulation in the liver, while LNP formulations
with long C18 anchor PEG-lipids had longer blood half-lives
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and subsequently accumulated less in RES organs.>® Previous
research has also demonstrated that PEG-lipid anchor length
affects passive accumulation into tumors after systemic admin-
istration; LNPs with longer anchor PEG-lipids demonstrate
greater tumor accumulation due to their longer blood half-
lives.>® However, PEG-lipid anchor lengths have yet to be inves-
tigated as a design parameter for systemic LNP delivery to the
brain in the context of TBI.

In this work, our goal was to investigate PEG-lipid anchor
lengths as a design parameter for passive accumulation of
LNPs into the injured brain after systemic administration in a
mouse model of TBI. We formulated siRNA and mRNA LNPs
with various ratios of DMG-PEG, a PEG-lipid with a “short”
C14 anchor capable of quickly desorbing from the LNP once in
circulation,”®® and DSPE-PEG, a PEG-lipid with a “long” C18
anchor with slower desorption kinetics.”>*>®® When adminis-
tered systemically in a mouse model of TBI, we observed
greater accumulation and activity of all LNP formulations in
the injured brain hemisphere compared to the uninjured con-
tralateral brain hemisphere. In comparing how PEG-lipid com-
position impacts pharmacokinetics and activity, we found LNP
formulations with more DSPE-PEG had longer blood half-lives
and reduced activity in off-target organs 4 hours after adminis-
tration. Interestingly, LNP activity in injured brain tissue
remained constant or increased from 4 to 24 hours, while off-
target organ LNP activity decreased ~10-fold and this phenom-
enon was more pronounced as DSPE-PEG content increased.
We next sought to determine if LNPs distributed through the
brain microenvironment after convection enhanced delivery
(CED) and found that they distributed at least 1 mm away from
the injection site and interacted with neurons and microglia.
Our results suggest that PEG-lipid anchor length is an impor-
tant parameter in tuning the pharmacokinetics and activity of
LNPs for application in TBI. Understanding LNP pharmacoki-
netics and activity in TBI models and the impact of PEG-lipid
anchor length informs the design of LNP-based therapies for
TBI after systemic administration.

Results and discussion

Characterization of LNPs formulated with various PEG-lipid
compositions

Clinical formulations have so far been applied to the liver after
systemic delivery or vaccinations after intramuscular delivery
and therefore LNPs were designed to desorb PEG-lipid quickly
in the biological milieu to interact with target cells and
tissues. The PEG-lipids used in FDA-approved LNP formu-
lations have two C14 alkyl chains, allowing fast desorption
kinetics,>>*>%° and include PEG,0,-C-DMG (patisiran),
PEG,000-DMG (elasomeran), and ALC-0159 (tozinameran). The
only approved systemically administered LNP, patisiran,
targets the liver through the desorption of PEG,g0o-C-DMG,
allowing for the adsorption of apolipoprotein E (ApoE) that
interacts with hepatocytes through the low-density lipoprotein
receptor.®” In order to develop LNPs for non-RES targets after
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systemic delivery, previous studies have evaluated PEG-lipids
with longer anchors to tune LNP pharmacokinetics such as
extending blood half-lives and therefore increasing their
accumulation in non-RES organs or tumor tissue.>”®* % In the
present study, our objective was to analyze the effects of PEG-
lipid anchor length on passive accumulation of LNPs into the
injured brain after systemic administration in a model of TBI.
Our LNP formulation is based on patisiran and its compo-
sition is DLin-MC3-DMA :DSPC: cholesterol : PEG-lipid at
mole ratios of 50:10:38.5:1.5 (Fig. S1f). DLin-MC3-DMA
(MC3) is the ionizable lipid essential for endosomal escape,
DSPC is the helper lipid, and cholesterol and the PEG-lipid
enhance the stability of the LNP.®" With the goal to study
whether the PEG-lipid anchor length impacts brain accumu-
lation and LNP pharmacokinetics, we compared LNPs formu-
lated with a fixed total mole percent of 1.5% PEG-lipid but
with three ratios of DSPE-PEG:DMG-PEG (0.1:1.4, 0.5:1,
1:0.5) (Fig. 1a Table). Each formulation included 0.1% of
DSPE-PEG-Cy7 in order to quantify between formulations.
Small and uniform LNPs were formulated through nanopreci-
pitation in a microfluidic mixer with staggered herringbone
features, as described previously (Fig. 1a).°>®” For each of the
LNP formulations, lipids were combined in ethanol before for-
mulation in the microfluidic mixer. We established that the
size and zeta potential of mRNA LNP formulations were
similar regardless of their PEG-lipid composition. All formu-
lations were measured with dynamic light scattering (DLS) to
have ~70 nm hydrodynamic diameters, low polydispersity
indices under 0.06 (Fig. 1b and Fig. S27), and near-neutral
surface potentials (Fig. 1c). As with mRNA formulations, size
and zeta potential of siRNA LNP formulations were similar
regardless of their PEG-lipid composition (Fig. S3a and bf).
Size and zeta potential are physicochemical measurements
known to affect LNP pharmacokinetics.*>** The similar size
and zeta potential measured for each formulation allowed us
to compare LNP pharmacokinetic and activity differences
based on their PEG-lipid composition. The mRNA and siRNA
encapsulation measured was also similar for all three formu-
lations (Fig. 1d and Fig. S3ct), and therefore administrations
matched by cargo also contained equal amounts of lipid.

It is known that protein coronas form on the surface of
nanoparticles, including LNPs. The surface adsorption of
serum-derived ApoE onto the LNP surface is how the clinical
formulation patisiran traffics to the liver after systemic
delivery.>®®* Therefore, in order to understand the impact of
protein adsorption on the LNP formulations, we incubated
LNPs with 55% exosome-free serum in PBS at 37 °C to emulate
physiological protein concentrations in blood,’® and measured
their size and zeta potential at 1, 2, 4, and 8 hours. The for-
mation of a protein corona on PEGylated and non-PEGylated
nanoparticles exposed to serum is well-studied, with
PEGylated nanoparticles typically adsorbing less proteins due
to the steric hindrance of the PEG layer.®”! Over the incu-
bation period, we observed that all LNP formulations increase
in size, culminating in a 10-15 nm increase at 8 hours,
suggesting the formation of a protein corona (Fig. 1e). We also
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observed a slight negative shift in zeta potential for all 3 for-
mulations at 8 hours (Fig. 1f), consistent with the abundance
of negatively charged serum proteins.”” Increases in size up to
30 nm and negative shifts in zeta potential have been pre-
viously observed after protein corona formation on PEGylated
liposomes after incubation in serum.”® The results of this
study indicated that serum adsorption occurred equally in all
three formulations at least in vitro, although there may be
differences in protein corona composition which may impact
in vivo functionality.”*

Next, we validated that mRNA LNP formulations displayed
in vitro transfection activity in the highly transfectable cell line
293T. We formulated LNPs with mRNA encoding firefly luci-
ferase (fLuc-mRNA) and applied them to 293T cells in media
supplemented with serum (Fig. 1g). When cells were measured
for luciferase activity at 24 hours, we observed that all formu-
lations had measurable dose-dependent transfection
efficiency. LNP formulations with the least amount of
DSPE-PEG content demonstrated more activity at all tested
doses, consistent with previous reports.””””” Similar results
were obtained in an analysis of the in vitro activity of siRNA
LNP formulations (Fig. S4t). Prior studies have established the
fast desorption kinetics of short C14 anchor PEG-lipids in the
presence of plasma proteins, which reduces the steric barrier
and allows LNPs to interact with the cell.>**”® Having estab-
lished baseline in vitro activity of all LNP formulations, we sub-
sequently compared LNP formulations in vivo.

PEG-lipid anchor length impacts LNP pharmacokinetics after
systemic administration in a mouse model of TBI

Due to the complex interactions of nanoparticles on the whole
organism level, in vivo activity is difficult to predict with
in vitro measurements.”® Therefore, in subsequent studies for-
mulations were evaluated in vivo. Having confirmed that LNPs
formulated with varying ratios of DSPE-PEG:DMG-PEG had
similar physicochemical properties (Fig. 1 and Fig. S2-5S47), we
next evaluated their pharmacokinetics after systemic adminis-
tration in a mouse model of TBI. LNPs were formulated with
Dy677-labeled siRNA and Cy7-labeled DSPE-PEG to monitor
the distribution of both siRNA cargo and PEG-lipid. All three
LNP formulations included 0.1 mol% Cy7-labeled DSPE-PEG
to minimize the influence of dye molecules on the physico-
chemical properties of the LNPs. Controlled cortical impact
(CCI) is a well-studied and reproducible model of TBI that
models several important clinical outcomes in human TBI,
including inflammation, oxidative stress, cell death, and tran-
sient BBB permeability due to vascular damage in the injured
tissue.?>*18%81 However, biological variables including sex,
age, and race still remain understudied across TBI models and
further studies are required to understand how models can
recapitulate the heterogeneity of human TBL®> Mice were
injured on the right hemisphere of the brain with a CCI and
0.75 mg kg™ of siRNA LNPs were administered via the tail-
vein 1 hour post-injury (Fig. 2a). We and others have previously
established that nanoparticles can passively transport across
the damaged BBB into the injured brain after systemic admin-
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Fig. 1 Formulation of nucleic acid LNPs with varying PEG-lipid compositions. (a) Schematic of LNP formulation and the PEG-lipid compositions
evaluated listing the mol% of DSPE and DMG-PEG in the formulation (scale bar = 200 um). DLS analysis of (b) size distributions and (c) zeta potentials
(n = 2) of LNP formulations. (d) Percent encapsulation of mRNA in LNPs (n = 2). (e) Average sizes and (f) zeta potentials of LNPs when incubated in
serum over time (n = 3). (g) Luciferase activity in 293T cells after 24 hours of treatment with LNPs at various mRNA doses (n = 3) (mean + SD).

istration 1-24 hours post-injury for a variety of nanoparticle
types, although maximal accumulation is typically observed
administration occurs within 6 hours post-
injury.>**>3%%% Blood signal over 4 hours and organ biodistri-
bution at 4 hours were measured by fluorescence of siRNA
cargo and the Cy7-labeled DSPE-PEG (Fig. 2a).
Composition of PEG-lipid anchor lengths affected the blood
half-lives of LNPs when measured both by siRNA (Fig. 2b) and
the PEG-lipid (Fig. 2c). LNPs formulated with high proportions

when

This journal is © The Royal Society of Chemistry 2023

of DSPE-PEG had longer blood half-lives, consistent with pre-
vious literature that reported that longer anchor PEG-lipids
increase the circulation time of LNPs after intravenous
administration.>>>***%> The blood half-lives of LNPs measured
by the fluorescence of the PEG-lipid (Fig. 2c) are extended com-
pared to the blood half-lives measured by the fluorescence of
the siRNA (Fig. 2b). Mui et al. also observed longer blood half-
lives of LNPs when measured by radiolabeled PEG-lipids com-

pared to MC3.>® The longer blood half-lives calculated from
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Fig. 2 Pharmacokinetics of siRNA LNPs in a mouse model of TBI as a function of PEG-lipid composition. (a) Schematic of experiment. Blood half-
lives of siRNA LNPs as measured by fluorescently labeled (b) siRNA and (c) DSPE-PEG. Representative whole organ fluorescent surface images and
their quantification measured by labeled (d and e) siRNA and (f and g) DSPE-PEG. Brains were analyzed by integrating signal from the injured vs.
uninjured contralateral hemispheres. LNP organ accumulation is compared with a one-way ANOVA with Tukey’s post-test within each organ type

(mean + SEM, n = 3, *p < 0.05, **p < 0.01).

measuring labeled PEG-lipid over cargo is likely due to the
association of PEG-lipids with lipid rich and/or hydrophobic
domains on extracellular vesicles, apolipoproteins, and
albumin, leading to a perceived extended blood circulation.>®
Organ biodistribution of both siRNA (Fig. 2d and e) and
PEG-lipid (Fig. 2f and g) were evaluated by quantifying the
fluorescence intensity of the organs in surface scans. Relative

4242 | Biomater. Sci, 2023, 11, 4238-4253

signal between labeled siRNA and DSPE-PEG were largely con-
sistent across organs. We observed that LNPs accumulate in
the injured hemisphere of the brain ~10-fold over the unin-
jured contralateral hemisphere (Fig. 2e and g), similar to what
has been observed with the passive accumulation of other
nanomaterials in the injured brain tissue after TBI due to the
dysregulation of the BBB.**°® LNPs formulated with more

This journal is © The Royal Society of Chemistry 2023
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DSPE-PEG demonstrate slightly greater accumulation in the
injured brain hemisphere (Fig. 2e and g), likely due to the
longer blood half-lives of these LNP formulations (Fig. 2b and
c). Previous research has observed increased tumor*"*%%® and
injured brain®® passive accumulation with polymeric, metallic,
and lipid-based nanomaterials that have longer blood half-
lives. We also observe greater LNP accumulation in the contral-
ateral brain hemisphere and heart that is statistically signifi-
cant when LNPs are formulated with more DSPE-PEG, likely
also due to their longer blood half-lives, although these organs
have the least overall accumulation compared to other organs.
Lee et al. has established that PEGylated liposomes have
longer blood half-lives and greater heart accumulation com-
pared to conventional liposomes after intravenous adminis-
tration,®” supporting our observation of increased accumu-
lation in the heart when mice were treated with LNPs with
more DSPE-PEG. In line with our previous work studying the
pharmacokinetics of various nanomaterials after intravenous
administration in a mouse model of TBI,>***# the RES organs
have greater overall LNP accumulation than the injured brain.
However, there are no notable differences in accumulation
between the formulations evaluated. The similarity in LNP
organ distribution when measured by labeled siRNA or
DSPE-PEG is likely due to the relatively slow desorption of
DSPE-PEG from the LNP (0.2% desorbed per hour for C18
PEG-lipid),” indicating that the accumulation of the labeled
PEG-lipid in organs is a reasonable proxy for intact LNPs.
Supporting our observation, correlative biodistribution trends
have similarly been established with LNPs tracked by radio-
labeled C18 PEG-lipid and MC3.%°

Next, we determined how the pharmacokinetic profiles of
LNPs changed when formulated with mRNA cargo. siRNA and
mRNA LNPs were formulated with N/P ratios (the mole ratio of
ionizable lipid amine (N) and nucleotide phosphate (P)) of 3
and 5.6, respectively, which were chosen based on the N/P
ratios of the siRNA LNP therapeutic patisiran (N/P 3) and the

View Article Online

Paper

mRNA LNP COVID vaccines (N/P 5.6).°%°%°" Similar to the
SiRNA LNPs, the mRNA LNPs were formulated with 0.1 mol%
Cy7-labeled DSPE-PEG and LNP signal was measured in blood
and organs using fluorescence. After intravenous administration
(0.5 mg kg™") in a mouse model of TBI, we observed that mRNA
LNP circulation times were longer with higher proportions of
DSPE-PEG in the formulation (Fig. 3a). Overall, mRNA LNPs
exhibited shorter blood half-lives than siRNA LNPs (Fig. 2c),
likely due to the higher N/P ratio of mRNA LNPs. Positively
charged nanoparticles are known to have shorter blood half-
lives.*"*>°% Previous research has also demonstrated that N/P
ratios impact LNP biodistribution, with lower N/P ratios leading
to greater spleen accumulation and higher N/P ratios leading to
greater lung accumulation.”® We observed that the content of
DSPE-PEG had more impact on mRNA LNP than siRNA LNP
accumulation; statistically significant differences were observed
in the liver, kidney, and spleen (Fig. 3b and Fig. S5t). In the
liver and kidney, the LNP formulations with less DSPE-PEG
demonstrate greater accumulation, consistent with previous
studies that observed higher liver accumulation in formulations
with short anchor PEG-lipids.>**® However, LNP accumulation
in the spleen increases when formulations have more
DSPE-PEG. In previous studies, PEGylation of nanoparticles has
been shown to reduce uptake by the phagocytic Kupffer cells of
the liver,”® leaving a larger blood pool of nanoparticles that are
available to accumulate in the spleen.”® We similarly observed
LNPs increased spleen accumulation concomitant with
decreased liver accumulation. Having established that the phar-
macokinetics of LNPs formulated with either siRNA or mRNA
cargos were impacted similarly by PEG-lipid compositions, we
focused our subsequent analysis on mRNA delivery.

PEG-lipid anchor length influences mRNA LNP activity after
systemic administration in a mouse model of TBI

After determining how PEG-lipid anchor length affects mRNA
LNP pharmacokinetics in a mouse model of TBI, we evaluated

a. b.
160 , , —10°
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Fig. 3 Pharmacokinetics of mMRNA LNPs in a mouse model of TBI as a function of PEG-lipid composition. (a) Blood half-lives and (b) organ biodistri-
bution of MRNA LNPs by Cy7-labeled DSPE-PEG. LNP organ accumulation is compared with a one-way ANOVA with Tukey’s post-test within each
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LNP activity. To do so, we used LNPs formulated with mRNA mediated higher transfection efficiency in the injured brain
encoding firefly luciferase. We intravenously administered hemisphere compared to the uninjured contralateral brain
LNPs at 0.5 mg kg™' 1 hour post-CCI and quantified the hemisphere (Fig. 4a and b). Larger relative differences in trans-
expression of luciferase at 4 and 24 hours post-administration fection efficiency in injured vs. contralateral brain tissue were
by measuring luciferase activity in homogenized organs. LNPs observed when LNPs were formulated with lower amounts of
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Fig. 4 Transgene expression of mMRNA LNPs in a mouse model of TBI as a function of PEG-lipid composition. Luciferase activity in organ homo-
genates normalized by protein content after the injection of fLuc-mRNA LNPs at (a) 4 and (b) 24 hours post-injection, presented as relative lumine-
scence units per mg of protein (RLU per mg). Luciferase expression in organ homogenate is compared with a one-way ANOVA with Tukey's post-test
within each organ type (mean + SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (c) Fold change in RLU per mg protein from 4 to
24 hours (normalized by the average of each organ at 4 hours) for 0.1%, 0.5%, and 1.0% DSPE-PEG LNPs (mean + SEM, n = 6).
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DSPE-PEG at both time points. In off-target organs, we
observed a significant decrease in transfection efficiency in the
heart, lung, liver, and spleen at 4 hours as DSPE-PEG content
increased (Fig. 4a). Transfection efficiency of LNPs in off-target
organs differed from accumulation at 4 hours (Fig. 3b); the
heart and spleen had increased LNP accumulation as
DSPE-PEG content increased, but transfection efficiency
decreased. This may be due to the decreased cellular inter-
action of LNPs with more DSPE-PEG at the cellular level,
which we observed in the transfection of cultured 293T cells
(Fig. 1g). Mui et al. previously established that the in vivo de-
sorption rates of C14 PEG-lipid and C18 PEG-lipid were 45%

Sections 0, 0.5, and
1 mm away from
injection site

a. Convection Enhanced
Delivery

\

View Article Online

Paper

and 0.2% per hour respectively,”® suggesting that the
DMG-PEG is largely desorbed from LNPs while the majority of
DSPE-PEG is still associated with LNPs 4 hours post-
administration.

Luciferase expression could still be detected 24 hours post-
administration (Fig. 4b). Comparing the expression changes
from 4 to 24 hours, we observe that luciferase expression levels
in the injured brain hemisphere remain constant or increase,
in contrast to the rapid loss of expression in the liver, kidney,
and spleen (Fig. 4c). Loss of expression over time in off-target
organs is the most dramatic for formulations made with the
lowest proportion of DSPE-PEG. Similar reductions in RES

o

Merged

0.5% DSPE 0.1% DSPE

1.0% DSPE 1.0% DSPE

1.0% DSPE

Fig. 5 Analysis of mRNA LNP distribution and cell uptake after convection enhanced delivery. (a) Schematic of CED experiment and serial histo-
logical analysis. (b) Distribution of Cy5-labeled mRNA LNPs after CED administration in brain sections 0, 0.5, and 1 mm away from the injection site.
Each hemisphere is an overlay of three injections (scale bar = 1 mm). (c) Imaging of LNPs in the striatum in brain sections 0.5 mm away from the
injection site after CED. Colocalization, indicated by white arrows, of Cy5-labeled mRNA LNPs with neurons (NeuN), microglia (Ibal), and astrocytes

(GFAP) (nuclei, blue; scale bar = 50 pm).
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organ expression have previously been observed after the sys-
temic administration of LNPs. Pardi et al. observed a faster
reduction in liver expression over 24 hours compared to other
organs and determined that the translation half-life of mRNA
was 6.8 hours after LNP intravenous administration, postulat-
ing that the liver turns over LNPs and/or mRNA more rapidly
than other organs.’” In mammalian cells, luciferase is known
to have a short half-ife of 2-3 hours,”®°® so the expression of
luciferase at 4 and 24 hours is expected to be due to active
translation of mRNA from LNPs. Importantly, expression in
the injured brain hemisphere has the least signal attenuation
from 4 to 24 hours, indicating that LNPs could achieve greater
expression duration in the brain compared to off-target
organs. Tissue-dependent differences in translation half-lives
after LNP administration have been demonstrated previously.'
Interestingly, expression levels between 4 and 24 hours
increased with increasing proportions of DSPE-PEG in the LNP
formulation (Fig. 4c), possibly due to the known extended de-
sorption time of C18 PEG-lipids compared to C14 PEG-lipids
causing delayed cellular interactions.>® To further investigate
the PEG-lipid dependent LNP cellular interactions as a func-
tion of time, we treated 293T cells with fLuc-mRNA LNPs and
measured luciferase expression at time points over 6-72 hours
(Fig. S6t). As we observed previously (Fig. 1), higher contents
of DSPE-PEG in the formulation decreased overall transfection
levels (Fig. S6at). When we analyze luciferase expression
across time, LNPs with higher DSPE-PEG content mediated
longer delays in expression, with relative expression increasing
substantially over time (Fig. S6bt). Therefore, we hypothesize
that the extended expression mediated by LNPs with higher
content of DSPE-PEG we observe in vivo is likely contributed to
by delayed cellular interactions.

mRNA LNP distribution after convection enhanced delivery in
a healthy brain

Once systemically administered LNPs enter the brain across
injured vasculature, they must diffuse through the tissue to
transfect cells relevant to injury repair. Although the healthy
and injured brain microenvironment are distinct in both mole-
cular and cellular compositions, we evaluated the impact of
LNP PEG-lipid anchor length on the diffusion and cellular
interactions of LNPs in the healthy brain microenvironment.
In order to do so, we used CED to administer Cy5-labeled
mRNA LNP formulations to the striatum of a healthy brain
and imaged LNP distribution and cell association in the stria-
tum of coronal brain slices collected at 0, 0.5, and 1 mm away
from the injection site (Fig. 5a). In tiled images of brain hemi-
spheres, we detected LNPs at least 1 mm away from the injec-
tion site on the anterior-posterior axis and 1-1.5 mm away on
the lateral axis, demonstrating LNP diffusion away from the
injection site through the brain (Fig. 5b and Fig. S7a-cf¥).
Nance et al. previously established that model polystyrene
nanoparticles with a dense surface modification of PEG can
diffuse through the brain extracellular space more readily than
unmodified polystyrene nanoparticles due to their neutral and
non-interactive surface.”” Although previous work has shown
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that multiple properties impact nanoparticle diffusion in brain
tissue, including surface chemistry,*>® we did not observe sig-
nificant PEG-lipid composition dependent differences in LNP
distribution in our study (Fig. S7df). In higher magnification
images of brain slices 0.5 mm away from the injection site
stained with cell type markers, we observed that all LNP for-
mulations appeared to associate more with neurons and
microglia than astrocytes (Fig. 5c and Fig. S8%). Consistent
with our observations, Rungta et al. found that siRNA LNPs
formulated with 1.5 mol% DMG-PEG associated robustly with
neurons.”®

Conclusion

LNPs are a promising platform for non-viral gene therapy to
treat TBI. Systemically administered LNPs offer a minimally
invasive administration route for gene therapy in the injured
brain tissue. While the access of nanomaterials to the injured
brain via the injured BBB is transient on the order of hours,*”
it is known that early invention is important in management
of TBI outcomes.’®® % In addition, the transient action of
LNPs has the potential to match the timescale of the second-
ary injury caused by TBL® Gene therapy could address patho-
genic transcriptional pathways during secondary injury, such
as dampening the production of pro-inflammatory
cytokines'®'°* and reactive oxygen species,'® or providing
regenerative cues, such as the production of neuroprotective/
neurotrophic growth factors.'®*'°° Although LNP formulations
have been established for delivery to the liver after systemic
administration,®* LNP design has yet to be explored for deliv-
ery in the context of the injured brain. In this study, we
observed that LNPs demonstrated greater accumulation and
mediated greater transgene expression in the injured brain
hemisphere compared to the contralateral uninjured brain
hemisphere, indicating that LNPs can passively accumulate
into injured brain tissue by exploiting the temporary per-
meability of the BBB created by the injury. We engineered
LNPs with different compositions of DSPE(C18)-PEG and DMG
(C14)-PEG and demonstrated that increasing the content of
long anchor PEG-lipid extended circulation time after intrave-
nous administration in a mouse model of TBI. Importantly,
mRNA expression in injured brain tissue remained constant or
increased when measured between 4 and 24 hours after
administration, while off-target RES organ expression
decreased ~10-fold, indicating that gene expression mediated
by LNPs have greater duration in the brain compared to off-
target organs. This effect was further pronounced with increas-
ing content of DSPE-PEG in the formulation. Our work
suggests that PEG-lipid anchor length is an important design
parameter for LNPs and can be used to tune the pharmacoki-
netics and activity of LNPs in a mouse model of TBI. In future
work, we plan to evaluate the levels and duration of expression
that can be achieved for therapeutic proteins for the preser-
vation and/or regeneration of brain tissue after injury.

This journal is © The Royal Society of Chemistry 2023
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Materials and methods

Lipid nanoparticle formulation and characterization

(62,92,282,31Z)-heptatriaconta-6,9,28,31-tetraen-19-yl-4-(dimethyl-
amino) butanoate (DLin-MC3-DMA) was purchased from BioFine
International Inc.  1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 (DMG-PEG-2000), 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-methoxy( polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEG-2000), 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[amino( polyethylene glycol)-2000]-N-(Cyanine 7) (DSPE
PEG(2000)-N-Cy7), and cholesterol were purchased from Avanti
Polar Lipids. mRNA encoding firefly luciferase was purchased
from TriLink BioTechnologies. Cy5 labeled mRNA encoding
EGFP was purchased from APEXBIO. siRNA against luciferase
with label was purchased from Dharmacon and siRNA against
luciferase without label was purchased from IDT (siLuc sequence:
CUUACGCUGAGUACUUCGAATJT).

mRNA LNPs were formulated with DLin-MC3-DMA : DSPC :
cholesterol : PEG-lipid at a mole ratio of 50:10:38.5:1.5 and
N/P of 5.6 (weight ratio of 20.7). siRNA LNPs were similarly for-
mulated, with N/P of 3 (weight ratio of 11). To formulate LNPs
with three compositions of DSPE-PEG, the 1.5 mol% of total
PEG-lipid was prepared at 0.1:1.4, 0.5:1, and 1:0.5 ratios of
DSPE-PEG : DMG-PEG. To prepare LNPs, lipids in ethanol and
oligonucleotides in 25 mM acetate buffer, pH 4.0 were com-
bined at a flow rate of 1:3 in a PDMS staggered herringbone
mixer.”**® Mixer channels were 200 by 100 pm, with herring-
bone structures 30 um high and 50 pm wide. Immediately
after formulation, 3-fold volume of PBS was added and LNPs
were purified in 100 kDa MWCO centrifugal filters to less than
0.5% ethanol and sterile filtered. LNPs were stored in PBS at
4 °C for up to 2 weeks or cryoprotected in 20 mM Tris with
10% sucrose (pH 7.4) and stored at —80 °C for up to 1 month
before use. Cryoprotectant buffer was exchanged into PBS after
storage at —80 °C. LNP hydrodynamic diameter, polydispersity
index, and zeta potential were measured by dynamic light scat-
tering (Malvern NanoZS Zetasizer) in PBS and after incubation
in 55% exosome free NCS in PBS at 37 °C. The RNA content
and percent encapsulation were measured with and without
Triton X-100 using a Quant-it RiboGreen RNA Assay
(Invitrogen) according to the manufacturer’s protocol.

Lipid nanoparticle activity in vitro

293T cells (ATCC) were cultured in Dulbecco’s modified
Eagle’s medium (Corning) supplemented with 10% fetal
bovine serum and 2 mM GlutaMAX (Thermo Fisher Scientific).
Cells were cultured to 30-50% confluency before use in experi-
ments. For characterizing in vitro transfection efficiency, cells
were plated at 25000 cells per cm?® in 96 well plates treated
with 0.05 mg mL™" poly-p-lysine overnight. LNPs formulated
with fLuc-mRNA at 1, 0.1, and 0.01 pg mL™" were added to
293T cell culture through a media change and cultured for an
additional 24 hours. For analysis of luciferase activity, cells
were lysed with Cell Culture Lysis Reagent (Promega) and luci-
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ferase expression was quantified with the Luciferase Assay
System (Promega).

Controlled cortical impact model of TBI

All animal experiments were performed in accordance with the
University of California’s Policy on the Use of Animals in
Research and Teaching and are approved by the University of
California San Diego Institutional Animal Care and Use
Committee (IACUC), PHS Assurance Number D16-00020.
8-week-old C57BL/6] female mice (Jackson Labs) were used in
these experiments. Mice were put in a stereotaxic frame under
2.5% isoflurane anesthesia. A 5 mm diameter craniotomy was
performed over the right cortex midway between lambda and
bregma. The right cortex was injured with a 2 mm diameter
stainless steel piston tip at a depth of 2 mm and a rate of 3 m
s~ using an ImpactOne (Leica Biosystems).

Pharmacokinetics of LNPs after systemic administration in a
mouse model of TBI

One hour post-CCI, 0.75 mg kg~ siRNA LNPs or 0.5 mg kg™
mRNA LNPs formulated with Cy5-labeled EGFP mRNA were
injected via the tail-vein and allowed to circulate for 4 hours.
Blood was collected from the tail at 0, 5, 10, 15, 30, 60, 90, 120,
and 240 minutes for blood half-life analysis. Four hours post-
administration, mice were perfused with fixative and organs
were harvested for imaging analysis. Fluorescent signals from
Dy677-labeled siRNA and Cy7-labeled DSPE-PEG in the blood
and organ samples were imaged with a LiCor Odyssey fluo-
rescence scanner and quantified in Image]. Injured and con-
tralateral brain signal were determined by integrating signal
over the right and left brain hemispheres, respectively.

Expression of LNPs after systemic administration in a mouse
model of TBI

One hour post-CCI, 0.5 mg kg™' fLuc-mRNA LNPs were
injected vig the tail-vein and allowed to circulate for 4 hours or
24 hours. Organs were harvested at each experimental end-
point and the brain was separated into the injured hemi-
sphere, contralateral hemisphere, and hindbrain. Organ tissue
was lysed through 3 freeze/thaw cycles and homogenized with
a Tissue-Tearor handheld homogenizer (BioSpec) in Reporter
Lysis Buffer (Promega) until homogenous. Supernatants of
homogenates were measured with a Luciferase Assay System
(Promega) following manufacturer protocols. Protein content
of supernatants was determined with a BCA assay following
standard protocols.

Diffusion of LNPs through the healthy brain after CED
administration

8-week-old female C57BL/6] mice (Jackson Labs) were secured
in a stereotaxic frame under 2.5% isoflurane anesthesia. A
24-gauge needle was inserted through a 0.5 mm hole at a
depth of 3 mm, 0.5 mm rostral and 1.75 mm right of bregma,
and allowed to equilibrate for 1 minute. 1 pg of Cy5-labeled
mRNA LNPs in 3.5 uL of PBS was injected at 0.5 pL min™". The
needle was left for 1 minute after injection to reduce backflow.
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24 hours after injection, mice were perfused in 4% paraformal-
dehyde in PBS and brains were harvested for analysis by
histology.

Histology

Triplicate 10 pm thick brain sections 0, 0.5, and 1 mm away
from the needle tract were counterstained with Hoechst using
standard protocols. Additional sections 0.5 mm from the
needle tract were stained with mouse anti-NeuN (1:800,
Millipore MAB377), rabbit anti-Ibal (1:500, Wako 019-19741),
and chicken anti-GFAP (1 : 500, Abcam ab4674) using standard
protocols. Fluorescent images were obtained on a Nikon
Eclipse Ti2 (Nikon Instruments Inc.) at 10x magnification for
distribution studies in whole brain slices. Distribution images
were thresholded in Image] to obtain particle distribution,
which was then quantified by area and represented as a sche-
matic image with overlapping replicates. Cell localization
images were obtained at 40x magnification in the striatum.

Statistical analysis

Statistical analysis was performed on GraphPad Prism 8 soft-
ware, version 9.1.2. LNP accumulation and activity was ana-
lyzed by a one-way ANOVA with Tukey’s post-test within each
organ p < 0.05.
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