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Abstract

Intracellular delivery of mMRNA holds great potential for vaccinel=3 and therapeutic* discovery and
development. Despite increasing recognition of the utility of lipid-based nanoparticles (LNPs) for
intracellular delivery of mRNA, particle engineering is hindered by insufficient understanding of
endosomal escape, which is believed to be a main limiter of cytosolic availability and activity of
the nucleic acid inside the cell. Using a series of CRISPR-based genetic perturbations of the
lysosomal pathway, we have identified that late endosome/lysosome (LE/Ly) formation is essential
for functional delivery of exogenously presented mRNA. Lysosomes provide a spatio-temporal
hub to orchestrate mTOR signaling and are known to control cell proliferation, nutrient sensing,
ribosomal biogenesis, and mRNA translation. Through modulation of the mTOR pathway we were
able to enhance or inhibit LNP-mediated mRNA delivery. To further boost intracellular delivery of
mMRNA we screened 212 bioactive lipid-like molecules that are either enriched in vesicular
compartments or modulate cell signaling. Surprisingly, we have discovered that leukotriene-
antagonists, clinically approved for treatment of asthma and other lung diseases, enhance
intracellular mRNA delivery in vitro (over 3-fold, p<0.005) and /n vivo (over 2-fold, p<0.005).
Understanding LNP-mediated intracellular delivery will inspire the next generation of RNA
therapeutics that have high potency and. limited toxicity.
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RNA therapeutics constitute a class of powerful new drug candidates with the potential to
transform modern medicine?°~". Recent technological advances have improved mRNA
design for reduced innate immune response8-11, leading to a surge in mMRNA-based
therapeutics that are now entering clinical trials'-2. Intracellular delivery of mMRNA boasts
rapid genetic transfer in recalcitrant cell populations and averts challenges traditionally
associated with DNA-based gene therapy including undesirable genomic integration and the
requirement for nuclear localization!114, The most advanced systems for non-viral delivery
of nucleic acids are LNPs, which are formulated using precise molar ratios of phospholipids,
cationic/ionizable amino lipids, poly-(ethylene) glycol (PEG)-lipid, and cholesterol15-18,
With proper engineering, LNPs effectively encapsulate negatively-charged mRNA19:20, aid
in protection against serum nucleases, bypass the mononuclear phagocyte system, and
facilitate cellular uptake for gene delivery?1:22,

LNPs gain entry into cells by exploiting membrane-derived endocytic pathways. Once
endocytosed encapsulated genetic material must egress to the cytosol for translation and
subsequent protein expression23:24, Studies suggest that endosomal escape of nucleic acids
is spatio-temporally limited, occurring only during a brief stage in endo-lysosomal
maturation. Net egress of LNP-delivered nucleic acids is a mere 1-2%, dooming the
remainder for lysosomal degradation24. Our understanding of the mechanisms of endosomal
escape remains limited2>. It is thought that the buffering capacity of a nanoparticle can
attenuate the decline in endosomal pH leading to increased osmotic pressure and eventual
endosomal rupture28. Another hypothesis suggests that cationic LNPs interact with anionic
lipids on the endosomal membrane causing the formation of a hexagonal phase (from a
disordered or bilayer phase) which enables cytosolic bioavailability of nucleic acids by
facilitating escape?’. Furthermore, there is a growing body of evidence that transporters
located on endocytic compartments can efflux nucleic acids across endosomes?8:2%, For
example, Niemann-Pick Type C-1 (NPC1), a transmembrane cholesterol transporter located
on late LE/Ly, can efflux LNPs containing siRNA to the extracellular millieu?®. Antisense
oligonucleotides are also known to interact with proteins within the LE/Ly to facilitate
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delivery across endosomal barriers30. Despite gains in understanding from these studies,
insight into endosomal escape pathways remains insufficient for the rational design of
nanocarriers for gene delivery2°:31,

Because nanocarrier-delivered mRNA rarely reaches the cytosol, traditional microscopy
techniques are suboptimal for revealing productive endosomal escape sites due to sensitivity
limitations. Even with recent mechanistic insights into escape pathways, engineering LNP
formulations for increased functional delivery remains challenging32. Therefore, we
employed a two-pronged strategy to begin to resolve these issues. First, we tested the ability
of clinically relevant nanoparticles to functionally deliver mRNA in cell lines that were
made genetically devoid of key LE/Ly trafficking proteins. Second, to enhance transfection,
we screened a library of bioactive lipids known to affect signaling and enrich endo/
lysosomal compartments. We have identified new cell-signaling pathways that contribute to
enhanced gene expression and found that LEs act as a hub for cell signaling effectors
capable of potentiating MRNA translation. These studies show that signaling from lysosomal
compartments are essential for mMRNA translation and identify new bioactive lipid-like
molecules that enhance intracellular delivery.

To gain insight into intracellular trafficking and identify important sites of endosome escape
of nanoparticle-delivered mRNA, we utilized haploid cells (HAP1) genetically edited to be
devoid of Rab5A, Rab4A, or Rab7A to interrupt biogenesis of early, recycling, and late
endosomes, respectively (Fig. 1a)33. Dose-response and time course studies were performed
to establish the kinetics of mMRNA expression using commercially available lipoplex and
proprietary ionizable LNPs (~100 nm in size with over 90% encapsulation efficiency) that
have been previously published (Fig. S1a, b)34:3%. We found that the absence of Rab4A or
Rab5A had limited influence on transfection in the HAP1 cells indicating that neither
endosomal recycling nor transition from early to late stage was critical in mRNA delivery
(Fig. 1b, c). Conversely, Rab7A-deficient cells exhibited a dramatic decrease in gene
expression (Fig. 1d, e) while having little effect on mMRNA uptake (data not shown)
demonstrating that late endosome (LE) formation is required for gene delivery. Electron
microscopy showed enlarged endosomes in Rab7A-deficient cells (~540 nm) as compared to
wild-type cells (WT) (~90nm), confirming compromised LE/Ly biogenesis (Fig. 1f i-iii).
We further tested whether bypassing the endo/lysosomal system restores mRNA delivery. To
this end, we electroporated free mMRNA into the HAP1-WT and Rab7A knockout (KO) cells
and were unable to rescue the transfection, potentially indicating that downstream cell
signaling pathways originating from the LE/Ly drive mRNA translation (Fig. 1g).
Interestingly, it has been shown that upon activation mechanistic target of rapamycin
complex 1 (mTORCY1) resides on the lysosomal surface, which serves as a hub for nTORC1
to bind several downstream signaling effectors that control multiple cellular processes
including mRNA translation and ribosomal biogenesis. Upon cellular nutrient uptake,
MTORCL is sequestered from the cytosol to LE/Ly membrane where it initiates proliferation
events including protein translation36-38, We hypothesized that arresting endosome
maturation through the deletion of Rab7A would prevent mTORCL1 from triggering
translation of delivered mRNA. To confirm that loss of translation was due to the disruption
of mTORCI1 signaling, we employed selective pharmacological mMTORCL1 inhibitors
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including Torin 1 and Everolimus to impair signaling. As expected, this resulted in a
decrease in successful lipoplex-delivered mMRNA even at nanomolar inhibitory
concentrations (Fig. S2a). Constitutive activation of mTORCL through genetic deletion of an
upstream effector, Tuberous Sclerosis Complex 2 (7SC2), enhanced gene delivery of
exogenous mRNA transfected through electroporation (Fig. S2b), further implicating the
involvement of mTORCI signaling in LE-mediated mRNA expression3®. These studies
suggest that lysosomes known to serve as a hub for mTORC1 dependent signaling3®,
promotes translation of synthetically delivered mRNA (Fig. S2¢). Tampering with lysosomal
biogenesis to reduce nanoparticle delivery to these degradative compartments can therefore
be counterproductive for gene delivery applications.

Previous reports have shown a significant number of molecules that increase transfection of
nucleic acids?®-43, We wanted to test whether a small set of molecules (Table S1) had the
capability to show similar activity in relation to mMRNA delivery. Despite minor condition-
dependent activity (time and co-incubation parameters) of these compounds, our studies
failed to elicit any dramatic increase in transfection (Fig. S3a—d). To uncover other
molecules capable of enhancing intracellular delivery, we screened a bioactive lipid library
(212 compounds), which included prostaglandins, isoprostanes, thromboxanes, leukotrienes,
lipoxins and several other complex polyunsaturated fatty acids (Supplementary Excel File).
It is well known that beyond their role as structural components#4, lipids also serve as
signaling molecules®®, play a crucial role in vesicular trafficking®®, and can be easily
incorporated into a liposomal formulation. As compared to other known endosomal escape
agents (Table S1), exposure of cells to select bioactive lipids can impact mRNA transfection
by inducing LE/Ly maturation or modulating cell signaling events. We pre-treated cells with
the compound library prior to transfection with lipoplexes and identified several
transfection-enhancing compounds (Fig. 2a). Further validation of several compounds
revealed that pre-treatment of cells with only one compound, MK-571 (a leukotriene
inhibitor) resulted in 200% increase in transfection (Fig. 2b; Fig. S4a i—ii; Table S2).
Leukotrienes are inflammatory lipid mediators and metabolites of arachidonic acid.
Leukotriene D4 (LTD4), binds the Cysteinyl Leukotriene Receptor 1 (CysLT1), a G-protein
coupled receptor (GPCR) that is internalized through the endo/lysosomal system. CysLT1
activation contributes to various allergic reactions including bronchial constriction and
asthma?®’. MK-571 is an orally active, potent and selective LTD4 antagonist (competes for
CysLT1), and multidrug resistance protein 1 (MRP1) inhibitor48. While arachidonic acid by
itself showed no improvements in transfection (Fig. S4b), we tested three clinically approved
leukotriene antagonists (Montelukast, Pranlukast, and Zafirlukast) and identified two
compounds, Pranlukast (Brandname — Onon and Azlaire) and Zafirlukast (Brandname -
Accolate, Accoleit, and Vanticon), of comparable efficacy (Fig. S4c, d)4°. We further found
that pre-incubating cell cultures with MK-571 led to a 200% increase LNP-mediated gene
expression (Fig. 2c). Furthermore, we developed nanoparticle formulations containing
MK-571 for co-delivery with mRNA (LNP-MK571). LNPs formulated with and without
MK-571 exhibited no significant differences in size or encapsulation efficiency (Fig. S5a).
Gel electrophoresis showed that LNPs or LNP-MK571 remained stable in presence of
heparin, a negatively charged polymer, while Triton X-100 disassembled both particles
similarly, suggesting a general physical compatibility between MK-571 and components of
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LNP (Fig. S5b). LNP-MK571 outperformed LNPs in both HeLa and HepG2 cells (3-fold
and 5-fold, respectively; Fig. 2d, ). We provide additional data that compares intracellular
delivery of LNP-MK571 in Rab5A-, Rab4A-, or Rab7A-depleted cells to WT. LNP-
mediated mRNA transfection remained unaltered despite defects in formation of early and
recycling endosomes but was significantly diminished when the biogenesis of late
endosomes was impaired (Fig. S5c—¢), as was observed earlier with nanoparticles alone
(Fig. 1b—d). This is to be expected since defects in late endosome formation diminishes
mTOR signaling, which in turn reduces mRNA translation (Fig. S2a—c) that cannot be
rescued by MK-571. In addition, we compared transfection efficiency of LNPs and LNP-
MK571 in Rab7A-deficient cells. We found that LNP-MKS571 led to a significantly higher
gene delivery as compared to its counterpart (Fig. S5f), further suggesting that MK-571
boosts intracellular delivery of LNP encapsulated mRNA. Finally, we compared the /in vivo
delivery of LNPs and LNP-MK571 after intravenous (V) administration in BALB/c mice.
Both nanoparticles showed gene expression in the liver and spleen, with LNP-MK571
exhibiting significant increase (over two-fold, p<0.005) after six hours in both organs (Fig.
2f, g; Fig. S5g, h), demonstrating that this bioactive lipid can enhance transfection both /in
vitroand in vivo. These studies suggest that bioactive lipophilic compounds can be
incorporated into LNPs to promote gene expression.

Endosomal processing remains the rate-limiting step in efficient intracellular drug and gene
delivery25:30.50-52 Endosomal escape is a transient event, which restricts the delivery of
nucleic acids across endosomal membranes®3. Powerful imaging methods have been
employed to reveal dynamic endosomes that allow for sSiRNA escape, albeit at extremely low
amounts, but sufficient to result in gene silencing®®>1, Advances in cell biology have shown
that Rab proteins localized on the surface of the vesicles control endosomal biogenesis,
transport, and distribution within a cell33, The transient inhibition of Rabs or localization of
nanoparticles with endosomes bearing them has demonstrated that sSiRNA escape may occur
during endosomal maturation®%:51, In this study, we have utilized CRISPR/Cas9-based gene
editing to cause permanent disruption of different stages of trafficking. This method
provides a platform to measure functional delivery of cargo in the absence of specific
endosomal processes as opposed to other cumbersome and artefact-ridden methods?3:54,
While siRNA delivery has been limited due to endocytic recycling through the late
endosomes and requires escape from the early endosomes, our studies indicate that late
endosome formation is essential for mMRNA delivery. We have shown using gene-editing
tools that late endosomes serve as a host to mTOR-based cell signaling that regulates
translation of exogenously delivered mRNA. Lysosomes, long underestimated as static dead
catabolic organelles, have been shown to be a hub of enormous activity; they control cellular
metabolism, host numerous transporters, promote nutrient and cholesterol sensing, and
orchestrate mTOR-dependent intracellular signaling36:36.38.55.56 The |ysosomal
subpopulation, either in the periphery or near the perinuclear region, has distinct pH°’. LNP
sensing through a lysosome can trigger a signaling cascade that, depending on spatio-
temporal localization of these compartments, may affect mRNA delivery. It is possible that
differences in mTOR signaling in various tissues can lead to differential mMRNA expression,
and in cancers like TSCs where mTOR is constitutively active mRNA therapeutics may be
effective at extremely low doses in these cancer cell populations. We further speculate that
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understanding LNP interactions with lysosomes and the overall lysosomal milieu remains
critical to uncover the mechanisms of endosomal escape of nucleic acids, an area that we are
currently investigating. However, it is likely that external interference on lysosomal
biogenesis will have negative consequences on effective gene delivery. Lysosomes can form
transient membrane contact sites with the endoplasmic reticulum (ER) using Rab7, so it is
possible that these organelles are required for subcellular targeting to the active site of
mRNA translation i.e. the ER®. It is likely that various therapeutic RNAs (MRNA, miRNA,
SsgRNA, siRNA, etc.) can differ in their itinerary for escape through interactions with distinct
proteins within the endo/lysosomal system. We have further used bioactive lipids that
modulate cellular signaling, are known to enrich endo/lysosomal compartment, and can be
easily formulated with liposomal formulations to enhance gene delivery. Leukotriene
inhibitors identified from our screen are currently in clinical use for treatment of asthma. We
posit that co-delivery of these molecules with a therapeutic mRNA can be used for
synergistic treatment especially of different lung diseases®®, including cystic fibrosis®.
Unlocking intracellular transport mechanisms for mRNA delivery will lead to engineering of
the next generation of drug delivery systems by enabling high potency with limited toxicity.

Materials and Methods

Chemicals

Formulation

Guanabenz acetate, heparin sodium salt, ethanol, Synperonic PE/P84 (Pluronics® P84) were
purchased from Sigma-Aldrich. Bioactive Lipid Library Il in addition to compounds L1-
L12 was obtained from Cayman Chemicals (Details in Supplementary Excel File). All
leukotriene inhibitors were purchased from Cayman Chemicals. Chloroquine diphosphate
was purchased from MP Biomedicals. Everolimus and Torin 1 were purchased from Cell
Signaling Technologies. Pluronic® F127 and Pluronic® P103 were purchased from BASF.
Muramy| dipeptide (MDP) was purchased from InvivoGen. Triton X-100 was purchased
from Acros Organics. Quanti-iT RiboGreen RNA reagent and rRNA standards were
purchased from Life Technologies. CellTiter Fluor Cell Viability Assay and One-Glo
Luciferase Assay was purchased from Promega. Firefly luciferase mRNA (FLuc mRNA,
Moderna) and lipid formulation (ionizable lipid: structural lipid: cholesterol: PEG-lipid)
were obtained from Moderna Therapeutics. All cell culture reagents were purchased from
Corning.

All particles contained F£Luc mRNA unless otherwise noted.

l. Lipoplexes: Stemfect lipid reagent (Stemgent) and mRNA was diluted with
transfection buffer (Stemgent) in separate tubes according to manufacturer’s
protocol. Lipid solution was then added to mRNA solution and homogenized by
pipette mixing. The formulation incubated at room temperature for 10 mins and
was used to transfect cells at desired concentrations.

. Lipid-based nanoparticles (LNPs): LNPs were prepared by combining an
aqueous phase (MRNA diluted in 50 mM citrate buffer, pH 4, and supplemented
with 5 UM MK-571 when specified) and organic phase (ionizable lipid: structural

Nano Lett. Author manuscript; available in PMC 2018 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 7

lipid: cholesterol: PEG-lipid dissolved in ethanol at molar ratios of
50:10:38.5:1.5, respectively) at a 3:1 ratio through syringe mixing or a
microfluidic mixer (Precision Nanosystems). Aqueous and organic phases were
injected into the microfluidic device at a combined volumetric flow rate of 12
mL/min. Formulations were filtered, washed with Phosphate Buffered Saline
(PBS, pH 7.2) and concentrated using Amicon Ultra Centrifugal Filters (EMD
Millipore) and stored at 4 °C until use.

Particle characterization

Cell culture

LNPs were characterized using dynamic light scattering (DLS, Malvern Zetasizer). mRNA
encapsulation efficiency was evaluated by modified Quanti-iT RiboGreen RNA reagent
assay (Life Technologies). LNP sample or PBS (negative control) was diluted into TE buffer
down to a mRNA concentration between 2-5 ng/uL. Aliquots of each LNP working solution
was further diluted 1:1 in TE buffer (measuring unencapsulated mRNA) or 1:1 in TE buffer
with 2% Triton-X100 (measuring total mMRNA — both encapsulated within LNPs and
unencapsulated, “free” mRNA). Samples were prepared in duplicate. Quanti-iT™
RiboGreen RNA reagent was added to each sample and fluorescent signal was quantified
(Tecan i-Control v. 3.8.2.0, Tecan Infinite M200 Pro Multimode Plate Reader).
Encapsulation efficiency was determined as follows:

unencapsulated mRNA
total mRNA

Encapsulation Efficiency= {1 - ( )} x 100 %] .

Cells were grown in appropriate growth media (Table 1) supplemented with 10% fetal
bovine serum (Corning) and 5% Penicillin/Streptomycin (Corning). All cultures were grown
in 37 °C incubators supplemented with 5% CO, and were cultured according to suppliers’
instructions. The HAP1 cells generated by Horizon Discovery were edited using Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 based tools. See table for
details.

In vitro transfection

Cells were plated in white, clear-bottom 96-well plates. The number of cells plated per well
varied by cell type: all diploid adherent cells (HeLa and MEFs) were plated at 4,000 cells/
well, haploid cells were plated at 20,000 cells/well, Stemfect and L NPs: Cells were allowed
to adhere and grow for 24 hours prior to LNP or LNP-MK571 transfection. Nanoparticles
were added dropwise on top of the media.

General protocol for screening—After a 2-hour settling period, cells were pre-treated
with bioactive lipid (concentrations in text), mTOR inhibitors, or leukotriene inhibitors for
24 hours prior to transfection using Stemfect (50 ng/well mMRNA).

Electroporation—Cells were transfected with free FLuc mRNA using the Neon
transfection system ( 7hermo Scientific) according to manufacturer’s protocol. Cells

Nano Lett. Author manuscript; available in PMC 2018 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al. Page 8

recovered in a 24-well plate for 24 hours prior to trypsinization and were transferred to a 96-
well plate for analysis.

Analysis—Cell viability (CellTiter Fluor Cell Viability Assay, Promega) and luciferase
expression (One-Glo Luciferase Assay, Promega) were measured after 24 hours.

Transmission Electron Microscopy

The cells were fixed in cold Karnovsky fixative (2% paraformaldehyde, 2.5% glutaraldehyde
in 0.1M sodium cacodylate buffer pH 7.2), pre-embed in 6% bovine serum albumin (BSA)
and prepared for microwave-assisted processing in a Pelco BioWave Microwave. In the
BioWave, the samples were rinsed in 0.1 M sodium cacodylate buffer; incubated in reduced
osmium tetroxide (1.5% potassium ferrocyanide in 2% OsOy); rinsed in water and en bloc
stained with aqueous 0.5% uranyl acetate. Following the uranyl acetate incubation, samples
were dehydrated in an aqueous series of 50%, 75% and 95% acetone, followed by two
exchanges in 100% acetone. Epon resin infiltration was facilitated by incubation in a 1:1
solution of 100% acetone: freshly-made Epon resin, followed by 4 exchanges in 100%
freshly-made Epon. Samples were removed from the BioWave and transferred into
embedding capsules (BEEM) filled with freshly-made Epon and cured at 60°C for 36 hours.
Thin sections (70 nm) obtained from the block face were imaged at 80 kV on a FEI-Tecnai
12 system interfaced to a digital camera and associated software (Advanced Microscopy
Techniques, Danvers, MA).

Gel Retardation Assay
LNP and LNP-MK571 were incubated for 5 mins with heparin (5-20 ug) or Triton X-100
(1-10%). Free mRNA, LNP, LNP-MK571, heparin- or Triton X-treated LNPs, and LNP-
MK571 were then run on a 1% agarose gel at 250 ug mRNA per well and visualized by
ethidium bromide staining using myECL Imager (Thermo Scientific).

In vivo transfection

All animal studies were conducted at Oregon Health and Sciences University, were approved
by the Institutional Animal Care and Use Committee (IACUC), and were compliant with
local, state, and federal regulations. Female BALB/c mice (Charles River Laboratories)
received tail vein injections of LNP or LNP-MK571 at a mRNA dose of 0.05 mg/kg body
weight. Bioluminescent imaging was performed on mice or isolated organs using the IVIS
Lumina XRMS imaging system (Perkin E/mer) following intraperitoneal injection of 200 L
of D-luciferin substrate (Perkin Elmer, 150 mg/kg body weight). Image acquisition and
analysis was conducted using VIS Living Image software (Perkin Elmer).

Statistical analysis

Significance was determined using Student’s t-test for all comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Late endosomes are essential for mRNA transfection
(a) Schematic representation of Rab proteins localizing to various stages of endocytic

process. (b—d) HAP1 cells with deletions of (b) Rab4A, (c) Rab5A, and (d) Rab7A were
transfected with mRNA packaged inside lipoplexes and luciferase expression was compared
to wild-type. (e) HAP1-Rabh7-KO cells were transfected with LNPs at a range of mMRNA
doses and normalized luciferase expression was compared to wild-type (f) Electron
micrographs of (i) HAP1-WT (scale bar = 500 nm) and (ii) HAP1-Rab7-KO cells (scale bar
=500 nm) showing enlarged endosomes in Rab7-KO cells indicated by arrows. (iii) Average
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size of endosomes (indicated by inset arrow) in HAP1-WT and HAP1-Rab7-KO, n = 4,
mean + SD. (g) Luciferase expression in HAP1-WT and HAP1-Rab7-KO cells transfected
with free mRNA using electroporation at various pulse voltages, pulse widths and pulse
numbers. All experiments were conducted with /7= 3; mean £ SD, unless indicated
otherwise. Statistical analysis of the data was assessed by Student’s t-test (0.05 = *p > 0.01,
0.01 =**p>0.005, ***p< 0.005).
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Figure 2. MK-571 a leukotriene antagonist improvesintracellular delivery to enhance gene

delivery in vitro and in vivo.

(a) Bioactive lipid library screening showing /n vitro transfection with mRNA-lipoplexes (50
ng MRNA in the presence of 1 uM bioactive lipids) normalized to mRNA-lipoplex control

(100%). (b) mRNA-lipoplex transfection of 50 ng mRNA in the presence of varying

concentrations of MK-571 (0 — 100 pM) relative to mRNA-lipoplex control. Increasing
amounts of mMRNA were transfected using (c) LNPs with and without 24 hr pre-incubation

with MK-571 (5 M) or (d) with and without MK-571 loaded LNPs (LNP-MK571).

(€)

Comparison of /n vitro transfection of two different cell lines using 400 ng mRNA delivered
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by LNP-MKS571. LNPs served as positive control (100% expression) (f) Transfection in
BALB/c mice treated with 0.05 mg/kg mRNA delivered through an IV injection of LNP or
LNP-MK571; n=6; mean £ SD. (g) Isolated organs showing localized expression in liver and
spleen. Luciferase intensity measured at 6 hrs post injection, scale represented as radiance
(p/sec/cm?/sr); n=6; mean + SD. All experiments were conducted with 7= 3; mean + SD,
unless indicated otherwise. Statistical analysis of the data was assessed by student’s t-test
(0.05>*p>0.01, 0.01 = **p> 0.005, ***p< 0.005).
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Cell Lines and Corresponding Culture Conditions

Cell Line Medium Source
HelLa DMEM Langer Lab

HepG2 DMEM Sun Lab
HAP1 WT IMDM Horizon Discovery
HAP1 Rab4A~ IMDM Horizon Discovery
HAP1 Rab5A~ IMDM Horizon Discovery
HAP1 Rab7A~ IMDM Horizon Discovery
Immortalized MEFs DMEM Kwiatkowski Lab

7SC2"* and 75C27!-

(Sarkar Lab)
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