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Abstract

MPS IIIC is a lysosomal storage disease caused by mutations in heparan-a-
glucosaminide N-acetyltransferase (HGSNAT), for which no treatment is available.
Because HGSNAT is a trans-lysosomal-membrane protein, gene therapy for MPS
IIIC needs to transduce as many cells as possible for maximal benefits. All cells
continuously release extracellular vesicles (EVs) and communicate by exchanging
biomolecules via EV trafficking. To address the unmet need, we developed a rAAV-
hHGSNATEY vector with an EV-mRNA-packaging signal in the 3'UTR to facilitate
bystander effects, and tested it in an in vitro MPS IIIC model. In human MPS IIIC
cells, rAAV-hHGSNAT®Y enhanced HGSNAT mRNA and protein expression, EV-
hHGSNAT-mRNA packaging, and cleared GAG storage. Importantly, incubation
with EVs led to hHGSNAT protein expression and GAG contents clearance in recipi-
ent MPS ITIC cells. Further, rAAV-hHGSNAT®V transduction led to the reduction of
pathological EVs in MPS IIIC cells to normal levels, suggesting broader therapeutic
benefits. These data demonstrate that incorporating the EV-mRNA-packaging signal
into a rAAV-hHGSNAT vector enhances EV packaging of hHGSNAT-mRNA, which
can be transported to non-transduced cells and translated into functional rHGSNAT

protein, facilitating cross-correction of disease pathology. This study supports the
therapeutic potential of rAAVEY for MPS IIIC, and broad diseases, without having
to transduce every cell.

KEYWORDS
adeno-associated virus (AAV), blood-brain-barrier, bystander effects/cross-correction, EV-mRNA cargo,
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1 | INTRODUCTION

Mucopolysaccharidosis (MPS) IIIC is a devastating ultra-rare neuropathic lysosomal storage disease (LSD), with an estimated
incidence of 1 in 1,500,000 live births (Andrade et al., 2015). MPS IIIC is caused by autosomal recessive defects in the gene
encoding heparan-a-glucosaminide N-acetyltransferase (HGSNAT). HGSNAT is one of the lysosomal enzymes involved in the
degradation of heparan sulphate (HS), a class of biologically important glycosaminoglycans (GAGs), by catalysing acetylation of
the non-reducing terminal a-glucosamine residue of HS. The lack of HGSNAT activity results in the accumulation HS-GAGs
in the lysosomes in virtually all organs, especially in the nervous system, leading to severe progressive neuropathy. Infants with
MPS IIIC appear normal at birth, but clinical manifestations emerge in early childhood with developmental delay and severe
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neurological deterioration, leading to premature death before the 3rd decade (Andrade et al., 2015; Lavery et al., 2017). Somatic
manifestations do occur in all individuals, though milder than other MPS disorders.

There is an urgent unmet medical need for patients with MPS IIIC, for which no treatments are currently available beyond
case management and supportive care. Early findings revealed that the majority of lysosomal enzymes are secretory. The secreted
enzymes can be taken up by neighboring cells and transported to lysosomes for metabolic function. This bystander effect has
been the basis for hematopoietic stem cell transplantation (HSCT) and systemic enzyme replacement therapy (ERT), which are
available for treating somatic disorders of some MPS diseases, such as MPS I, Il and VI, but with no or limited neurological ben-
efits (Andrade et al., 2015). MPS IIIC is not amenable to either HSCT or ERT, because HGSNAT is an exclusively transmembrane
protein. Therefore, unlike most other lysosomal enzyme proteins, HGSNAT is not secreted and has no bystander effect, posing
a particular challenge to therapeutic development.

Another challenge to therapeutic development for MPS IIIC is the presence of the blood-brain barrier (BBB) that prevent
therapeutics from entering the CNS from the circulation (Duque et al., 2009; Fu et al., 2011; Hudry & Vandenberghe, 2019).
Further, the pathology of MPS IIIC manifests in cells in virtually all organs, with global diffuse neuropathologies throughout
the CNS and peripheral nervous system (PNS). Therefore, effective therapies for MPS IIIC require broad organ targeting, with
global diffuse CNS delivery, which can be most effectively achieved by systemic delivery via the vascular route (Rapoport, 2000).
This is also the case in the majority of neuropathic LSDs.

Gene replacement therapy (GRT), targeting the root cause of neuropathic LSDs provides an ideal treatment if delivered to
broad CNS and peripheral tissues, because of the potential for long-term endogenous production of recombinant proteins.
Recombinant adeno-associated viral (rAAV) vectors have been demonstrated to be promising solutions to these gene deliv-
ery challenges. AAV is a nonpathogenic, replication-defective parvovirus, with different AAV serotypes displaying broad tissue
tropisms, and long-term expression in non-dividing cells of the CNS and periphery (Berns & Giraud, 1996; Fu et al,, 2011). The
demonstration of rAAV9 trans-BBB neurotropism has offered a potential solution for CNS gene delivery (Duque et al., 2009;
Foust et al., 2009), leading to successes in developing treatments for neurogenetic diseases in animal models via systemic (Bevan
etal., 2011; Bobo et al., 2020; Fu et al., 2011, 2016, 2018; Gross et al., 2022; Gurda et al., 2016; Lee et al., 2015; Ruzo et al., 2012; Weis-
mann et al,, 2015) or intrathecal (IT) delivery (Duque et al., 2015; Haurigot et al., 2013; Hinderer et al., 2014; Meyer et al., 2015;
Mussche et al., 2013; Ribera et al., 2015). These efforts have led to the ground-breaking FDA approval of Zolgensma, a systemic
rAAV9 gene replacement therapy for treating SMAI (Mendell et al., 2017), and ongoing clinical trials for multiple neuropathic
lysosomal storage diseases. Numerous studies also led to the IND approvals of IT AAV9 delivery for giant axonal neuropathy
(Bailey et al., 2018), NCL3, NCL6, (Cain et al., 2019) MPS I (Hinderer et al., 2014) and MPS II (Hinderer et al., 2016). These suc-
cesses strongly support the potential of gene replacement therapy using AAV9 for the effective treatment of other neurogenetic
diseases, including MPS IIIC.

It is known that treating SMA with Zolgensma requires a substantially high dose (1.1 X 10** vg/kg) for desired therapeutic
benefits (Mendell et al., 2017). The high dose requirement is also the case in systemic GRT using different AAV serotypes, such
as the recently approved ELEVIDYS for Duchene muscular dystrophy (DMD, 1.3 X 10" vg/kg), and in ongoing clinical trials for
XLMTM (AT132,1-3.5 x 10" vg/kg), and DMD (RGX-202, 1-2 X 10" vg/kg). The requirement for high vector doses in treating
these diseases, which all involve non-secreted proteins, is largely due to the necessity of transducing as many cells as possible to
achieve significant benefits. This not only poses a critical challenge to the scale-up of rAAV manufacturing, but also the potential
risk of severe toxicity. Severe acute adverse events have been reported in SMAI patients treated with Zolgensma, and in an AAV
gene therapy clinical trial for XLMTM. Notably, as shown in the preclinical studies leading to the approval of Zolgensma, the
minimal effective dose (MED) of systemic scAAV9-SMNI gene delivery was 6.6 X 10 vg/kg (Foust et al., 2010). However, the
MED for systemic scAAV9-hSGSH delivery was shown to be 5 x 10'? vg/kg for treating MPS ITIA (Fu et al., 2016), because SGSH is
a secreted lysosomal enzyme protein that has natural bystander effects, which allow greater benefits via cross-correction, without
the need to transduce every cell (Neufeld & Cantz, 1971).

All cell types are known to continuously release extracellular vesicles (EVs) to the extracellular environment, which can
be found in the blood and virtually all body fluids. EVs are membrane-bound vesicles including plasma-membrane-derived
microvesicles (100-500 nm) and exosomes of endocytic origin (50-150 nm) (Meldolesi, 2019, 2021; Urbanelli et al., 2016). EV's
have been demonstrated to facilitate short- and long-distance intercellular communication and signalling to target recipient cells
by all cell types (Meldolesi, 2019, 2021; Valadi et al., 2007). Interestingly, EVs carry lipids, proteins, peptides, mRNA, microR-
NAs (miRNAs), genomic DNA and mitochondrial DNA (Meldolesi, 2019, 2021; Urbanelli et al., 2016; Valadi et al., 2007). All
cells are now known to communicate by the exchange of large molecules via EV traffic (Colombo et al., 2014; Meldolesi, 2019).
Once released, EVs bind to neighbouring cells, or to the extracellular matrix, or traffic via the blood circulation or other body
fluids before interacting with target cells. EVs participate in important biological functions as mediators of intercellular commu-
nication by adhering to the surface of recipient cells or being internalized by recipient cells, and releasing genetic content into
recipient cells. (Belting & Wittrup, 2008; Mittelbrunn & Sdnchez-Madrid, 2012; Vlassov et al., 2012) Once in the recipient cell,
EV-transported RNAs are functional, as they would be in the originating source cells (Fatima & Nawaz, 2017; Hedlund et al.,
2011; Li et al., 2013; Li et al., 2019; Montecalvo et al., 2012). Given that the EV ‘cargo’ can be delivered to other cells, loaded or
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engineered EVs have been used as vehicles in drug delivery studies (Barile & Vassalli, 2017; Mizrak et al., 2013). Further, EVs have
been linked to physiological and pathological conditions, such as autoimmune diseases including multiple sclerosis (MS) and
cancer, in which increases in EV concentrations have been reported (Logozzi et al., 2009; Robbins & Morelli, 2014; Saenz-Cuesta
et al., 2014). EVs have been implicated in neurogenesis, synaptic activities, and normal functioning of the nervous system, and
therefore have been used as vehicles in therapeutic studies for treating neurological diseases (de Jong et al., 2019; Gassama &
Favereaux, 2021).

While the mechanisms governing how specific contents are packaged into EVs remain poorly understood, studies have shown
that RNAs that are packaged in EVs include mRNA, miRNA, snRNA, IncRNA, rRNA, and tRNA (Lasser et al., 2017; Turchi-
novich et al., 2019). Studies by Bolukbasi et al. provide a clue as to how genetic materials are loaded into EVs, and identified a 25
nucleotide (nt) ‘zip code’ (ZC) sequence in the 3'UTR of mRNAs (Bolukbasi et al., 2012). Importantly, they demonstrated that
the incorporation of this 25 nt sequence into the 3'UTR of a reporter gene in a plasmid led to the enrichment of reporter mRNA
in EVs and significant increases in the reporter gene expression in recipient cells (Bolukbasi et al., 2012). Further, recent studies
indicate that numerous RNA binding proteins (RBPs) are transported into EVs in association with RNA molecules in the form
of RNA-RBP complexes with both cellular RNA and EV-RNA species (Kossinova et al., 2017; Shurtleff et al., 2017; Statello et al.,
2018; Villarroya-Beltri et al., 2013; Wu et al., 2018; Yanshina et al., 2018). This type of association could be a general mechanism
for RNA transport and maintenance into EVs, and may favor the shuttling of RNAs from EVs to recipient cells in the form of
stable complexes (Kossinova et al., 2017; Shurtleff et al., 2017; Statello et al., 2018; Villarroya-Beltri et al., 2013; Wu et al., 2018;
Yanshina et al., 2018). We therefore hypothesized that incorporating the EV-mRNA packaging signal sequences into rAAV gene
therapy vectors could facilitate bystander effects of non-secreted proteins via AAV-expressed EV-mRNA cargo, offering greater
therapeutic potential for gene therapies treating neurogenetic diseases involving non-secreted proteins, such as MPS IIIC.

To develop an effective rAAV9 GRT for treating MPS IIIC, in this study, we developed a rAAV vector containing the 25 nt EV-
mRNA zip code sequence (Bolukbasi et al., 2012), linked to human HGSNAT (hHGSNAT) cDNA, to facilitate bystander effects.
The rAAV-hHGSNATEY vector was tested in vitro in human MPS IIIC fibroblasts, and resulted in not only the expression of
rHGSNAT protein, but also the release of h(HGSNAT-mRNA-containing EVs. Importantly, these EVs were shown to transport
the hHGSNAT-mRNA to bystander MPS IIIC cells, where the mRNA was translated into functional HGSNAT protein leading
to the clearance of lysosomal GAG storage. Our data strongly support the therapeutic potential of rAAV-hHGSNAT®Y facilitated
bystander effects via EV cargo for treating MPS IIIC.

2 | MATERIALS AND METHODS
2.1 | rAAV vectors

A rAAV vector plasmid, ptr-CMV-hHGSNATEY, was constructed to express hHGSNAT, in which a 25 nt EV-mRNA-zip
code sequence (ACCCTGCCGCCTGGACTC CGCCTGT) (Bolukbasi et al., 2012) was incorporated into the 3’ untranslated
region (3'UTR) of hHGSNAT cDNA. The rAAV-hHGSNAT®Y contains the human cytomegalovirus (CMV) immediate early
enhancer-promoter and the bovine growth hormone Poly A signals. Another rAAV plasmid, ptr-CMV-hHGSNAT, without EV
signal was constructed and used as control. These plasmids were used to produce rAAV-CMV-hHGSNAT®Y and rAAV-CMV -
hHGSNAT viral vectors. These rAAV-hHGSNAT viral vector genomes contain only minimal elements required for transgene
expression, including AAV? inverted terminal repeats, hHHGSNATEY or hHGSNAT cDNA, CMV promoter, and BGH Poly A
signal.

rAAV2-hHGSNATEY and rAAV2-hHGSNAT viral vectors were manufactured by the UNC Vector Core, using triple transfec-
tion in HEK293 cells and purified using HPLC chromatography, and dialyzed into 1x PBS (pH 7.0) containing 5% sorbitol and
350 mM NaCl. The titter was determined by qPCR and confirmed by dot blot hybridization using HGSNAT coding sequence as
probe and serially diluted linearized ptr-CMV-hHGSNAT plasmid as standard. Dot blot titter was used to guide the experiments.

2.2 | Cell cultures

Human MPS IIIC skin fibroblasts (GM05157), and normal human skin fibroblast cell line (GM00969), were obtained from
Coriell Institute for Medical Research and used to test the rAAV vectors by transfection with the plasmids or infection with
rAAV?2 viral vectors. The cells were expanded at 37°C in Dulbecco’s Modified Eagle Medium (DMEM) medium supplemented
with 10% foetal bovine serum (FBS) and penicillin/streptomycin (pen/strep, 100 units/ml each). For experiments, cells were cul-
tured in EV-free DMEM growth medium (DMEM medium supplemented with EV-free FBS and pen/strep). To obtain EV-free
FBS, FBS was depleted of EV's by ultracentrifugation at 120,000 X g for 70 min followed by sterile filtration through a 0.22 um
filter.
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2.3 | Invitro transduction

GMO05157 cells were transduced by transfection with rAAV vector plasmids or rAAV2 viral vectors. For transfection, the
GMO5157 cells (70%-80% confluent) were transfected with the rAAV-hHGSNAT plasmid DNA (1 ug/10° cells) mixed with
Polyethylenimine (PEI, 1 ug/2 ug DNA), following standard procedures. Six hours after the incubation, the media was
replaced with EV-free DMEM growth media. For infection, GM05157 cells (70%-80% confluence) were infected with rAAV2-
hHGSNAT viral vectors (3.5 x 10°vg/cell) in EV-free DMEM growth media. The cells were cultured at 37°C for 48 h, and
cells and medium were harvested and processed for analyses. Non-transduced GMO05157 and GM00969 cells were used as
controls.

2.4 | EVisolation

EV isolation was performed using ultracentrifugation as described previously (Ismail et al., 2013). Freshly collected media from
transfected, or infected GM05157, and non-transduced controls cells, were centrifuged at 300 X g for 10 min at 4°C to remove
residual cells. The supernatant was then centrifuged at 16,000 X g for 30 min at 4°C. The pellets were washed twice with cold
phosphate-buffered saline (PBS, pH 7.4), followed by centrifugation at 16,000 X g for 30 min to remove contaminating proteins.
The pelleted EVs were then either resuspended in PBS for analyses or in TRIzol for RNA extraction.

2.5 | Invitro EV-mRNA transfer

To assess EV-mRNA transfer, non-transduced GMO05157 cells (70%-80% confluent) were incubated with isolated EVs or
EV-containing media. The isolated EVs were added to 75% confluent GM05157 cells in EV-free DMEM growth medium. For
conditioned media EV transfer, 75% confluent GM05157 cells were grown in cell-free media from AAV vector transfected or
infected GM05157 cells after 48 h transduction, and non-transduced controls cells. The cells were then incubated at 37°C, and
at 48 h of incubation, cells were processed for analyses for rHGSNAT activity, h(HGSNAT mRNA, and GAG contents. Controls
were GMO05157 cells incubated in media from non-transduced GM05157 cells.

To obtain cell-free media, freshly harvested media from cultured cells were centrifuged at 300 X g for 10 min at 4°C, to remove
residual cells.

2.6 | RNA isolation

Total cellular RNA and EV RNA were isolated from cells using TRIzol™ Reagent (Thermo Fisher Scientific), following the
procedures provided by the manufacturer.

2.7 | Nanoparticle tracking analysis (NTA)

NTA were performed by nanomedicines characterization core facility at UNC, using Zetaview Quatt (ParticleMetrix, Germany).
All samples were diluted to a concentration of 1-5 X 107 particles/mL in 20 uM filtered PBS (pH 7.4) and measured at scatter
mode. Sensitivity was set at 80 and shutter at 100 for all measurements. Each sample was analysed at 11 positions. The Zetaview
software was used to track the particles individually. Stokes-Einstein equation was used to calculate the hydrodynamic diameter
(size) and concentration.

2.8 | Transmission electron microscopy (TEM)

TEM was performed by The Microscopy Services Laboratory at UNC-CH. Extracellular vesicle isolates were visualized by
negative-stain TEM. A glow-discharged formvar/carbon-coated 400 mesh copper grids (Ted Pella, Inc., Redding, CA) was
floated on a 20 uL droplet of the EV sample suspension for 10 min, and then transferred quickly to two drops of deionized
water followed by a droplet of 2% aqueous uranyl acetate stain for 1 min. The grid was blotted with filter paper and air-dried,
before being visualized using a JEOL JEM-1230 transmission electron microscope operating at 80 kV (JEOL USA INC., Peabody,
MA). The images were taken using a Gatan Orius SC1000 CCD camera with Gatan Microscopy Suite version 3.10.1002.0 software
(Gatan, Inc., Pleasanton, CA).
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2.9 | Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Total RNA isolated from cells and EVs were assayed by qRT-PCR, following standard procedures. cDNA was synthesized
from total RNA (1 ug) using Superscript III Reverse Transcriptase (Thermo Fisher Scientific). SYBR Green Mastermix
(Thermo Fisher Scientific). Primers specific to hHGSNAT: forward: 5'-AGCTGAAGATGGATCAGG CT-3'; reverse: 5'-
CCAGAACCTGAAACAAGCAG-3" was used. mRNA expression was normalized to adenylate cyclase-associated protein 1
(CAPI1): forward: 5'-ATTCCCTGGATTGTGA AATAGTC-3'; reverse: 5'-ATTAAAGTCACCGCCTTCTGTAG-3".

2.10 | HGSNAT activity assay

Cell lysates were assayed for HGSNAT activity following previously published procedures (Voznyi et al., 1993). The assay
measures 4-methylumbelliferone (Sigma), a fluorescent product formed by hydrolysis of the substrate 4-methylumbelliferyl-
B-D-glucosamine (Moscerdam Substrates) supplemented with acetyl coenzyme A (Sigma). The HGSNAT activity is expressed
as unit/mg protein. One unit is equal to 1 nmol 4-methylumbelliferone released/hr at 37°C.

2.11 | GAG content quantification

Cell samples were processed for total sulphated glycosaminoglycan (sGAG) contents using the glycosaminoglycan assay blyscan
kit (Biocolor). The assays were performed following the procedures provided by the manufacturer. sGAG contents was expressed
as ug/5 X 10° cells.

3 | RESULTS

In this study, we developed two rAAV vectors expressing hHGSNAT. In one, rAAV-hHGSNATEY, we incorporated the 25 nt
EV-mRNA packaging signal sequence at the 3’ end of the hHGSNAT ¢cDNA (1908 bp, NM_152419.3) to generate EV-hHGSNAT-
mRNA cargo. The second vector, rAAV-hHGSNAT, without the EV signal sequence was used as a control. The viral genomes
of these vectors contain only minimal elements for transgene expression, including AAV2 ITRs, hRHGSNAT or hHGSNATEY
transgene, and the BGH poly A signal, driven by the CMV promoter. These vectors were tested in an in vitro model of human
MPS IIIC.

Human MPS IIIC fibroblasts were transduced by the plasmid transfection or by infection with AAV2-hHGSNAT viral vec-
tors. Freshly collected media samples from the transduced and control cells were processed to isolate EVs. Purified EVs were
validated by testing multiple well-known EV markers and were analysed by NTA and TEM for further EV characterization and
qRT-PCR for EV-hHGSNAT-mRNA packaging. Further, to determine the EV-mRNA transport, fresh media from MPS IIIC
cells transfected with the AAV-hHGSNAT vector plasmids were incubated with non-treated MPS IIIC fibroblasts. Lysates of cells
incubated with the conditioned media were analysed by qRT-PCR and HGSNAT activity assay to determine EV-mRNA trans-
port, and GAG contents, to assess the cross-correction of lysosomal GAG storage facilitated by AAV-mediated EV-mRNA cargo.
Figure S1 summarizes the overall study design.

3.1 | AAV-mediated rHGSNAT expression in human MPS IIIC cells

To assess the transduction efficiency and the therapeutic potential, we tested the vectors in human MPS IIIC skin fibroblasts
by transfection with the vector plasmids and by infection with rAAV2 vectors. Healthy human skin fibroblasts and untreated
MPS IIIC skin fibroblasts were used as controls. Forty-eight hours post-transfection or infection, cell lysates were assayed
for HGSNAT activity and hHGSNAT mRNA by qRT-PCR, to determine the transgene expression levels. We detected 9-fold
and 23-fold increases in HSGNAT activity in MPS IIIC cells transfected with AAV-hHGSNAT and AAV-hHGSNAT®Y vec-
tor plasmids, respectively, compared to healthy human cells (Figure la). QRT-PCR showed 37-fold and 107-fold increases
in hHGSNAT mRNA levels in MPS IIIC cells transfected with AAV-hHGSNAT and AAV-hHgsnat™" plasmids, respectively,
compared to non-transduced MPS IIIC cells (Figure la). Similarly, supranormal levels of HGSNAT activity and significant
levels of hHHGSNAT-mRNA were detected in MPS ITIC cells infected with rAAV2-hHGSNAT and rAAV2-hHGSNATEY vectors
(Figure 1b), though lower than expression in the transfected cells. Importantly, we observed no significant changes in cell viability
between AAV-hHGSNAT and AAV-hHgsnat™V transduction compared to non-treated controls (Figure S2). These results indi-
cate that both of the AAV-hHGSNAT vectors mediated efficient h(HGSNAT expression. Interestingly, inclusion of the EV-mRNA
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FIGURE 1 AAV-mediated rHGSNAT
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packaging signal sequence in the AAV-hHGSNAT vector significantly enhanced the HGSNAT expression at both the protein
and mRNA levels (Figure 1). These data support the therapeutic potential of rAAV-hHGSNAT gene delivery for treating MPS

IIIC.

3.2 | Incorporation of EV-mRNA packaging signal sequence in AAV-hHGSNAT vector promotes
EV-HGSNAT-mRNA packaging

To assess the AAV-mediated EV-mRNA packaging, media from transduced MPS IIIC cells were processed to isolate EVs. RNAs
extracted from the purified EVs were assayed by qRT-PCR for hHGSNAT mRNA to determine the targeted EV-mRNA packaging.
Significant amounts of hHGSNAT mRNA were detected in EV-RNAs isolated from media from MPS IIIC cells transduced with
AAV-hHGSNAT"Y or AAV-hHGSNAT vectors by transfection (Figure 2a) or infection (Figure 2b). As expected, EVs from AAV-
hHGSNAT®Y infected cells contained much higher levels of HGSNAT-mRNA in EVs, vs. AAV-hHGSNAT vector (Figure 2).
Further, a 190-fold higher mRNA level was detected in EVs from transfected cells (Figure 2a) compared to EVs from AAV-
infected cells (Figure 2b). Of note, there was no detectable hHGSNAT-mRNAs in EVs isolated from media of non-transduced
MPS IIIC cells (Figure 2). These data suggest that the ZC signal sequence increases EV packaging of HGSNAT-mRNA after

rAAV treatment in MPS IIIC cells.

3.3 | AAV-hHGSNAT gene delivery diminished pathological EVs in MPS IIIC cells

To characterize the isolated EV's, nanoparticle-tracking analysis (NTA), and transmission electron microscopy (TEM) and EV-
antibody array were performed to determine the EV quantity, size distribution, and morphology.



BOBO 1 1. 3 ISEV ==

(a) EVNTA
2.0E+7 - —HC
—NT
1.6E+7 - -

1.2E+7 A
8.0E+6

4.0E+6 A “

Concentration
(EVs/mL)

0.0E+0

0 200 400 600 800 1000

Size (nm)

. EV peak
Cells Ezlnz:;e concentration

(particles/ml)

HC 111.6 5.50E6
NT 125.9 1.27E7 + 6.67E6
AAV (transfection) 144.8 8.45E6 + 2.19E6
AAV® (transfection) 126.7 5.50E6 + 4.24E5
AAV (infection) 135.1 5.90E6
AAVFY (infection) 124.9 4.20E6
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FIGURE 3  Characterization of EVs and diminish of pathological EVs in MPS IIIC following AAV-hHGSNAT gene delivery. MPS IIIC (GM05157)
cells were transduce by plasmid transfection or rAAV2 infection. After 48 h incubation, media samples were processed to isolate EVs by ultracentrifugation.
The isolated EVs were analysed using NanoSightNS500. HC: EV's from healthy control cells; NT: EV's from non-treated MPS IIIC cells; AAV: EV's from MPS
IIIC cells transfected or infected with AAV-hHGSNAT vectors; AAVEY: EVs from MPS IIIC cells transfected or infected with AAV-hHGSNATEY vectors. Data
were from three sets of plasmid transfections and two sets of AAV2 infections.

The NTA showed that the EVs were consistent in sizes ranging from 50 to 150 nm among different experimental groups,
with the majority (>98%) sized 111.6-144.8 nm (Figure 3a). Consistent with the NTA results, the TEM analysis revealed
a heterogenous population of EVs in size and appearance, regardless of experiment conditions (Figure 3b). Interestingly,
we observed approximately 2-fold more EVs released from non-treated MPS IIIC cells (1.27E7/10° cells) than from healthy
cells (5.5E6/10° cells) (Figure 3a), though all of the EV samples were normalized to the number of cells. Importantly, the
quantity of EVs isolated from treated MPS IIIC cells by transfection or infection were at levels comparable to normal cells
(Figure 3a). Notably, increases in EV excretion have been linked to various diseases, suggesting that the increase in EV
quantity from the MPS IIIC cells is due to the disease pathology. The EV reduction following AAV-hHGSNAT transduc-
tion suggests the correction of the pathophysiological condition, supporting the therapeutic potential of AAV-hHGSNAT gene
therapy.

EV samples were assayed with an EV-antibody array for eight known exosome markers (CD63, CD81, ALIX, FLOT1, ICAM1,
EpCAM, ANXAS5 and TSGI01), as well as a cellular marker (GM130) for potential cellular contamination during EV isolation.
EVs from MPS IIIC fibroblasts (treated and non-treated) were positive for CD63, FLOT1, ICAM, EpCAM, ANXA5, TSGI101,
and ALIX. Interestingly, EVs from healthy fibroblasts were positive for CD63, FLOT1, ICAM and ALIX at a lower intensity
(Figure S3). Notably, for both healthy and MPS ITIIC EVs, ALIX, a known marker for exosome formation, was the most significant
marker observed. Further, all purified EV's stained negative for GM130, indicating that these EVs samples were free of cellular
contamination.
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FIGURE 4 Expression of rHGSNAT in
recipient MPS IIIC cells following EV-mRNA
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3.4 | EV-mRNA transfer led to the expression of functional HGSNAT protein in bystander MPS
ITIC cells

To assess EV-mRNA transport, non-treated MPS IIIC cells were incubated with isolated EVs or conditioned media from MPS
ITIC cells that were transduced with the AAV-hHGSNATEY or AAV-hHGSNAT vectors, either by plasmid transfection or AAV2
infection. Forty-eight hours post EV or media incubation, the recipient MPS IIIC cell lysates were assayed for HGSNAT enzyme
activity and mRNA levels.

HGSNAT activity was detected in each of the cell lysates of MPS ITIC cells incubated with EV's or conditioned media from cells
that were transduced with AAV-hHGANAT®Y (Figure 4a) or AAV-hHGANAT (Figure 4b) vectors. However, incubation with EV's
or media from cells transfected with AAV-hHGSNAT®V led to significantly higher HGSNAT activity (Figure 4) in the recipient
MPS IIIC cells compared to EVs from cells treated with AAV-hHGSNAT control vector. In addition, low levels of hHGSNAT-
mRNA were detected in recipient MPS IIIC cells incubated with isolated EVs or media from MPS IIIC cells transfected with
AAV-hHGSNAT®Y vectors (Figure S4). These results indicate that HGSNAT-mRNA was transported to the recipient cells by
rAAV-mediated EVs and translated into enzymatically functional HGSNAT protein in the recipient cells. Further, incorporation
of the EV-mRNA packaging signal into the rAAV-hHGSNAT vector promotes loading of EV-HGSNAT-mRNA cargo.

3.5 Clearance of GAG storage in MPS IIIC cells following transduction and AAV-mediated EV
mRNA transfer

To further assess the function of rAAV-mediated rHGSNAT expression, lysates from transfected MPS ITIC cells, or cells that were
incubated with conditioned media from transfected MPS ITIC cells, were assayed for GAG content. The results showed the reduc-
tion of GAG contents to normal levels in MPS IIIC fibroblasts transfected with both AAV-hHGSNAT:Y and AAV-hHGSNAT
vector constructs (Figure 5a). Interestingly, incubation with media from cells transduced with AAV-hHGSNAT®Y resulted in the
decrease of GAG contents to normal levels in recipient MPS IIIC cells (Figure 5b), while partial GAG reduction was observed in
MPS IIIC cells incubated with media from MPS IIIC cells transduced with control AAV-hHGSNAT plasmid (Figure 5b). These
data support the functionality of AAV-mediated rHGSNAT leading to the clearance of GAG storage. Specifically, mRNA transfer
by the AAV-mediated EV cargo led to the translation of hHGSNAT-mRNA to functional rtHGSNAT protein in MPS IIIC cells.

4 | DISCUSSION

In this study, we targeted the critical unmet need for MPS IIIC therapy by developing a novel rAAV gene replacement vec-
tor, rAAV-hHGSNATEY, in an attempt to facilitate bystander effects and cross-correction via targeted EV-mRNA cargo, given
that the missing enzyme (HGSNAT) in MPS IIIC is a non-secretory trans-lysosomal membrane protein. Our data showed that
incorporating the 25 nt EV-mRNA packaging signal to rAAV-hHGSNAT vector within the 3’UTR of hHGSNAT cDNA enhanced
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FIGURE 5 AAV-mediated clearance of GAG (a) GAG contents: transfection (b) GAG contents: media transfer
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transgene expression at both the protein and mRNA levels in MPS IIIC cells. While the mechanisms remain unclear regarding the
enhanced transgene expression levels, mRNA 3"UTRs are known to regulate mRNA processes, including mRNA stability, local-
ization and translation, and protein post-translational modification. (Mayr, 2019) Therefore, including the EV-mRNA packaging
signal at the 3'UTR of the transgene in an rAAV vector may mediate not only the transport of the transgene mRNA to EVs, but
also enhanced transgene expression due to targeted mRNA regulation. Further, the rHGSNAT expression mediated by rAAV-
hHGSNATEY or rAAV-hHGSNAT vector was sufficient to clear the accumulation of GAG contents in MPS ITIC cells at effective
doses.

As hypothesized, this study also demonstrated that incorporating the EV-mRNA packaging signal into the rAAV vector con-
struct indeed enhanced the release of hHGSNAT-mRNA-containing EVs by transduced MPS IIIC cells. Unsurprisingly, we
observed significantly higher mRNA levels in EV's from MPS ITIC cells following plasmid transfection compared to AAV?2 infec-
tion, because transfection allows more vector plasmid DNA to enter the cells via electrical force than rAAV viral vectors that
requires receptor-mediated binding, this generally results in high vector copies per cell and therefore greater EV-mRNA pack-
aging. Notably, in this study, the sizes of EVs were largely heterogeneous, with the majority at 111.6-144.8 nm, regardless of the
disease status or experimental conditions. It is likely that these EVs are mostly exosomes and small microvesicles, although we
did not perform assays to distinguish one from the other. Interestingly, transduction with rAAV-hHGSNAT vector without the
EV-mRNA packaging signal also mediated the release of EVs containing hHGSNAT-mRNA, but at significantly lower levels. This
is not surprising, since overexpression of a particular mRNA can induce passive loading of that mRNA in EVs (O’Brien et al.,
2020) and numerous studies showed that changes in biophysiological conditions could trigger EV level changes, and changes in
EV levels have been linked to physiological and pathophysiological conditions, such as autoimmune diseases including multiple
sclerosis (MS) and cancer, in which increases in EV levels have been reported (Logozzi et al., 2009; Robbins & Morelli, 2014;
Saenz-Cuesta et al., 2014). It is therefore possible that the transduction of MPS IIIC cells with rAAV-hHGSNAT vector may be
sufficient to induce hHGSNAT-mRNA-EVs.

Notably, we demonstrated here not only the AAV-mediated targeted EV-mRNA packaging, but also the successful transport
of h(HGSNAT-mRNA by the AAV-mediated EVs into the non-transduced MPS IIIC cells, where the hHGSNAT-mRNA released
from the EVs was translated into enzymatically functional rHGSNAT protein, leading to the restoration of HGSNAT activity in
the recipient MPS IIIC cells. Importantly, the AAV-mediated EV-hHGSNAT-mRNA transfer also resulted in the clearance of the
GAG contents accumulation in the recipient MPS ITIC cells. The HGSNAT gene product is a lysosomal enzyme and an exclusively
trans-lysosomal-membrane protein. It is not soluble in the aqueous cytosolic or extracellular environments. Therefore, our data
further demonstrates that rHGSNAT translated from the EV-HGSNAT-mRNA transfer was correctly processed via appropriate
post-translational modification to form the fully functional trans-lysosomal membrane HGSNAT protein, because the observed
cross correction of lysosomal GAG storage could only be achieved in the presence of the trans-lysosomal membrane HGSNAT
protein. These observations strongly support the therapeutic potential of incorporating the EV-mRNA packaging signal in rAAV
gene replacement vectors for treating MPS IIIC, and possibly other neurogenetic diseases involving non-secreted proteins or
transcriptional factors, since this approach may allow greater therapeutic benefits without having to transduce every cell.

Further, in this study, for the first time, we observed the release of 2-fold more EV's by non-treated MPS IIIC cells than normal
healthy control cells, suggesting that there is a significant increase in EVs in MPS IIIC. While detailed mechanisms are unclear,
numerous studies have reported EV increases in different disease conditions (Logozzi et al., 2009; Robbins & Morelli, 2014;
Saenz-Cuesta et al., 2014). This is supported by our findings that while EVs from both MPS IIIC and healthy cells were positive
for 4 exosome markers, CD63, FLOT1, ICAM and ALIX, the levels of these markers were significantly lower in healthy cells.
Interestingly, only EVs from MPS ITIC (but not healthy cells) were also positive for EpCAM, ANXA5 and TSGI101. We therefore



00f13 é ISEV BOBO k1.

believe that the increase in the levels and markers of EVs released by MPS IIIC cells is likely pathological changes triggered
directly or indirectly by the primary pathology of MPS IIIC, the lysosomal GAG accumulation.

Importantly, transduction of MPS IIIC cells with rAAV-hHGSNATEY or AAV-hHGSNAT vector resulted in the reduction of
EVs to normal levels, though did not have detectable impacts on the EV markers. These data demonstrate that AAV-mediated
restoration of HGSNAT activity in MPS IIIC cells diminished the lysosomal storage pathology, leading to the correction of the
pathological levels of EVs, thus supporting the therapeutic potential of AAV-hHGSNAT gene therapy. However, it is unclear why
the gene therapy treatment did not correct the EV marker changes in MPS IIIC cells.

In summary, in this study, the incorporation of an EV-mRNA packaging zip code sequence in rAAV-hHGSNATEY gene therapy
vector did not only mediate effective transgene expression, but also enhanced the targeted EV-hHGSNAT-mRNA packaging.
Importantly, the EV's can transport the hHGSNAT-mRNA into MPS ITIC cells, where it can be translated to functional HGSNAT
protein, leading to the cross-correction of lysosomal storage pathology in the bystander MPS IIIC cells. These results strongly
support the therapeutic potential of this novel rAAV gene therapy approach for the treatment of MPS IIIC. We believe that
this approach is broadly applicable for targeting diseases involving non-secreted proteins or transcriptional factors, specifically
addressing the challenge of the potential safety concerns due to high vector dose requirements.
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