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SUMMARY
Genetic medicines show promise for treating various diseases, yet clinical success has been limited by
tolerability, scalability, and immunogenicity issues of current delivery platforms. To overcome these, we
developed a proteolipid vehicle (PLV) by combining features from viral and non-viral approaches. PLVs incor-
porate fusion-associated small transmembrane (FAST) proteins isolated from fusogenic orthoreoviruses into
a well-tolerated lipid formulation, using scalable microfluidic mixing. Screening a FAST protein library, we
identified a chimeric FAST protein with enhanced membrane fusion activity that improved gene expression
from an optimized lipid formulation. Systemically administered FAST-PLVs showed broad biodistribution
and effective mRNA and DNA delivery in mouse and non-human primate models. FAST-PLVs show low
immunogenicity and maintain activity upon repeat dosing. Systemic administration of follistatin DNA gene
therapy with FAST-PLVs raised circulating follistatin levels and significantly increased muscle mass and
grip strength. These results demonstrate the promising potential of FAST-PLVs for redosable gene therapies
and genetic medicines.
INTRODUCTION

The potential for genetic therapies to treat illnesses ranging from

monogenic disease to cancer has resulted in thousands of clin-

ical trials and more than 10 approved nucleic acid drugs in the

US alone.1 Despite this, a key limitation to the wide adoption of

genetic medicines is the lack of a highly tolerable, durable, and

broadly distributed nucleic acid intracellular delivery platform.2

The approval of alipogene tiparvovec (Glybera) to treat lipopro-

tein lipase deficiency in 2012 catalyzed a shift toward using

adeno-associated virus (AAV) vectors for DNA delivery.3,4

Although safer than many traditional viral vectors, host immuno-

genic responses against the AAV vector limit repeat dosing un-

less multiple AAV serotypes are employed.5,6 Efficacy can be

further limited by the existence of neutralizing antibodies with

no prior AAV vector exposure.7–10

Non-viral delivery vehicles such as lipid nanoparticles (LNPs)

have been widely used for RNA-based therapeutic approaches

and have cost, manufacturing, and immunogenicity advantages
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over viral vectors.11–19 The approval of patisiran (Onpattro) as a

systemic therapy19 and the more recent success of LNP

mRNA COVID-19 vaccines19 has set the stage for the develop-

ment of numerous LNP-based nucleic acid therapies. LNPs are

formulated with ionizable lipids, which facilitate endosomal

escape.20–23 However, formulations containing ionizable lipids

are also associated with tolerability challenges such as potenti-

ation of apoptotic cell death and dose-limiting liver toxicity

following systemic delivery.24–26

Given the strengths and limitations of current viral and non-

viral approaches, we developed a proteolipid vehicle (PLV) plat-

form that incorporates an engineered viral fusion protein into a

lipid-based formulation to achieve intracellular delivery of nucleic

acid cargoes with low immunogenicity and high tolerability. The

PLV platform utilizes fusion-associated small transmembrane

(FAST) proteins derived from the non-enveloped fusogenic or-

thoreovirus. At 100–200 residues in length, FAST proteins are

the smallest known viral fusogens. These fusion proteins are

expressed inside virus-infected cells and are trafficked to the
ber 19, 2024 ª 2024 The Authors. Published by Elsevier Inc. 5357
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plasma membrane where they facilitate cell-cell membrane

fusion, generating multinucleated syncytia to facilitate viral

transmission.27,28 FAST proteins function at physiological pH

and do not require specific cell receptors, allowing them to

fuse almost all cell types.29 The FAST protein family comprises

six structurally similarmembers named according to their molec-

ular mass in Daltons (p10, p13, p14, p15, p16, and p22), with the

rate and extent of fusion activity varying considerably between

family members. While they share little conserved sequence

identity, they all exhibit a bipartite membrane topology with the

single transmembrane domain (TMD) connecting a minimal

N-terminal ectodomain of 19–40 residues to a longer C-terminal

cytoplasmic endodomain.30 Thesemotifs function in conjunction

to remodel membranes and promote membrane fusion.31–37

We previously showed in proof-of-concept experiments that

FAST protein-containing liposomes induce liposome-cell fusion

and facilitate intracellular delivery of encapsulated membrane-

impermeable cargo.29,38 Here, we evaluated a panel of chimeric

FAST protein constructs for fusion activity to identify a high-ac-

tivity FAST protein chimera that was formulated into a PLV

comprised of well-tolerated lipids (Figure 1A). We demonstrate

that FAST-PLVs comprise a nucleic acid delivery platform that

mediates effective delivery and expression of encapsulated

mRNA and DNA in vitro and in vivo, while maintaining excellent

tolerability, low immunogenicity, and favorable biodistribution

in rodent and non-human primate (NHP) models.

RESULTS

Engineering of a FAST protein chimera with enhanced
fusion activity
We exploited the modular nature of FAST proteins to determine

whether a specific combination of motifs could be assembled

into a recombinant FAST protein with enhanced fusion activity

by substituting the ectodomain, TMD, and endodomains of the

high-activity p14 and p15 FAST proteins32 (Figure 1B). The fusion

activity of each construct was ranked using a syncytia formation

assay (Figure 1C). Three of six chimeric proteins were fusion-

dead while two maintained fusion activity comparable with the

parental proteins. One candidate, p14endo15, had significantly

higher activity than either p14 or p15 parent (Figures 1C and

1D). This chimera comprises the p14 ectodomain and TMD

with the p15 endodomain. The fusion kinetics of p14endo15
Figure 1. Engineering p14endo15 proteolipid vehicles (FAST-PLVs)

(A) Schematic showing the topology of a generic FAST protein in the PLV memb

(B) Arrangement of the ectodomain, transmembrane domain (TMD), and endodo

chimeric constructs (p14, green; p15, blue). The locations of the N-terminal my

endodomain polybasic motif (++) and adjacent amphipathic helix are indicated. Sy

indicating no syncytium formation.

(C) Representative images of Giemsa-stained quail fibrosarcoma (QM5) cells tra

13 h post-transfection. Arrows indicate syncytial nuclei.

(D) Quantification of syncytium formation expressed as a percentage of syncytia

n = 3, one-way ANOVA and Tukey’s multiple comparisons test.

(E–G) QM5 cells were co-transfected with pDNA-GFP and pDNA-FAST, and mea

Data are represented as mean ± standard deviation, n = 3, one-way ANOVA and

(H–J) Quantification of syncytium formation in cells described in (E)–(G), with fusio

and 7 h (J) after transfection. Data are represented as mean ± standard deviatio

**p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant.
were further examined by co-transfecting DNA plasmids encod-

ing FAST protein (pDNA-FAST) as well as green fluorescent pro-

tein (pDNA-GFP) to control for transfection efficiency. While

equivalent transfection and expression rates were observed for

each candidate, p14endo15 FAST protein induced more rapid

and extensive cell fusion, compared with parental p14 or p15

(Figures 1E–1J). Based on these results, p14endo15 was

selected for the optimization of PLV formulations for nucleic

acid delivery (all references to FAST protein herein describe

p14endo15).

Optimization of lipid/FAST protein formulations for
nucleic acid delivery
Conventional LNPs rely on endosomal escape for intracellular

delivery, which limits nucleic acid release into the cytosol.13,21,39

We hypothesized that incorporating p14endo15 into a lipid

formulation would significantly improve the delivery of nucleic

acids by promoting PLV-cell membrane fusion while avoiding

endosomal escape. This would allow for increased flexibility in

the lipid components because endosomal escape activity would

not be required.

First, a panel of cationic and ionizable lipids was evaluated

for their toxicity on human fibroblast cells (WI-38), including

cationic lipids 1,2-di-O-octadecenyl-3-trimethylammonium pro-

pane (DOTMA) and 1,2-dioleoyl-3-trimethylammonium-propane

(DOTAP), aswell as the ionizable lipids1,2-dioleoyl-3-dimethylam-

monium-propane (DODAP), DLin-MC3-DMA (MC3), and 1,2-dio-

leyloxy-3-dimethylaminopropane (DODMA). Of these, DODAP

had the most favorable tolerability followed by DOTAP (Fig-

ureS1A). Theoptimalmass ratioofDODAP topDNAwasassessed

bymeasuring the delivery and subsequent expression of DNA-en-

coded firefly luciferase (pDNA-Fluc) in retinal pigmented epithelial

cells (ARPE-19). A ratio of 5:1 ionizable lipid DODAP to pDNA re-

sulted in maximal expression (Figure S1B).

Next, a panel of more than 40 lipid formulations encapsulating

pDNA were generated by combining DOTAP, DODAP, 2-dio-

leoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-

dimyristoyl-sn-glycero-3-methoxypolyethylene glycol-2000 (DMG-

PEG) at different ratios to balance intracellular delivery and

activity with tolerability. The most promising of these, based

on encapsulation and sizing (designated 28M, 33T, 37N, and

41N), were produced using a microfluidic platform40–42 encap-

sulating pDNA-FLuc with or without p14endo15 FAST protein.
rane and key structural motifs present in the ectodomain and endodomain.

main fusion modules of the parental p14 and p15 FAST proteins and various

ristylation site and adjacent fusion peptide motif in the ectodomain and the

ncytium formation of the various constructs was scored on a 4+ scale with ‘‘�’’

nsfected with pcDNA3 expressing either p14, p15, or p14endo15, captured at

l nuclei over total nuclei. Data are represented as mean ± standard deviation,

n pixel intensity of GFP is reported 3 h (E), 5 h (F), and 7 h (G) after transfection.

Tukey’s multiple comparisons test.

n expressed as a percentage of syncytial nuclei over total nuclei, 3 h (H), 5 h (I),

n, n = 3, one-way ANOVA and Tukey’s multiple comparisons test.
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Size, polydispersion index (PDI) and zeta potential was deter-

mined for each (Table S1). All PLV formulations were found

to be <80 nm in diameter with a PDI < 0.3, indicating

monodispersity.

The potency and cytotoxicity of these formulations were as-

sessed in kidney epithelial cells (Vero). Overall, formulation 41N

showed the most favorable tolerability (Figure S1C) and was

slightly less potent than formulation 37N (Figure S1D). A direct

comparison of the potency vs. tolerability (weighted equally) indi-

cated that formulation 41N scored higher than 37N, which in turn

scored significantly higher than 28M and 33T (Figure S1E).

Based on all these results, PLV formulation 41N was selected

for further development and optimization.

The size and structure of the 41N FAST-PLV encapsulating

pDNA was assessed by transmission electron microscopy

(TEM) and atomic force microscopy (AFM). TEM revealed uni-

form spherical structures made of an outer lipid bilayer and a

negatively stained inner core (Figure 2A). AFM showed spherical

structures with an approximate size distribution of 66.3 ±

15.3 nm (Figure 2B). Next, the optimal FAST protein content in

PLV was determined by varying mol % levels of FAST protein

and assessing transfection efficiency in a panel of cell lines. It

was determined that 0.214 mol % FAST was found to generate

maximal GFP expression in AC10, H1299, and HEK293T cells

(Figures S2A–S2F). Cytotoxicity was then assessed by

increasing FAST protein content in PLV up to 0.426 mol %,

with no negative effects observed (Figures S2G–S2I). Based on

this, the 41N formulation with 0.214 mol % FAST protein content

was selected for further study.

Next, we examined the potency of the 41N PLV with varying

ratios of ionizable lipid to pDNA-FLuc in primary human lung

fibroblast cells (IMR-90) with and without FAST protein. FAST-

containing formulations showed significantly higher potency,

which was maximal at a 5:1 ratio of ionizable lipid to pDNA (Fig-

ure 2C). Using this 5:1 ratio, we evaluated the potency of 41N

pDNA-GFP PLVs formulated with and without FAST protein in

a panel of primary cell lines and observed similar results (Fig-

ure 2D). Based on this, the optimized FAST-PLV formulation

was finalized using the 41N lipid formulation and a 5:1 mass ratio

of DODAP to pDNA. Importantly, no evidence of cell-cell fusion

or syncytia formation was observed in any of these experiments
Figure 2. In vitro validation of FAST-PLVs

(A and B) FAST-PLVs encapsulating pDNA were imaged with (A) transmission el

(C) ARPE-19 cells were incubated with pDNA-FLuc encapsulated within optimiz

lipid:pDNA mass ratios for 96 h before luminescence was determined. Data are

(D) Optimized lipid formulation 41N with (right) and without (left) FAST protein wa

fluorescence images were taken.

(E) Viability of HUVECs treatedwith varying amounts of pDNA encapsulated in Lipo

standard deviation, n = 5.

(F) Expression of pDNA-FLuc in IMR-90 cells delivered by MC3-LNPs or FAST-P

(G) In vitro expression of mRNA-FLuc encapsulated within optimized lipid formul

FAST protein 48 h after addition to WI-38 cells. Data are represented as the mea

(H) Optimized lipid formulation 41N with and without FAST protein was used to e

HUVECs for 48 h before fluorescence images were taken.

(I) HEP3B cells were incubated with FAST-PLVs encapsulating 6 nM mRNA-eGF

(J) Flow cytometry conducted on cells from (I).

(K) HEP3B cells were incubated with FAST-PLVs encapsulating 1 nM pDNA-GFP

(L) Flow cytometry conducted on cells from (K).

See also Figures S1, S2, S3, and S4.
at any PLV dose. This was examined further by transfecting

H1299 cells with FAST-PLVs containing pDNA-GFP, where we

observed significant GFP expression with no evidence of syncy-

tia formation. Transfection using pDNA-FAST, in contrast,

demonstrated significant syncytia formation (Figure S3).

To establish a suitable reference point, we compared the po-

tency and tolerability of FAST-PLVs to the cationic lipid formula-

tion Lipofectamine 2000 and a conventional LNP formulation

composed of DLin-MC3-DMA (MC3-LNPs) in human umbilical

vein endothelial cells (HUVECs) and IMR-90.24 FAST-PLVs and

MC3-LNPs containing pDNA-FLuc were significantly less toxic

than Lipofectamine 2000 (Figure 2E), with FAST-PLVs demon-

strating significantly higher luminescence than MC3-LNPs

(Figure 2F).

The delivery of mRNA in the 41N PLV formulation with and

without FAST protein was then assessed using a range of

mass ratios of DODAP to mRNA. The highest expression of

mRNA-FLuc in WI-38 cells was found at a DODAP:mRNA ratio

of 3:1, and the incorporation of FAST protein significantly

enhanced potency (Figure 2G). Similar results were also seen

with the delivery of mRNA-mCherry into HUVEC, where the

incorporation of FAST protein significantly increased mCherry

expression (Figure 2H). The ability of FAST-PLVs to deliver mul-

tiple mRNAs to the same cell was demonstrated by co-expres-

sion of mRNA-mCherry and mRNA-eGFP in cells treated with

PLVs containing a 1:1 molar ratio of each mRNA (Figures 2I

and 2J). Furthermore, FAST-PLVs formulated with a mixture of

pDNA-GFP and mRNA-mCherry cargo at a 1:6 molar ratio

demonstrated expression of both reporters in cells (Figures 2K

and 2L). Thus, the optimized FAST-PLV formulation is suitable

for encapsulation and intracellular delivery of pDNA and/or

mRNA to cultured cells with a high potency and low toxicity.

To confirm that FAST-PLVs deliver nucleic acids through an

endocytosis-independent mechanism, as previously observed,29

we assessed the delivery of Cy5-conjugated hypoxanthine-gua-

nine phosphoribosyltransferase-1 (HPRT1) small interfering RNA

(siRNA) into ARPE-1 cells, using FAST-PLVs, compared with

MC3-LNPs. Confocal microscopy confirmed that siRNA delivered

by MC3-LNPs primarily localize to Rab5a-positive43–45 early en-

dosomes after 1 h. Delivery of siRNA by FAST-PLV resulted in

diffuse cytoplasmic and punctate localization and little to no
ectron microscopy and (B) atomic force microscopy.

ed lipid formulation 41N with and without FAST protein at different ionizable

represented as mean ± standard deviation, n = 3.

s used to encapsulate pDNA-GFP, and 0.9 nM was incubated for 96 h before

fectamine 2000, MC3-LNPs, and FAST-PLVs. Data are represented asmean ±

LVs. Data are represented as mean ± standard deviation, n = 5.

ation 41N at multiple ionizable lipid:mRNA mass ratios made with and without

n ± standard deviation, n = 5.

ncapsulate mRNA-mCherry at the optimal 3:1 mass ratio and incubated with

P and 6 nM mRNA-mCherry for 48 h before fluorescence images were taken.

and 6 nM mRNA-mCherry for 72 h before fluorescence images were taken.
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observable early endosome co-localization (Figure S4A). Next, we

assessed the impact of the endocytosis inhibitor dynasore on the

delivery of siRNA-Cy5.46,47 Dynasore (125 mM) significantly

reduced the internalization of AF488-labeled epidermal growth

factor (EGF) in ARPE-1 cells48–50 (Figures S4B–S4D). Next, we

examined the effect of dynasore at 125 mM on the uptake of

siRNA-Cy5 encapsulated within PLVs with and without FAST pro-

tein. FAST proteins significantly increased the intracellular uptake

of siRNA-Cy5 in the presence or absence of dynasore

(Figures S4E–S4G). Dynasore inhibited delivery by 85% in the

absence of FAST protein and only by 45% when FAST protein

was included (Figures S4E–S4G), indicating significant non-endo-

somal uptake. We then examined the activation of the cyclic

GMP-AMP synthase (cGAS), stimulator of interferon genes

(STING) pathway to assess intracellular DNA delivery51–53 by

transfecting H1299 cells with pDNA-GFP in MC3-LNP, FAST-

PLV, or with Lipofectamine 2000. We observed no cGAS-STING

activation withMC3-LNPs, presumably due to the DNA remaining

trapped in the endosome. FAST-PLVs induced a small but signif-

icant increase in cyclic guanosine monophosphate–adenosine

monophosphate (cGAMP) levels, confirming the presence of

pDNA in the cytoplasm. Transfection with Lipofectamine 2000 re-

sulted in high cGAMP levels, likely due to significant deposition of

pDNA in the cytoplasm54 (Figure S4H). Overall, these results sup-

port an endosomal-independent mechanism for the intracellular

delivery of nucleic acids by FAST-PLV.

Systemic in vivo delivery of pDNA via FAST-PLVs
Safe and effective systemic delivery of DNA is a significant

challenge, with many platforms exhibiting low tolerability

in vivo.39,55,56 We evaluated the in vivo biodistribution, potency,

and tolerability of FAST-PLVs, compared with MC3-LNPs, over

a dose range of 0.5–80 mg/kg DNA. Systemic intravenous

administration of MC3-LNPs encapsulating pDNA-FLuc at

doses higher than 1 mg/kg resulted in significant mortality

of mice, while FAST-PLVs were well tolerated at doses

>60 mg/kg (Table S2). Post-mortem analysis of MC3-LNP-

treated mice at 1 and 5 mg/kg revealed significant liver toxicity

characterized by hemorrhage. In contrast, mice treated with

FAST-PLVs at doses up to 20mg/kg showed no signs of liver pa-

thology by gross visual or histological examination (Figure 3A).

Cytokine responses in mice were also examined as an immune

indicator of toxicity57 following intravenous injection. Mice

receiving 5 and 20 mg/kg of FAST-PLVs encapsulating pDNA-
Figure 3. Delivery of pDNA by FAST-PLVs in mice

(A) Post-mortem liver images and hematoxylin and eosin staining of liver section

sulating pDNA-FLuc (magnification = 103).

(B–H) Serum concentrations of pro-inflammatory cytokines: (B) tumor necrosis

chemokine ligand 1 (CXCL1), (G) IL-10, and (H) IL-5; 24 h after injection with PBS,

mean ± standard deviation, n = 3 biologically independent mice per group, one-

(I) Whole-body bioluminescent imaging of mice 24 h after injection with pDNA-F

(J) Ex vivo organ bioluminescence from mice 24 h after intravenous injection with

(K) Quantification of bioluminescent signal from ex vivo organs presented in (J). V

standard deviation.

(L) GFP in situ hybridization (RNAScope) and GFP immunofluorescence condu

20 mg/kg pDNA-GFP (magnification = 203).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant.

See also Figures S5, S6, and S7.
FLuc had no significant increase in any of the measured cyto-

kines, while all measured pro-inflammatory cytokines were

significantly elevated in mice treated with MC3-LNPs encapsu-

lating 0.5 mg/kg pDNA-FLuc (Figures 3B–3H).

Next, the in vivo potency and biodistribution of FAST-PLVs,

compared with MC3-LNPs, were evaluated using whole-animal

luminescence and ex vivo imaging after systemic administration

of pDNA-FLuc. Owing to tolerability limitations, MC3-LNPs were

assessed at a 0.5 mg/kg dose, while FAST-PLVs were assessed

at 5 and 20 mg/kg. A significant increase in FLuc expression be-

tween the 5 and 20 mg/kg FAST-PLV doses was observed with

broad biodistribution (Figure 3I). A more detailed comparison by

ex vivo bioluminescence imaging indicated that the 5 mg/kg

dose of FAST-PLVs produced comparable FLuc expression in

multiple organs to 0.5 mg/kg MC3-LNP, while the higher

20 mg/kg dose of FAST-PLV resulted in substantially higher

FLuc expression: 13-fold higher in the liver, 20-fold higher in

the lungs, 30-fold higher in the spleen, 1.5-fold higher in the kid-

neys, 3.5-fold higher in the brain, and 3-fold higher in the heart

(Figures 3J and 3K).

Next, we assessed biodistribution and expression at the

cellular level after systemic administration of FAST-PLVs encap-

sulating 20 mg/kg pDNA-GFP. 24 h after injection significant

GFP mRNA expression in the lungs, liver, kidneys, and spleen

was detected by in situ hybridization (RNAScope) (Figure 3L).

Immunofluorescence confirmed expression of GFP protein

throughout these organs, with expression throughout the pulmo-

nary alveoli and in liver hepatocytes. GFP expression was pre-

dominately observed in the proximal tubules of kidney. In the

spleen, most of the GFP expression was observed in the red

pulp with modest expression detected in the white pulp

(Figures 3L and S5). The durability of in vivo pDNA expression

was also assessed by whole-body luminescence imaging over

365 days after systemic administration of 20 mg/kg pDNA-

FLuc FAST-PLV. A strong and widespread whole-body lumines-

cence signal was observed in the first 2 days, which decreased

to a steady state that wasmaintained through 1 year after admin-

istration (Figure S6).

Batch-to-batch manufacturing consistency was maintained

by implementing strict biophysical release criteria that included

size (number) <80 nm, PDI < 0.3, and encapsulation efficiency

>80%. To support these criteria, we compared the functionality

and physical characteristics of two FAST-PLV batches

encapsulating pDNA-FLuc manufactured on different days.
s from mice injected with multiple doses of FAST-PLVs or MC3-LNPs encap-

factor alpha (TNF-a), (C) interleukin (IL)-6, (D) interferon (IFN)-g, (E) IL-1b, (F)

MC3-LNPs, or FAST-PLVs encapsulating pDNA-Fluc. Data are represented as

way ANOVA and Tukey’s multiple comparisons test.

Luc encapsulated within MC3-LNPs or FAST-PLVs.

pDNA-FLuc.

alues presented as log2 of average radiance. Data are represented as mean ±

cted 24 h after intravenous injection with PBS or FAST-PLVs encapsulating
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Figure 4. Comparison of mRNA delivery by FAST-PLVs to conventional LNP platforms

(A) Intramuscular injection of 41N formulation encapsulating mRNA-FLuc with and without FAST protein.

(B) Serum EPO concentrations following intravenous or intramuscular injection with FAST-PLVs encapsulating mRNA-EPO. Data are represented as mean ±

standard deviation, n = 3 biologically independent mice per group.

(C) Ex vivo organ bioluminescence frommice 24 h after intramuscular injection into the gastrocnemiusmuscle withmRNA-FLuc encapsulated within FAST-PLVs,

MC3-LNPs, ALC-0315 LNPs, or SM-102 LNPs.

(D) Quantification of bioluminescent signal from ex vivo organs in (C). Data are represented asmean ± standard deviation, n = 3 biologically independent mice per

group.

(legend continued on next page)
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Biophysical characteristics of both batches were comparable

(Figures S7A–S7C), as well as whole-body luminescence signal

(Figures S7D–S7F).

In vivo delivery of mRNA formulated in FAST-PLVs
Next, we assessed the ability of FAST-PLVs to deliver

mRNA in vivo. Incorporation of FAST protein into mRNA-FLuc

PLVs resulted in significantly increased expression following intra-

muscular injection (Figures 4A and S8A). We then examined the

ability of FAST-PLVs to deliver therapeutic mRNA cargo via intra-

muscular and intravenous injection. 8 h after administration we

observed a large spike in serum erythropoietin (EPO) levels

following systemic FAST-PLV administration reaching 7,000 and

13,000 pg/mL in mice injected with the 0.5 and 1.25 mg/kg doses

of mRNA-EPO, respectively.13,17,26,58 Intramuscular administra-

tion with 0.3 mg/kg mRNA-EPO resulted in a serum EPO concen-

tration approaching 2,000 pg/mL 8 h following administration

(Figure 4B).

We then compared the delivery of mRNA in FAST-PLVs to clin-

ically approved LNP formulations developed by Alnylam, Pfizer,

and Moderna (using the MC3, ALC-0315, and SM-102 ionizable

lipids, respectively) by intramuscular administration in immune-

competent mice. A dose of 5 mg of mRNA-FLuc was selected

for comparison, and a 25 mg dose was added for FAST-PLVs

owing to their improved safety profile. Expression in the injected

gastrocnemius (GAS) muscle at the 5 mg dose was similar for

FAST-PLVs, MC3, and ALC-0315 LNPs. Substantially higher

muscle expression was observed for the SM102 LNP and with

the higher 25 mg dose of FAST-PLV. Expression was restricted

to the injected muscle in mice injected with FAST-PLVs, even

at the higher 25 mg dose. For the three clinically approved

LNPs, we observed substantial luciferase expression in both

liver and spleen (Figures 4C and 4D). Given the differences in bio-

distribution, we then examined the impact on the systemic in-

duction of pro-inflammatory cytokines. FAST-PLVs did not

induce any increase in pro-inflammatory cytokines at either the

5 or 25 mg dose, while ALC-0315- and SM-102-formulated

LNPs resulted in significant increases in the levels of several

circulating pro-inflammatory cytokines (Figures 4E–4J).

Next, we assessed delivery of mRNA-FLuc in FAST-PLVs,

compared with MC3-LNPs, by several other routes of administra-

tion including intrathecal, intracerebral ventricular, and intravitreal

injection. Intrathecal administration of FAST-PLVs resulted in lucif-

eraseexpression thatwas restricted to thespinal cordandheadby

whole-body luminescence imaging, whereas delivery of MC3-

LNPs resulted in significant reporter expression outside the CNS

(Figure S9A). Ex vivo luminescence imaging confirmed that MC3-

LNPs resulted in substantial liver and spleen luciferaseexpression,

while FAST-PLVs resulted in expression only in the brain

(FiguresS9BandS9C).Similar characteristicswereobservedafter

intracerebral ventricular administration (Figures S9D–S9F). Intravi-

treal administration of FAST-PLVs resulted in significant luciferase
(E–J) Serum concentrations of pro-inflammatory cytokines: (E) TNF-a, (F) IL-6, (G

FLuc encapsulated within FAST-PLVs, MC3-LNPs, ALC-0315 LNPs, and SM-102

independent mice per group, one-way ANOVA and Tukey’s multiple comparison

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figures S8 and S9.
expression in the eye (Figures S9G–S9I), with ex vivo imaging

demonstrating that the bulk of expression is coming from the

backof the eyewhere the retina is located (FigureS9H). Significant

off-target liver and spleen luciferase expression was observed in

mice injected with MC3-LNPs (Figures S9G–S9I). Taken together,

these results demonstrate that FAST-PLV formulations drive

robust expression in the local area or organ subsequent to local-

ized administration of mRNA to the muscle, brain, or eye. In

contrast, current clinically approved LNP formulations result in

substantial off-target liver and spleen expression.

We then assessed the biodistribution and expression of

mRNA-FLuc at a 0.5 mg/kg dose in FAST-PLVs, compared

with MC3-LNP, after systemic administration. The MC3-LNP-in-

jected animals showed expression that was mainly restricted to

liver and spleen, while FAST-PLVs demonstrated substantially

lower liver expression and significant extrahepatic expression

in the lungs, spleen, brain, heart, and kidneys (Figures 5A and

5B). An analysis of tissue/liver expression indicated mice

receiving FAST-PLVs showed higher expression in the brain,

lungs, heart, and spleen, compared with the liver, while MC3-

LNP expression was highly liver-tropic (Figure 5C).

Repeat dosing of FAST-PLVs through intramuscular or
systemic route
Administered biologic drugs such as viral vectors elicit an adap-

tive immune response in the form of anti-vector antibodies that

can interfere with or neutralize the effect of the vector, restricting

their use in applications that require repeat dosing.5,8,9 Given the

incorporation of a novel virus-derived fusion protein in our FAST-

PLV platform, we sought to determine if FAST-PLVs generate an

immune response capable of reducing in vivo efficiency upon

repeated administration. To that end, FAST-PLVs encapsulating

mRNA-FLuc were administered at 0.3 mg/kg intramuscularly

or 1.2 mg/kg intravenously once per month for 6 months.

Significant luciferase expression was seen after each intramus-

cular injection (Figures 5D, S8B, and S8C). When FAST-PLVs

were repeatedly administered intravenously, no significant

change in total luminescence intensity was observed over time

(Figures 5E, S8D, and S8E). Antibodies against FAST protein

were quantified in the serum of these mice 1 month after the final

FAST-PLV administration. Two intramuscularly injected animals

and one intravenously injected animal had anti-FAST antibody

levels below the lower limit of quantification (Figure 5F). Interest-

ingly, high titers of anti-FLuc antibodies were detected in several

of the repeatedly dosed animals (Figure 5G). To determine

whether the detected levels of anti-FAST antibodies have

neutralizing activity, the activity of pDNA-GFP PLVs in the pres-

ence of serum from repeatedly dosed and control mice was as-

sessed in an in vitro transfection assay. No reduction in GFP

expression was observed when serum-treated FAST-PLVs

were used to transfect 3T3 cells in vitro (Figure 5H), indicating

no neutralizing activity. Overall, repeat dosing of FAST-PLVs
) IL-1b, (H) CXCL1, (I) IL-5, and (J) IL-10. 6 h after injection with PBS, or mRNA-

LNPs. Data are represented as mean ± standard deviation, n = 3 biologically

s test.
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by intramuscular or intravenous administration produced consis-

tent reporter expression, was well tolerated, and did not

stimulate adverse immune responses.

FAST-PLVs safely and effectively deliver pDNA in NHPs
with broad biodistribution to tissues
The safety, tolerability, and biodistribution of FAST-PLVs at

various doses following systemic administration were further

examined in African green monkeys (Chlorocebus sabaeus).

The biodistribution of an inert pDNA cargo delivered by intrave-

nous administration in FAST-PLVs at a 1 mg/kg dose of pDNA

was quantified in 30 tissues, using a quantitative PCR approach,

2 days after administration. Significant levels of pDNA were de-

tected in all organs tested, with the highest levels detected in the

lungs, spleen, gall bladder, and bone marrow. These organs all

demonstrated higher uptake than liver, supporting the fact that

PLV is suitable for extrahepatic delivery of pDNA (Figure 6A).

We thenevaluated tolerability following intravenous administra-

tionwith FAST-PLVsat 1 and6mg/kgpDNAdoses.No significant

abnormalities were observed in any organs assessed (Figure 6B),

and no treatment-related changes were noted in any organs

tested (Table S3). Some findings were reported in all animals in

the aged, feral African green monkey cohort used for the study.

For example, themononuclear cell infiltrates observed in the livers

of all animals, as well as the vacuolation and hydropic degenera-

tion, were within normal variability for African green monkeys.

Additionally, the periportal hemosiderin and pigmented macro-

phages detected are typical of prior parasite migration tracks—

consistent with the use of wild-caught animals.59,60 Circulating

levels of alanine transaminase (ALT) and aspartate transaminase

(AST) remained within the normal range for the duration of the

study.Creatine phosphokinase (CPK) and lactate dehydrogenase

(LDH) levels were elevated immediately following infusion but

decreased tonormal rangeby21dayspost-infusion.All otherclin-

ical chemistry parameters remained within the normal range for

the study duration (Table S4). A transient elevation in systemic

pro-inflammatory cytokines was observed 1–4 h after FAST-PLV

infusion, which returned to baseline 12–72 h post-infusion

(Table S5). A similar pattern was observed on chemokine

secretion after FAST-PLV infusion, with chemokines returning to

baseline values within 72 h after infusion (Table S6). Elevations

in cytokine and chemokines were not dose dependent, suggest-

ing factors related to the intravenous infusion, such as local
Figure 5. Systemic delivery of mRNA by FAST-PLVs in mice

(A) Ex vivo organ bioluminescence of mice 5 h after intravenous injection with PB

(B) Quantification of bioluminescent signal from ex vivo organs presented in (A).

pendent mice per group.

(C) Average radiance values of organs presented in (B) are normalized to averag

(D) Mice repeatedly dosed intramuscularly with 0.3 mg/kg mRNA-FLuc encapsula

injected with PBS.

(E)Mice repeatedly dosed intravenously with 1.2mg/kgmRNA-FLuc encapsulated

with PBS.

(F) Anti-FAST antibody levels in the serum. ND = not detected.

(G) Anti-FLuc antibody levels in the serum. ND = not detected.

(H) Serum from repeatedly dosed mice was incubated with FAST-PLVs encapsul

96 h after addition, and mean fluorescence intensity of the GFP+ population is pre

separate animals.

See also Figure S8.
inflammation, might be the principle contributing factor. Serum

levels of S protein-boundC-terminal complex (SC5b-9) did not in-

creasesignificantly followingFAST-PLV infusion (Figure6C),while

serum levels of C4d were elevated approximately 3-fold by

the 1 mg/kg dose but were unaffected by the 6 mg/kg dose

(Figure6D).61,62 The lack of a dose-dependent response indicates

that it is unlikely that the administration of FAST-PLVs is respon-

sible for this elevation.

The presence of anti-FAST antibodies was also assessed in

these animals at 25 days post-administration of 6 mg/kg pDNA

FAST-PLVs. Anti-FAST antibodies were only detected in one of

the three monkeys at a level of 144.72 ± 13.5 ng/mL. To deter-

mine whether the detected levels of anti-FAST antibodies

have neutralizing activity, the activity of pDNA-GFP PLVs in the

presence of baseline or day-25 serum was assessed, and no

reduction in GFP expression was observed when serum-treated

FAST-PLVs were used to transfect 3T3 cells in vitro (Figure S10).

Taken together, these data indicate that FAST-PLVs are safe and

well tolerated in NHPs, with broad biodistribution and extrahe-

patic delivery of pDNA.

Therapeutic activity of FAST-PLV FST gene therapy
To determine the ability of FAST-PLVs to deliver pDNA encoding

a therapeutic cargo, we developed a gene therapy approach to

elevate expression of the protein follistatin (FST). FST facilitates

hypertrophy of skeletal muscle by exhibiting an antagonistic ef-

fect on myostatin and is being examined as a potential treatment

for muscle wasting disorders.63–65 We sought to determine if de-

livery of pDNA encoding the FST-344 splice variant in FAST-PLV

would be a viable alternative to AAV-based therapies. When

FAST-PLVs encapsulating pDNA-FST were incubated with

C2C12 mouse myoblasts, robust FST expression was observed

over 3 days, with an increase in Akt and mTOR phosphorylation

24 and 48 h after addition of pDNA-FST (Figure 7A).66 FST pres-

ence in the growth media also increased in a time-dependent

manner (Figure 7B).

Next, we examined the ability of systemically administered

FAST-PLVs to drive FST expression in vivo. As FST is primarily

produced in the liver, we evaluated expression when driven by

the liver promoter, transthyretin (TTR).67 Intravenous administra-

tion of a single 10 mg/kg dose of pDNA-TTR-FST encapsulating

FAST-PLVs in mice resulted in a significant spike in serum FST

concentration 1 day after injection. These values returned to
S or mRNA-FLuc encapsulated within FAST-PLVs or MC3-LNPs

Data are represented as mean ± standard deviation, n = 3 biologically inde-

e radiance of the liver to determine extrahepatic signal.

ted within FAST-PLVs, once a month for 6 months. The first mouse is a control

in FAST-PLVs, once amonth for 6months. The first mouse is a control injected

ating pDNA-GFP prior to addition to 3T3 cells. Flow cytometry was conducted

sented. Pooled serum is a combination of equivalent volumes of serum from 10
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Figure 6. Validation of FAST-PLVs safety in non-human primates

(A) pDNA levels in organs from adult greenmonkeys (Chlorocebus sabaeus) 2 days after infusion with FAST-PLVs encapsulating 1mg/kg pDNA. n = 3 biologically

independent primates.

(legend continued on next page)
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near baseline levels 7 days following administration (Figure 7C).

After 15 weeks, FST gene therapy resulted in animals displaying

a fuller frame and musculature relative to PBS-injected control

(Figure S11A). Mice receiving FST gene therapy displayed

significantly higher body weight (Figures 7D and S11B) and

grip strength (Figures 7E and S11C), compared with PBS control

mice. At 34 weeks post-injection, gross dissection displayed an

increase in muscle size in mice receiving FST gene therapy,

particularly in the hind limb and throughout the torso (Figure 7F).

GAS muscles isolated from FST-treated mice weighed signifi-

cantly more than those isolated from PBS-injected mice (Fig-

ure 7G). Wheat germ agglutinin (WGA) staining of GAS muscle

indicated significant increases in cross-sectional muscle fiber

area (Figures 7H and 7I).

DISCUSSION

PLVs formulated with FAST proteins represent an effective and

redosable nucleic acid delivery platform that enables broad bio-

distribution with high tolerability, compared with conventional

non-viral approaches. The discovery of a novel and highly active

chimeric FAST fusogen, p14endo15, has enabled the re-imag-

ining of the conventional LNP formulation to remove cholesterol,

utilize alternative ionizable lipids, and select an optimal ratio of

ionizable, helper, and PEGylated lipids to achieve these charac-

teristics. The superior fusion activity of p14endo15 is mediated

by the p14 ectodomain fusion peptide andmyristatemoiety facil-

itating lipid mixing with the target cell membrane, followed by the

p15 endodomain fusion-inducing lipid packing sensor (FLiPs)

motif partitioning into the PLV membrane to promote pore for-

mation and PLV-cell fusion activity.35,68

Systemic in vivo administration of pDNA FAST-PLVs resulted in

durable, dose-dependent expression of target proteins in a wide

array of organs, with no detectable tissue or immune toxicity,

even at doses orders of magnitude higher than the maximum

tolerated dose of clinically approved LNPs. Conventional LNPs

accumulate preferentially in the liver when administered systemi-

cally,mediated by ApoE binding to the LNP surface. This behavior

has driven the clinical development of liver-targeting siRNA-based

LNP drugs,19,69 while limiting their broader application. Extrahe-

patic nucleic acid delivery is particularly important for indications

such as cancer, which requires broad biodistribution to achieve

sufficient uptake.4 We found that this liver-tropic pattern was

also observed with LNPs after administration in the CNS or in

the eye. The mechanism behind this marked liver-homing effect

is not clear but is likely mediated by cholesterol, which is a signif-

icant constituent of LNPs but not FAST-PLVs.70 Like LNPs, most

AAV serotypes tend to preferentially target the liver.64,71 This cre-

ates problems for other conditions, as gene transfer may require

local AAV delivery that is not possible for all conditions.72 Addi-

tionally, cells with a high turnover rate will quickly dilute the trans-

gene, and due to immunogenic responses, the vector cannot be
(B) Representative hematoxylin and eosin images 1 day after intravenous infusio

(C and D) Serum levels of (C) SC5b-9 and (D) C4d after FAST-PLV infusion. Data

primates per group, two-way ANOVA and Sidak’s multiple comparisons test.

*p < 0.05, ns = not significant.

See also Figure S10.
utilized again.73–76 This creates problems for the development of

genetic medicines targeting disseminated cancer. Based on our

mouse and NHP biodistribution data that demonstrates quite

extensive extrahepatic delivery of pDNAandmRNA,weanticipate

that FAST-PLVswill have substantial clinical utility in the treatment

of advanced cancer.

The ability of FAST-PLVs administered systemically to deliver

pDNA encoding FST-344, and for gene delivery to effect quantifi-

able changes in muscle tissue similar to previous reports with

AAV, demonstrates the potential clinical utility of this non-viral

platform.77–80 Again, the low immunogenicity of FAST-PLVs is

beneficial for this type of gene therapy. Where AAV essentially

requires lifelong gene expression with a single dose, FAST-

PLV administration can be adjusted to fit each patient’s need.

The successful in vivo delivery of pDNA, using FAST-PLVs

described herein, represents a promising step forward for the

development of non-viral gene therapy approaches.4,39 Typi-

cally, non-viral delivery vectors, such as LNPs, are only suitable

for RNA-based gene therapy approaches owing to challenges

encapsulating large molecules like DNA.39

While promising results have been obtained with AAV vectors,

their small cargo capacity and anti-AAV immune responses limit

their use.9,81–83 The large cargo capacity of FAST-PLVs indicate

potential for the development of CRISPR-Cas9 gene editing

technologies.83,84 Successful gene editing requires delivery of

both Cas9 protein and a guide RNA (gRNA) to the target cell.

Cas9 transgenes are approximately 4.2 kb, which puts them at

the upper end of AAV packing capacity.85 Utilizing FAST-PLVs

would enable both Cas9 and gRNA sequences to be included

on a single pDNA. Alternatively, Cas9 and gRNA could be co-

encapsulated into the same PLV, which would enable the use

of either pDNA or mRNA or a combination of both.

The recent development, manufacture, and production of the

highly effective LNP-formulated mRNA vaccines against SARS-

CoV-2 have validated the LNP platform and shown the potential

of nucleic acid for vaccines and therapeutics.86–90 These formu-

lations resulted in significant transgene expression in the liver

and spleen, following intramuscular injection, and facilitated a

robust cytokine response, which is likely partially responsible

for their efficacy as a vaccine platform. The potential for nano-

particle encapsulated DNA vaccines has been overlooked pri-

marily owing to the high toxicity associated with cationic lipids,

necessitating the use of physical methods like electroporation

to deliver the DNA vaccine.91–95 Our findings suggest that

FAST-PLVs could also be used to deliver mRNA or DNA vac-

cines, avoiding the immunogenicity and toxicity seen with

cationic LNP delivery platforms and the necrosis and wide-

spread tissue damage observed with electroporation.91,96–100

In summary, we present an approach to achieve systemic

nucleic acid delivery by combining the fusion-inducing activities

of FAST proteins with the improved safety and scalability of lipid--

based non-viral delivery vectors. Given the small size of FAST-
n with FAST-PLVs encapsulating 1 or 6 mg/kg pDNA (magnification = 103).

are represented as mean ± standard deviation, n = 3 biologically independent
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PLVs, as well as their efficacy, low immunogenicity, high tolera-

bility, and the ability to reach extrahepatic tissues, we anticipate

that FAST-PLVs will have substantial clinical utility, enabling the

development of low-cost genetic medicines in the near future.

Limitations of the study
In this study, we demonstrate delivery ofmRNA and pDNAby us-

ing the FAST-PLV platform and several routes of administration,

resulting in expression in a wide range of tissues. A thorough

investigation of cell types transfected in animal models was

not conducted. Knowledge of cell tropism will provide additional

insight into suitable therapeutic targets and potential indications.

For example, in the lung, robust delivery to basal and/or club

cells would allow for the treatment of cystic fibrosis,101 while de-

livery and expression in T cells would enable the development of

chimeric antigen receptor T cell therapies. Additionally, we did

not examine the delivery of genome editing cargoes, which

have the potential to revolutionize treatment for many devas-

tating genetic diseases. We also did not extensively assess

long-term expression kinetics for therapeutic pDNA cargoes.

While we demonstrate here the expression of a reporter

(pDNA-FLuc) for up to 1 year, we found that the kinetics of ex-

pressed FSTwere substantially different than those of a reporter,

for example. A comprehensive understanding of the mecha-

nisms regulating therapeutic gene expression will vastly improve

treatment strategies moving forward.
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anti-GAPDH antibody Abcam Cat#ab8245; RRID:AB_2107448
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Pan-Akt Cell Signaling Technology Cat#5239; RRID:AB_10544406

phospho-mTOR Ser2448 Cell Signaling Technology Cat#2971; RRID:AB_330970
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sulfo-tag anti-mouse Meso Scale Discovery Cat#R32AC; RRID:AB_2783819

anti-NHP secondary antibody Meso Scale Discovery made by request

Goat anti-Chicken IgY (H+L) Secondary Antibody, Alexa Fluor 488 Thermo Fisher Scientific Cat#A-11039; RRID:AB_2534096

Chemicals, Peptides, and Recombinant Proteins

1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) NOF Co. Cat#CLE8181TA

1,2-dioleoyl-3-dimethylammonium-propane (DODAP) NOF Co. Cat#CL8181DA

1,2-dimyristoyl-sn-glycero-3-methoxypolyethylene glycol-2000

(DMG-PEG)

NOF Co. Cat#GM020

2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) Avanti Polar Lipids Cat#850725P

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) Avanti Polar Lipids Cat#890890P

DLin-MC3-DMA (MC3) Precision Bio Laboratories made by request

Harris modified hematoxylin Millipore Sigma Cat#HHS32

Gill’s hematoxylin I Millipore Sigma Cat#GHS132

Eosin Y Millipore Sigma Cat#318906

Resazurin sodium salt Millipore Sigma Cat#R7017

GFP Probe Advanced Cell Diagnostics Cat#538851

EGM-2 BulletKit Lonza Cat#CC-3162

Complete Hepatocyte Medium Kit Cell Biologics Cat#M1365

rat astrocyte growth medium Cell Applications Inc. Cat#R821-500

CellMask Deep Red Thermo Scientific Cat#C10046

CellMask Green Thermo Scientific Cat#C37608

Hoechst 33342 Thermo Scientific Cat#H21492

Recombinant firefly luciferase protein Novus Biologicals Cat#NBP1-48355

ALC-0315 Avanti Polar Lipids Cat#890900O

SM-102 Cayman Chemicals Cat#33474

Critical Commercial Assays

Lipofectamine 2000 Thermo Fisher Scientific Cat#11668019

RNAScope Brown kit Advanced Cell Diagnostics Cat#322300

Universal ‘Dip’ Cell Kit Malvern Cat#ZEN1002

Quant-IT PicoGreen dsDNA assay Thermo Fisher Scientific Cat#P11496

DNeasy Blood & Tissue Kit Qiagen Cat#69504

QuickPlex SQ 120 Meso Scale Discovery Cat#AI1AA-0
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V-PLEX NHP cytokine 24-Plex Kit Meso Scale Discovery Cat#K15058D

V-PLEX Proinflammatory Panel 1 mouse kit Meso Scale Discovery Cat#K15048D

MicroVue complement C3a/C4d/SC5b-9 Plus EIA kits Quidel Cat#A032 XUS

human follistatin ELISA kit PeproTech Cat#900-K299

U-PLEX Human EPO Assay kit Meso Scale Discovery Cat#K151VXK-2

Bac to Bac Vector Kit Thermofisher 10360014

CyQUANT LDH Cytotoxicity Assay Thermo Fisher Scientific Cat#C20300

Experimental Models: Cell Lines

Quail fibrosarcoma (QM5) cells Thermo Fisher Scientific N/A

Human hepatocellular carcinoma cells (HEP3B) ATCC HB-8064

human non-small cell lung cancer cells ATCC NCI-H1299

human lung fibroblast cells IMR-90 ATCC CCL-186

mouse embryo fibroblast cells (3T3) ATCC CRL-1658

VERO cells (Cercopithecus aethiops epithelial kidney cells) ATCC CCL-81

mouse myoblasts (C2C12) ATCC CRL-1772

Human retinal pigmented epithelium cells (ARPE-19) gift from Dr. Ian MacDonald

(University of Alberta)

N/A

Human umbilical vein endothelial cells (HUVEC) gift from Dr. Allan Murray

(University of Alberta)

N/A

Sprague-Dawley Rat Primary Hepatocytes Cell Biologics Catalog No. RA-6224F

Primary rat astrocytes Cell Applications Inc. R882A-05n

human lung fibroblast cells WI-38 ATCC CCL-75

Human Embryonic Kidney 293 T ATCC CRL-3216

Human Myocyte cells (AC10) ATCC CRL-3569

Experimental Models: Organisms/Strains

Mouse: C57BL/6: H2b, 027 Charles River Laboratories N/A

African green monkeys (Chlorocebus sabaeus) Virscio, Inc Wild type

Software and Algorithms

Gwyddion software http://gwyddion.net/ Free software

Molecular Imaging Software Bruker N/A

Living Image Software Perkin Elmer N/A

MyoVision software www.MyoVision.org Free software

Image Data Exploration and Analysis Software (IDEAS) Amnis Imagestream Software
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, John D.

Lewis (jdlewis@ualberta.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Section 1: All data reported in this paper will be shared by the lead contact upon request.

Section 2: This paper does not report original code.

Section 3: Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell Lines
Quail fibrosarcoma (QM5) cells were cultured in Medium 199 with 3% fetal bovine serum (FBS; Sigma) and 0.5% penicillin/strepto-

mycin (Thermo Fisher Scientific, Edmonton, Canada). Human hepatocellular carcinoma cells (HEP3B), human non-small cell lung

cancer cells (NCI-H1299), human lung fibroblast cells (IMR-90 and WI-38), mouse embryo fibroblast cells (3T3), VERO CCL-81 cells

(Cercopithecus aethiops epithelial kidney cells), and mouse myoblasts (C2C12) were purchased from ATCC (Manassas, VA) and

cultured in high glucose-DMEM with 10% FBS and 1% penicillin/streptomycin. Human retinal pigmented epithelium cells (ARPE-

19) were a gift from Dr. IanMacDonald (University of Alberta) and were cultured in DMEM/F12 with 10% FBS and 1%penicillin/strep-

tomycin. Benign prostatic hyperplasia cells (BPH-1) were purchased fromMillipore Sigma and cultured in DMEM/F12 with 10% FBS

and 1% penicillin/streptomycin. Human umbilical vein endothelial cells (HUVEC) were a gift from Dr. Allan Murray (University of Al-

berta) and were cultured in EGM-2 BulletKit (Lonza, Cat No. CC-3162). Sprague-Dawley Rat Primary Hepatocytes were purchased

from Cell Biologics and were cultured in Complete Hepatocyte Medium Kit from Cell Biologics (Cat No. M1365). Primary rat astro-

cytes (Cat. No. R882A-05n) were cultured in rat astrocyte growthmedium (Cat. No. R821-500, both purchased fromCell Applications

Inc., San Diego, USA). Mammalian adherent cells were grown in tissue-culture treated 75 cm2 flasks (VWR10062-860) until cells were

80% confluent or nutrients in the media are depleted in a 37�C incubator with humidified atmosphere of 5% CO2 (Nuaire NU-5510).

Spodoptera frugiperda pupal ovarian tissue (Sf9) cells were stepwise cultured at 25C to 2x106 – 4x106 cells/mL from 25mL to 100mL

and finally into a 2 L wave bioreactor. The Trypan Blue assay was used to check for cell viability.

Mouse Studies
All animal studies were carried out according to the guidelines of the Canadian Council on Animal Care (CCAC) and approved by the

University of Alberta Animal Care and Use Committee. In vivo studies were done using adult, 8–12-week-old, male and female

C57BL/6 (Charles River Laboratories, Saint-Constant, Canada). Animals were group-housed in IVCs under SPF conditions, with con-

stant temperature and humidity with lighting on a fixed light/dark cycle (12-hours/12-hours). Intravenous injection occurred via the

lateral tail vein with 200 mL of the test agent. Intramuscular injection occurred in the gastrocnemius muscle of the hind limb with

50 mL of the test agent. These volume restrictions were used in part to select doses used for this study. Blood was collected via

the lateral tail vein or cardiac puncture at indicated time points into serum collection tubes (Sarstedt, Montreal, Canada). Intrathecal

injection was conducted by inserting a 31G needle into the L4-L5 intradural space and once a ‘tail flick’ responsewas observed, 10mL

of test article was administered. Intracerebral ventricular injection was conducted using the coordinates �0.5 mm in the anteropos-

terior axis, +1 mm in the mediolateral axis and�2.3 mm in the dorsoventral axis. A 31G Hamilton syringe was inserted into the lateral

ventricle of the right hemisphere and 5mL was dispensed at a rate of 1mL/minute before removing the needle at a rate of 0.5mm every

30 seconds to prevent leakage from the injection site. Intravitreal injection was conducted by inserting a 34GHamilton syringe into the

limbus of the eye and injecting 2mL of test article into the vitreous humor. Hindlimb grip strength was measured in quintuplicate using

a T-bar attachment on the BIOSEB grip strength meter (Panlab, Cat. No. BSBIOGS3BS 76-1066).

Non-Human Primate (NHP) Studies
All in-life NHP procedures were carried out by Virscio, Inc, under the guidance of the Institutional Animal Care and Use Committee

(IACUC) of the St. Kitts Biomedical Research Foundation (SKBRF), St Kitts,West Indies. SKBRF research facility is fully accredited by

the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). African green

monkeys (Chlorocebus sabaeus) are an invasive species on the island of St. Kitts andwere procured locally using approved practices

with IACUC oversight. Animals included in this study had estimated ages of 5-10 years, post breeding age, with an average estimated

age of 8 years. The animals were housed in well-ventilated outdoor enclosures for the duration of the study. PLVs were infused into

the saphenous or cephalic vein at a rate of 2 mL/min. Blood was collected via femoral or saphenous vein phlebotomy following over-

night fasting under ketamine/xylazine anesthesia. Blood was transferred to Vacutainer serum collection tubes without clot activators

(BDMedical, New Jersey, USA) for 1 hour at room temperature to allow clotting followed by centrifugation at 3000 rpm for 10minutes

at 4�C. At scheduled sacrifice, animals were sedated with ketamine and xylazine (8mg/kg and 1.6mg/kg respectively, IM) and eutha-

nized with sodium pentobarbital (25-30 mg/kg IV). Upon loss of corneal reflex, transcardial perfusion was performed with chilled,

heparinized 0.9% saline, and the brain and spinal cord were removed. Following perfusion, a gross necropsy was conducted. All

abnormal findings were recorded, and associated tissues were collected and post-fixed in formalin for histopathology. Serum sam-

ples were sent to Antech Diagnostics (Los Angeles, CA) for clinical chemistry evaluation.

METHOD DETAILS

Materials
The following lipids were purchased from NOF Co. (Tokyo, Japan): 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA),

1,2-dioleoyl-3-dimethylammonium-propane (DODAP), 1,2-dimyristoyl-sn-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG).

2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were purchased

from Avanti Polar Lipids (Alabaster, USA). DLin-MC3-DMA (MC3) was purchased from Precision Bio Laboratories (Edmonton,
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Canada). Plasmid DNA (pDNA) with the cytomegalovirus (CMV) promoter driving the DNA-encoded inserts, green fluorescent protein

(GFP), and firefly luciferase (FLuc) was cloned into theNanoplasmid vector produced byNature Technology Company (Lincoln, USA).

pDNA encoding the follistatin 344 splice variant under the transthyretin (TTR) and CMV promoters was also cloned into the Nano-

plasmid produced by Nature Technology Company CleanCap mRNA with mRNA-encoded inserts; monomeric red fluorescent pro-

tein (mCherry), enhanced green fluorescent protein (eGFP), and firefly luciferase (FLuc) was purchased from TriLink Biotechnologies

(San Diego, USA). siRNA targeting HPRT1 conjugated to Cy5 (siRNA-Cy5) was purchased from Horizon Discovery (Cambridge,

United Kingdom). Lipofectamine 2000 and CyQUANT LDHCytotoxicity Assay was purchased from Thermo Fisher Scientific (Edmon-

ton, Canada). Harris modified hematoxylin and Gill’s hematoxylin I was purchased from Fisher Scientific (Ottawa, Canada). Eosin Y

and resazurin were purchased from Millipore Sigma (Oakville, Canada). RNAScope kit (Cat. No. 322300) and GFP probe (Cat. No.

538851) were purchased from Advanced Cell Diagnostics (Newark, USA). Anti-GFP antibody (ab13970) and anti-GAPDH antibody

(ab8245) were purchased from Abcam (Cambridge, United Kingdom). Rabbit polyclonal p14endo15 antibody was produced by New

England Peptide (Gardner, USA), using the target sequence Ac-PSNFVNHAPGEAIVTGLEKGADKVAGTC-Amide. Goat anti-follistatin

antibody (AF669) was purchased from R&D systems (Minneapolis, USA). Phospho-Akt Ser473 (4069), pan-Akt (2920), phosphor-

mTOR Ser2448 (2971), and mTOR (2972) antibodies were purchased from Cell Signaling Technology (Danvers, USA).

Purification of FAST Proteins
P14endo15 was cloned into a pFastBac1 vector and used to generate a bacmid stock using the Bac-to-bac vector kit (Thermo Sci-

entific, Cat. No. 10360014) following manufactures guidelines. Sf9 cells were transfected with the resulting bacmid and grown for

7 days until cell viability reached 70%. Sf9 cells are pelleted, and the supernatant is sterile filtered through a 0.8/0.2mm filter to isolate

baculovirus stock. Naı̈ve Sf9 cells are infected with baculovirus stock and grown until cell viability reached 70%, following which the

cells are pelleted and lysed with PBS + 1% n-Octyl-b-D-Glucoside, and supernatant was clarified by 0.8/0.2 mm filtration. The

p14endo15 FAST proteins were purified from the supernatant using fast protein liquid chromatography (FPLC) on the AKTA affinity

purification system (Cytiva). FAST containing fractions are dialyzed and then undergo cationic exchange purification on the AKTA

system. Protein samples were quality control analyzed by SDS-PAGE, Coomassie blue and Western blot; functional validation

was done via syncytia formation assay.

Western Blot
Cells were lysed in ice-cold Pierce RIPA buffer (Thermo Scientific, Cat. No. 89900). Protein amount was determined using Pierce BCA

protein assay (Thermo Scientific, Cat. No. 23225). Equal amounts of total protein from each lysate were loaded onto Mini-PROTEAN

4-20% Gradient TGX precast gels (BIO-RAD, Cat. No. 456-1095). Separated protein was transferred to nitrocellulose membranes

(BIO-RAD, Cat. No. 1620112). Membranes were blocked with fluorescent western blocking buffer (Rockland, Cat. No. MB-070)

for 1 hour at room temperature. Primary antibodies were diluted 1:1000 in blocking buffer and added to the membranes overnight

at 4�Cwith shaking. Goat anti-rabbit Alexa Fluor 680 (Thermo Scientific, Cat. No. A27042), donkey anti-goat Alexa Fluor 680 (Thermo

Scientific, Cat. No. A-21084), or goat anti-mouse Alexa Fluor 750 (ThermoScientific, Cat. No. A-21084) were diluted 1:10000 in block-

ing buffer and added for 1 hour at room temperature in the dark. Membranes were visualized on the LI-COR Odyssey.

Syncytia Formation and Inhibition
QM5 quail fibrosarcoma cells were seeded at a density of 3.5x105 in twelve well cluster plates in Medium 199 containing 10% FBS

and cultured overnight before transfecting with Lipofectamine 2000 and 1 mg of pcDNA3 plasmid expressing either p14, p14endo15,

or p15 per manufacturer’s instructions. Cells were fixed in 3.7% formaldehyde in HBSS at the indicated intervals post-transfection

and stained with Hoechst 33342 andWGA-Alexa 647 per manufacturer’s instructions. Images (n=5) of each condition were captured

on a Zeiss Axio Observer A1 inverted microscope at predetermined coordinates within the well (n=3). Syncytia were then manually

identified with syncytial and total nuclei quantified using FIJI imaging software.

Lipid Formulations
The lipid formulationsdesignatedas28M,33T,37Nand41Nweremadebycombining thecationic lipid (DOTAP), ionizable lipid (DODAP),

helper lipid (DOPE) and PEGylated lipid (DMG-PEG2000) in the following lipid molar ratios: 28M (24:42:30:4), 33T (42:24:30:4), 37N

(6:60:30:4) and 41N (0:66:30:4). The lipids were heated in a 37�C water bath for 1 min, vortexed for 10 seconds each, then combined

and vortexed for 10 seconds. The combined lipid mixture was dehydrated in a rotavapor at 60 rpm for 2 hours, under vacuum, then re-

hydrated with 14 mL 100% ethanol, and sonicated (Branson 2510 Sonicator) at 37�C, set to sonication of 60. The lipid formulation was

aliquoted in 500 mL batches and stored at -20�C. MC3-LNP formulation was composed of DLin-MC3-DMA/DSPC/Cholesterol/DMG-

PEG2000 with the molar ratio 50:10:38.5:1.5.11 ALC-0315 LNP formulation was composed of ALC-0315/DSPC/Cholesterol/ALC-

0159 (PEG-Lipid) with the molar ratio 46.3:42.7:1.6:9.4. SM-102 LNP formulation was composed of SM-102/DSPC/Cholesterol/

DMG-PEG200 at a molar ratio of 50:38.5:1.5:10.102 The physical characteristics of these lipids have been reviewed elsewhere.103

Nucleic Acid Quantification
Nucleic acid concentration and purity wasmeasured via absorbance at 260 nm and 280 nmusing the Nanodropmethod according to

the manufacturer’s instructions (Nanodrop 2000 Spectrophotometer, Thermo Scientific, Edmonton, Canada).
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FAST-PLV Construction
The FAST-PLVs were made with lipid formulation 41N unless otherwise stated. The NanoAssemblr Benchtop microfluidics mixing

instrument (Precision NanoSystems, Vancouver, BC, NIT0013, and NA-1.5-88, respectively) was used to mix the organic and

aqueous solutions andmake the PLVs. The organic solution consisted of lipid formulation. The aqueous solution consisted of nucleic

acid cargo, 5 nM FAST (p14endo15) protein, and 10 mM acetate buffer (pH 4.0). The Benchtop NanoAssemblr running protocol con-

sisted of a total flow rate of 12mL/min and a 3:1 aqueous to organic flow rate ratio. PLVswere dialyzed in 8000MWCOdialysis tubing

(BioDesign, D102) clipped at one end. The loaded tubing was rinsed with 5 mL of double distilled water and dialyzed in 500 mL of

Dialysis Buffer (ENT1844) with gentle stirring (60 rpm) at ambient temperature for 1 hour and was repeated twice with fresh Dialysis

Buffer. PLVs were concentrated using a 100 kDaUltra filter (Amicon, UFC810096) according to themanufacturer’s instructions. PLVs

were filter sterilized through 0.2 mm Acrodisc Supor filters (Amicon, UFC910008).

In Vitro Transfection
Cells were counted using a hemocytometer, and 3,000-5,000 cells were seeded to 96-well or 20,000-40,000 cells to 48-well tissue-

culture treated plates and left overnight. The cells were transfected with 10-2000 ng of pDNA encapsulated in FAST-PLVs, MC3-

LNPs, or Lipofectamine 2000 for 96-well plate (300ml cell culture media final) and 1000 ng for 48-well plates (1000ml cell culture media

final). Lipofectamine 2000 was prepared according to manufacture instructions. The optimal transfection time for mRNA is 24-48

hours and 72-96 hours for pDNA. A luciferase reporter assay was used to measure expression levels of FLuc in different cell

lines. Cell culture media was removed from cells growing in a 96-well plate, and cells washed with 1x PBS. A 50-microliter aliquot

of reporter lysis buffer (Promega E397A) was added to the cells. The cells were mixed and incubated at room temperature for

10-20 mins. D-luciferin (150mg/mL, GOLDBIO, LUCK-100) was dissolved in 100mM Tris-HCl (pH 7.8), 5mM MgCl2, 2mM EDTA,

4mM DTT, 250mM acetyl-CoA, and 150mM ATP.104 The luciferin substrate (100 mL) of was added to each well immediately before

measurement. Luminescence was measured via the FLUOSTAR Omega fluorometer using the MARS data analysis software for

analysis. Green fluorescent protein (GFP) or mCherry expressing cells were processed for flow cytometry analysis. The cells were

trypsinized and resuspended in 400 mL (per well of 48 well plate) of FACS buffer, then transferred to a 5 mL flow cytometry tube

(SARSTEDT 75X 12 mm PS Cat. no. 55.1579) and analyzed with a BD LSRFortessa X20 SORP. Mean fluorescence intensity (MFI)

presented on the Fluorophore+ population unless otherwise stated. cGAMP ELISA conducted 24 hours after transfection using

DetectX 2‘3’ – Cyclic GAMP Enzyme Immunoassay Kit (Arbor Assays, Ann Arbor, USA) following manufacture specifications.

Confocal Microscopy
ARPE-1 cells are labeled with CellLight� Early Endosomes-GFPBacMam (Cat. No. C10586, Thermo Scientific, Edmonton, Canada),

which expresses a fusion construct of Rab5a and GFP. 48 hours later, siRNA targeting HPRT1 conjugated to Cy5 is encapsulated

within FAST-PLVs or MC3-LNPs and added to transduced APRE-1 cells at a concentration of 10mg/mL. 1 hour later cells are exten-

sively washed with PBS and fixed with 3.7% formaldehyde and mounted using ProLong Gold containing DAPI (Cat. No. P36931,

Thermo Scientific). Mounted slides are imaged on Nikon Confocal A1R microscope (Nikon Instruments Inc., Melvill, USA) using a

60X objective lens with immersion oil.

Imaging Flow Cytometry and Endocytosis Inhibition
ARPE-1 are incubated with 125mMDynasore at 4�C for 30 minutes, following which, media is replaced with pre-warmed media con-

taining 125mM Dynasore and cells are placed in a 37�C incubator for 30 minutes before test articles are added. Control cells are

treated with DMSO at 37�C. Alexa Fluor 488 labeled EGF (Cat. No. E13345, Thermo Scientific) is added to Dynasore and DMSO

treated cells for 30 minutes at 37�C before cells are extensively washed and prepared for imaging flow cytometry. siRNA targeting

HPRT1 conjugated to Cy5 is encapsulated within PLVs formulated with andwithout FAST protein. 10mg/mL is added to Dynasore and

DMSO treated cells for 1 hour at 37�C before cells are extensively washed and prepared for imaging flow cytometry. During the last

10 minutes of treatment, CellMask Deep Red (Cat. No. C10046, Thermo Scientific) or CellMask Green (Cat. No. C37608, Thermo

Scientific) and Hoechst 33342 (Cat. No. H21492, Thermo Scientific) was added to the cells. Cells are resuspended in 40mL FACS

buffer and analyzed on Amnis ImageStream X MkII (EMD Millipore, Seattle, USA) with at least 10,000 events captured. IDEAS 6.2

software was utilized to analyze images. Doublets are first removed, and only focused cells analyzed. To assess EGF-AF488 uptake,

the guided analysis wizard for internalization was used.105 To assess siRNA-Cy5 uptake, first an analysis mask encompassing the

interior of the cell that omits the CellMask plasma membrane stain was generated. Cy5 mean fluorescence intensity was then calcu-

lated on this internal area (Internalized Cy5 Intensity).

PLVs Characteristics and Encapsulation Efficiency
PLVs made by NanoAssemblr Benchtop were diluted 1:50 to 1:20,000, depending on concentration, with twice 0.2 mm syringe-

filtered PBS buffer. Particle size, polydispersity index (PDI), and zeta potential was measured on final samples using the Malvern

Zetasizer Range and a Universal ‘Dip’ Cell Kit (Malvern, ZEN1002) following the manufacturer’s instructions. The nucleic acid encap-

sulation efficiency was calculated using a modified Quant-it PicoGreen dsDNA or Quant-it RiboGreen RNA assay with the following

modifications to the assay protocol (Thermo Scientific, Edmonton, Canada). PLVs were mixed 1:1 with TE + Triton (2%) to obtain the

Total DNAConcentration, or with TE alone to obtain the Unencapsulated DNAConcentration. The DNA standardswere also diluted in
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TE + Triton (2%), and samples were and incubated at 37�C for 10min, then diluted a final timewith TE + Triton (1%) or TE alone, plated

in a black 96 well flat-bottomed plate, and measured with a FLUOstar Omega plate reader (BMG Labtech, 415-1147). Encapsulation

efficiency was calculated by using the following equation:

Encapsulation Efficiency =
Total DNA Concentration � Unencapsulated DNA Concentration

Total DNA Concentration
3 100

Atomic Force Microscopy
Final FAST-PLVs encapsulating pDNA were evaluated by Atomic Force Microscopy (AFM, Bruker Dimension Edge) for visual valida-

tion of themeasured particle size. The PLVswere diluted with 0.1 mmfiltered PBS to 0.1 mg/mL. An aliquot (2 mL) of the diluted sample

solutions was immediately spread on a clean glass slide. The sample was dried at ambient temperature (25�C) for 5 min and any

excess aqueous solution was removedwith filter paper. The sample was dried for another 15minutes before imaging at a scan speed

of 1 Hz. Tapping mode was carried out using a Ted Pella Tap300 cantilever with a quoted spring constant of 20–75 N/m. 2 D and 3 D

images of different zones were examined due to the limitation of small, scanned areas by AFM. Height, Phase and Amplitude mode

was used for image analysis using Gwyddion software.

Transmission Electron Microscopy
Final FAST-PLVs encapsulating pDNA were evaluated by transmission electron microscopy. 5mL aliquots of thousand-fold diluted

FAST-PLVs, were placed on 300 mesh carbon-coated copper grids for an hour to dry on the surface, followed by two washes

with 0.1mm filtered water. After removal of excess liquid, samples were negatively stained using 0.1mm filtered 1% uranyl acetate.

The dried samples were examined in a JEOL JEM-ARM200CF S/TEM electron microscope.

Viability Assay with Alamar Blue
Cell cultures in a 96 well plates were treated with test compounds at indicated concentrations. For lipid toxicity, purified lipids were

dissolved in ethanol and a dilution series was generated. 1ml of each lipid stock was added to 200ml of cell culture media. After 24-96

hours, a 1/10 volume of Alamar blue solution (440 mM Resazurin; Sigma R7017 5GM) was added to the cells in culture medium and

incubated for 2-4 hours at 37�C 5% CO2. The Omega Fluostar (BMG LabTech) plate reader was used to measure the fluorescence

(excitationwavelength of 540 nmand emission at 590 nm) of the treated cells. Cell viability was calculated using the following formula:

Viability =
Treated Absorbance�Media Background Absorbance

Vehicle Absorbance �Media Background Absorbance

Lactate Dehydrogenase (LDH) Cytotoxicity Assay
VERO cells were seeded into 96 well plates, and the CyQUANT LDH Cytotoxicity Assay was conducted to determine the toxicity of

different lipid formulations following manufacturers’ instructions. In brief, pDNA-FLuc was encapsulated within each lipid formulation

(28M, 33T, 37N, and 41N) and added to cells at a pDNA concentration of 1.5 nM. Twenty-four hours after pDNA addition, 50 mL of cell

culture media was collected for LDH absorbance. Absorbance was collected at 490nm and 680nm (background), and the 680nm

reading was subtracted from the 490nm value. Cytotoxicity was calculated using the following equation:

%Cytotoxicity =
Lipid Treated LDH Activity � Vehicle LDH Activity

Maximum LDH Activity � Vehicle LDH Activity
3 100

To determine toxicity of increasing concentrations of FAST protein, AC10, H1299, and HEK293T cells were seeded into 48 well

plates and transfected with PLVs encapsulating 0.7nM pDNA-GFP. 48 hours after transfection, 50 mL of cell culture media was

collected for LDH absorbance. Data are represented as background subtracted LDH absorbance values.

Whole Body and Ex Vivo Bioluminescence
At indicated time points after the injection of the FAST-PLVs, mice were injected intraperitoneally with 0.25 mL D-luciferin (30 mg/mL

in PBS) and allowed to recover for 5minutes. Themice were then anesthetized in a ventilated anesthesia chamber with 2% isoflurane

in oxygen and imaged�10 min after D-luciferin injection with an in vivo imaging system (In Vivo Xtreme, Bruker, Montreal, Canada or

IVIS Spectrum, Perkin Elmer, Waltham, USA). All images are taken with a PBS injected control mouse to serve as a reference point to

determine the lower threshold of each image. Quantification of the luminescent signal was done using BrukerMolecular Imaging Soft-

ware (whole-body images only) or Perkin Elmer Living Image Software. For whole-body images taken on the Bruker In-Vivo Xtreme, a

manual ROI was drawn to encompass the entire area of each mouse. The sum intensity (photons/second) from the control mouse

was subtracted from the sum intensity from each experimental mouse to normalize different timepoints and control for background

signal drift on each image. For ex vivo images taken on the IVIS Spectrum, 30 mg/ml D-Luciferin was mixed at a 1:1 ratio with the

in vitro 150mg/mL D-Luciferin described above104 and added to the organs immediately before imaging. Control mouse organs

were included with each set as a reference point. A manual ROI was drawn to encompass the entire organ and the average radiance

(photons/second/cm2/steradian) is reported.
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Biodistribution of pDNA in excised tissues
Adult green monkeys (Chlorocebus sabaeus) were intravenously infused with 1 mg/kg pDNA encapsulated within FAST-PLVs and

sacrificed two days later. DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen, Toronto, Canada) protocol

following the manufacturer’s instructions. Cells were centrifuged for 5 min at 300 x g, the pellet resuspended in 200 mL PBS, and

20 mL proteinase K was added plus 200 mL Buffer AL (without added ethanol). The mixture was vortexed and incubated at 56�C
in a Thermomixer (Labnet International, Inc, Edison, NJ) for 10 min. The levels of pDNA in excised tissues were measured using a

PCR assay with primers specific to the pDNA backbone. A standard curve was generated using known amounts of pDNA and

used to quantify the amount present in each tissue. Data are normalized to the tissue mass for each organ.

Meso Scale Discovery – Cytokine and Chemokine Quantification
The Meso Scale Discovery QuickPlex SQ 120 (MSD, Rockville, MD) was used with mouse and non-human primate samples as per

the manufacturer’s instructions. The data was analyzed with MSD Workbench 4.0 software, following the software protocol. The

Meso Scale Discovery V-PLEX NHP cytokine 24-Plex Kit (MSD, Rockville, MD) was used to quantitatively determine serum concen-

trations of 24 proinflammatory cytokines, including IFN-g, IL-1b, IL-5, IL-6, IL-7, IL-8, IL-10, IL12/IL23 p40 Subunit, IL-15, IL-16,

IL17A, CXCL1, GM-CSF, TNF-a, TNF-b, VEGF, IP10, Eotaxin, MCP-1, MCP-4, MDC, MIP-1a, MIP-1b, and TARC. The Meso Scale

Discovery V-PLEX Proinflammatory Panel 1 mouse kit was used to quantitatively determine serum concentrations of 10 proinflam-

matory cytokines: IFN-g, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, CXCL1 (KC/GRO), and TNF-a.

Anti-Drug Antibody Titer: Indirect electrochemiluminescence immunoassay (ECLIA) for p14endo15 and FLuc
Recombinant firefly luciferase protein (NBP1-48355, Novus Biologicals, Centennial, USA) or purified p14endo15 protein was coated

on the standard binding plate (Meso Scale Discovery; MSD, Rockville, USA) at 1 mg/mL for one hour at ambient temperature with

shaking. The plate was washed three times with 0.05% Tween-20 in PBS followed by the addition of Blocker A (blocking buffer,

MSD). After 30 min of incubation, the plate was rewashed with PBS-T. Serially diluted p14endo15 antibody and luciferase antibody

standards were prepared in Blocker A. Mouse and nonhuman primate serum samples were diluted 1:100 in Blocker A. The antibody

standards and dilutedmouse serum samples were loaded to plates and incubated for one hour at ambient temperature with shaking.

The plate was washed again with PBS-T followed by the addition of 1 mg/mL sulfo-tag anti-rabbit or anti-goat secondary antibody in

standards (Meso Scale Discovery; Rockville, USA), and 1 mg/mL sulfo-tag anti-mouse or anti-NHP secondary antibody in mouse and

NHP serum samples (Meso Scale Discovery; Rockville, USA). Read buffer (Meso Scale Discovery; Rockville, USA) was added to the

plate after washing with PBS-T, and the plate was read in MESO QuickPlex SQ 120 (Meso Scale Discovery; Rockville, USA). The

lower limit of quantification (LLOQ) for both assays was 50 ng/mL.

MicroVue Complement C3a C4d and SC5b-9 Enzyme Immunoassay
The levels of fragments of complement components such as C3a, C4d, and SC5b-9 in NHP serum were measured to determine

whether PLVs activated the complement system (C3, C4 and C5). After PLVs were administered, blood was collected at 0.5, 1.0,

1.5, and 12 hours and the sera were immediately extracted. 100 mL of serum was used to determine the levels of C3a, C4d,

and SC5b-9 using QUIDEL MicroVue complement C3a/C4d/SC5b-9 Plus EIA kits (Quidel A032 XUS, San Diego, CA) according to

manufacturer’s instructions, including the high and low controls. A sample of serum taken before PLV administration was used to

determine baseline levels of C3a, C4d, and SC5b-9. According to the manufacturer’s instructions, the FLUOstar Omega microplate

reader was used to measure the optical density of the samples.

Follistatin ELISA
Serum and media follistatin levels were quantified using human follistatin ELISA kit (PeproTech, Cat. No. 900-K299) with slight modi-

fication to adapt it to theMSD system. Capture FST antibodywas coated onMSD standard binding plate at 1 mg/ml overnight at room

temperature with shaking. The plate was washed three times with 0.05% Tween-20 in PBS followed by the addition of Blocker A.

After 1 hour of incubation, the plate was rewashed with PBS-T. Serially diluted Follistatin standard was prepared in Blocker A

with 10%mouse serum.Mouse serum samples were prepared in Blocker A at a 1:10 dilution. The serum samples and follistatin stan-

dards were incubated overnight at 4�C with shaking. The plate was rewashed with PBS-T and biotinylated follistatin detection anti-

body was added at a concentration of 1 mg/ml for 2 hours at room temperature with shaking. The plate was washed three times with

PBS-T followed by the addition of 1 mg/mL sulfo-tag streptavidin (Meso Scale Discovery; Rockville, USA) for 1 hour at room temper-

ature. The plate was washed with PBS-T three times, then Read buffer was added to the plate then analyzed with the MESO

QuickPlex SQ 120 (Meso Scale Discovery; Rockville, USA).

Human Erythropoietin (EPO) ELISA
Serum EPO levels were quantified using the U-PLEX Human EPO Assay kit developed by Meso Scale Discovery (Cat. No.

K151VXK-2), following the manufacturer’s instructions. Briefly, plates are coated with biotinylated capture antibody prior to sample

and standard administration. Samples and standards are incubated on plate for 1 hour at room temperature, following which detec-

tion antibody is added for 1 hour. MSDGOLDRead Buffer B (Meso Scale Discovery; Rockville, USA) was added to the plate and then

it was analyzed with the MESO QuickPlex SQ 120 (Meso Scale Discovery; Rockville, USA).
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Histology: Immunofluorescence, In-situ hybridization, and H&E staining
Major organs, including the liver, spleen, lungs, and kidneys, were collected, formalin-fixed, and paraffin-embedded 4-6 mm sections

were generated. Sections were dewaxed in xylene and rehydrated using graded ethanol to water washes. Samples for H&E staining

were stained in hematoxylin for 8 minutes, briefly differentiated in acid alcohol, and blued with Scott’s Tap Water (pH 8). Slides were

then stained in acidified eosin for 30 seconds, and dehydrated, cleared, and thenmounted.Whole slide images were generated using

Panoramic SCAN (3D Histech, Budapest, Hungary) and reviewed by a certified DVM pathologist (Greenfield Pathology Services,

Greenfield, USA) to evaluate the organ-specific toxicity. Heat-induced antigen retrieval for IF samples was conducted by immersing

rehydrated slides in 10mM sodium citrate (pH 6) and heating until boiling occurred. Slides were blocked in 10% normal goat serum

(Cat. No. 869019-M, Sigma, Oakville, Canada) with 1%bovine serum albumin (BSA, Cat. No. A9418, Sigma, Oakville, Canada) in TBS

with 0.4% Triton X-100 for one hour at ambient temperature. Anti-GFP antibody was diluted at 1:50 in blocking buffer and incubated

on slide overnight. Alexa Fluor 488 conjugated goat anti-chicken secondary antibody (Cat. No. A-11039, Thermo Scientific) was

diluted to 1:200 in 1% BSA TBS with 0.4% Triton X-100 and added to slides for 1 hour at ambient temperature. Samples were

mounted with ProLong Gold containing DAPI (Thermo Scientific, Cat. No. P36931). In-situ hybridization was conducted using the

RNAScope Brown kit with GFP probe following manufactures instructions. Gastrocnemius utilized for determining muscle fiber

area were flash-frozen in O.C.T. Compound (Fisher Scientific, Cat. No. 23-730-571) and sectioned using a cryostat. 10 mm sections

were warmed to room temperature and fixed with 3.7% formaldehyde for 15 minutes. Cells were washed three times with PBS. Sec-

tions were covered with 5 mg/ml wheat germ agglutinin Alexa Fluor-488 (Thermo Scientific, Cat. No. W11261) for 10 minutes at room

temperature. Cells were washed three times with PBS and mounted using ProLong Gold containing DAPI. Sections were visualized

using EVOS fl inverted microscope (Advanced Microscopy Group, Bothell, USA) and 7-15 images were taken per section. Cross

sectional muscle fiber area was determined using MyoVision software.106

QUANTIFICATION AND STATISTICAL ANALYSIS

A two-tailed Student’s t-test or a one-way analysis of variance (ANOVA) was performed when comparing two groups or more than

two groups, respectively. Statistical analysis was performed usingMicrosoft Excel and Prism 7.0 (GraphPad). Data are expressed as

means ± s.d. The difference was considered significant if P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 unless other-

wise indicated). All the statistical details of experiments can be found in the results and the figure legends.
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Figure S1. Optimizing lipid formulation for FAST-PLVs, related to Figure 2

(A) Tolerability comparison of three ionizable (DODAP, DLin-MC3-DMA, DODMA) and two cationic (DOTMA, DOTAP) lipids determined via Alamar Blue, 72 h after

their addition to WI-38 cells.

(B) Effect of different ionizable lipid:pDNA mass ratios on the in vitro expression of pDNA-FLuc in ARPE-19 cells 96 h after addition.

(C–E) Comparison of the toxicity and efficacy of four lipid formulations (41N, 37N, 33T, 28M), formulated with FAST protein delivering 1.5 nM pDNA-FLuc to Vero

cells. (C) LDH assay used to determine cytotoxicity 24 h after pDNA-FLuc addition. (D) Luminescence determined 72 h after pDNA-FLuc addition. (E) Expression

as a function of cytotoxicity. Data are represented as the mean ± standard deviation. One-way ANOVA, Tukey’s multiple comparisons, ****p < 0.0001.
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ll
OPEN ACCESS Article



Figure S2. FAST protein enhances in vitro transfection of pDNA, related to Figure 2

(A–C) Fold change in transfection efficiency of (A) AC10, (B) H1299, and (C) HEK293T cells, following incubation with 41N PLVs encapsulating 0.7 nM pDNA-GFP

with increasing concentrations of FAST protein. Flow cytometry conducted 48 h after transfection. Data are represented as mean ± standard deviation, n = 3.

One-way ANOVA, Dunnett’s multiple comparisons, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(D–F) Representative GFP intensity histograms from (D) AC10, (E) H1299, and (F) HEK293T cells.

(G–I) LDH absorbance in media of (G) AC10, (H) H1299, and (I) HEK293T cells 48 h after transfection with 41N PLVs encapsulating 0.7 nM pDNA-GFP FAST-PLVs

with increasing concentrations of FAST protein. Data represented as mean ± standard deviation, n = 3. One-way ANOVA, Dunnett’s multiple comparisons.
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Figure S3. FAST-PLV transfection does not cause syncytia formation in vitro, related to Figure 2

(A) H1299 cells are incubated with 0.9 nM pDNA-GFP encapsulated within FAST-PLVs; 24 h later cells are stained with DAPI and CellMask-Red and images are

collected.

(B) H1299 cells are incubated with 0.9 nM pDNA-FAST encapsulated within FAST-PLVs; 24 h later cells are stained with DAPI and CellMask-Red and images are

collected.
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Figure S4. FAST-PLV-mediated nucleic acid delivery bypasses endocytosis, related to Figure 2

(A) ARPE-1 cells labeled with CellLight Early Endosomes-GFP BacMam are treated with 10 mg/mL siRNA-HPRT-Cy5 encapsulated within FAST-PLVs or MC3-

LNPs. Confocal microscopy is conducted to determine endosomal co-localization.

(B) Representative images from imaging flow cytometry that was used to assess the uptake of Alexa Fluor 488-labeled EGF in ARPE-1 cells in the presence and

absence of 125 mM dynasore.

(C) Internalization-guided analysis wizard of Image Data Exploration and Analysis Software (IDEAS) used to score internalization of EGF.

(legend continued on next page)
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(D) Quantification of EGF internalization. Data are represented as the mean ± standard deviation, unpaired t test, ***p < 0.001.

(E) Representative images from imaging flow cytometry that was used to assess the uptake of siRNA-Cy5 encapsulated in PLVs formulated with and without

FAST protein in ARPE-1 cells in the presence and absence of 125 mM dynasore.

(F) Histogram plots of internalized siRNA-Cy5 intensity in the presence and absence of dynasore. Gray = no FAST protein; red = FAST protein.

(G) Quantification of internalized siRNA-Cy5 intensity. Data are represented as the mean ± standard deviation, unpaired t test, **p < 0.01, ***p < 0.001.

(H) cGAMP ELISA conducted 24 h after transfection of H1299 cells with pDNA-GFP encapsulated within MC3-LNPs, FAST-PLVs, and Lipofectamine 2000. Note,

Lipofectamine 2000 resulted in readings above the highest standard, and therefore only the maximum value is reported. Data are represented as the

mean ± standard deviation. One-way ANOVA, Tukey’s multiple comparisons, ****p < 0.0001, ns = not significant.
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Figure S5. pDNA-GFP expression in systemically injected mice, related to Figure 3

(A) GFP immunofluorescence conducted in organs from PBS-injected mice, 24 h after injection.

(B) GFP immunofluorescence conducted in organs from mice injected with FAST-PLVs encapsulating 20 mg/kg pDNA-GFP, 24 h after injection.
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Figure S6. Durability of pDNA expression in mice, related to Figure 3

(A) Whole-body bioluminescence of mice injected intravenously with FAST-PLVs encapsulating 20 mg/kg pDNA-FLuc and monitored for 1 year.

(B) Quantification of whole-body bioluminescent signal from mice in (B). Each point from day 7 onward represents a rolling average, where the measurements

from 3 weeks were averaged to control for fluctuations in luminescent capture over time. n = 3 biologically independent animals.
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Figure S7. Comparison of multiple FAST-PLV batches, related to Figure 3

(A–C) Physical characteristics of two FAST-PLV batches showing (A) Z-Avg, (B) PDI, and (C) zeta potential. Data are represented as mean ± standard deviation,

n = 3.

(D) Whole-body bioluminescence of mice injected intravenously with two separate FAST-PLV batches encapsulating 15 mg/kg pDNA-FLuc.

(E) Quantification of whole-body luminescence signal from mice in (A) measured every second day for 1 week. Data are represented as mean ± standard de-

viation, n = 4 biologically independent mice per group.

(F) Area under the curve analysis from the 1-week whole-body luminescence in (B).
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Figure S8. Delivery of mRNA by FAST-PLVs in mice, related to Figures 4 and 5

(A) Quantification of the bioluminescent signal from Figure 4A. Data are represented asmean ± standard deviation, n = 3 biologically independent mice per group.

Unpaired t test, **p < 0.01.

(B) Quantification of whole-body bioluminescence from mice in Figure 5D for 100 h following injection.

(C) Area under the curve calculated on time course shown in Figures 5D and S8B.

(D) Quantification of whole-body bioluminescence from mice in Figure 5E for 100 h following injection.

(E) Area under the curve calculated on the time course shown in Figures 5E and S8D.
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Figure S9. Comparison of mRNA-FLuc delivery by FAST-PLVs and MC3-LNPs in the CNS and eye, related to Figure 4

(A) Whole-body bioluminescent imaging 24 h after intrathecal injection with 5 mg mRNA-FLuc encapsulated within FAST-PLVs or MC3-LNPs.

(B) Ex vivo organ bioluminescent imaging from mice in (A), 24 h after injection.

(C) Quantification of bioluminescent signal from ex vivo organs presented in (B). Data are represented as mean ± standard deviation, n = 3 biologically inde-

pendent mice per group.

(D) Whole-body bioluminescent imaging 24 h after intracerebral ventricular injection with 5 mg mRNA-FLuc encapsulated within FAST-PLVs or MC3-LNPs.

(E) Ex vivo organ bioluminescent imaging from mice in (D), 24 h after injection.

(F) Quantification of bioluminescent signal from ex vivo organs presented in (E). Data are represented asmean ± standard deviation, n= 3 biologically independent

mice per group.

(G) Whole-body bioluminescent imaging 24 h after intravitreal injection with 5 mg mRNA-FLuc encapsulated within FAST-PLVs or MC3-LNPs into each eye.

(H) Ex vivo organ bioluminescent imaging from mice in (G), 24 h after injection.

(I) Quantification of bioluminescent signal from ex vivo organs presented in (H). Data are represented asmean ± standard deviation, n = 3 biologically independent

mice per group.
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Figure S10. Immunogenicity of FAST-PLVs in non-human primates, related to Figure 6

Serum collected from non-human primates prior to FAST-PLV administration and 25 days after administration was incubated with FAST-PLVs encapsulating

pDNA-GFP prior to addition to 3T3 cells. Flow cytometry was conducted 96 h after addition, andmean fluorescence intensity of theGFP+ population is presented.
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Figure S11. Functional improvements following systemic follistatin gene therapy, related to Figure 7

(A) Representative animals 15 weeks following a single intravenous injection with PBS or FAST-PLVs encapsulating 10 mg/kg pDNA-TTR-FST. Note, hair loss in

PBS mouse is likely unrelated to treatment as all cage mates presented with the same condition.

(B) Raw body weight values over several months, following intravenous injection with PBS or FAST-PLVs encapsulating 10 mg/kg of pDNA-TTR-FST. Two-way

ANOVA and Dunnett’s multiple comparisons, *p < 0.05, **p < 0.01.

(C) Raw hindlimb grip strength values over several months following intravenous injection with PBS or FAST-PLVs encapsulating 10 mg/kg of pDNA-TTR-FST.

Two-way ANOVA and Dunnett’s multiple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001.
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