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Abstract
In the present study the use of extracellular vesicles (EVs) as vehicles for therapeutic
enzymes in lysosomal storage disorders was explored. EVs were isolated from mam-
malian cells overexpressing alpha-galactosidase A (GLA) or N-sulfoglucosamine
sulfohydrolase (SGSH) enzymes, defective in Fabry and SanfilippoA diseases, respec-
tively. Direct purification of EVs from cell supernatants was found to be a simple
and efficient method to obtain highly active GLA and SGSH proteins, even after
EV lyophilization. Likewise, EVs carrying GLA (EV-GLA) were rapidly uptaken
and reached the lysosomes in cellular models of Fabry disease, restoring lysosomal
functionality much more efficiently than the recombinant enzyme in clinical use. In
vivo, EVs were well tolerated and distributed among all main organs, including the
brain. DiR-labelled EVs were localized in brain parenchyma 1 h after intra-arterial
(internal carotid artery) or intravenous (tail vein) administrations.Moreover, a single
intravenous administration of EV-GLA was able to reduce globotriaosylceramide

ABBREVIATIONS: BSA, bovine serum albumin; DHFR, dihydrofolate reductase; ERT, enzyme replacement therapy; EVs, extracellular vesicles; GAGs, glycosaminoglycans; Gb3,
globotriaosylceramide; GLA, alpha galactosidase A; i.a., intra-arterial; i.v., intravenous; LAMP1, Lysosome-associated membrane protein 1; LSDs, lysosomal storage disorders; MTX,
methotrexate hydrate; PEI, polyethylenimine; SGSH, N-sulfoglucosamine sulfohydrolase; SN, supernatants
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(Gb3) substrate levels in clinically relevant tissues, such kidneys and brain. Over-
all, our results demonstrate that EVs from cells overexpressing lysosomal enzymes
act as natural protein delivery systems, improving the activity and the efficacy of the
recombinant proteins and facilitating their access to organs neglected by conventional
enzyme replacement therapies.

KEYWORDS
alpha-galactosidase A, drug delivery, enzyme replacement therapy, Fabry disease, lysosomal storage disor-
ders, N-sulfoglucosamine sulfohydrolase, Sanfilippo syndrome

 INTRODUCTION

The use of recombinant proteins to treat a wide variety of clinical indications, including cancer, autoimmune and genetic dis-
eases, is still a challenge (Leader et al., 2008). Lysosomal storage disorders (LSDs) are congenital rare diseases caused by the lack
or malfunction of proteins involved in lysosomal biogenesis and activity. There are more than 70 different LSDs, among them,
Gaucher, Fabry, Pompe and Sanfilippo syndromes (Platt et al., 2018). All LSDs share the accumulation in the lysosomal com-
partment of complex molecules such as glycosaminoglycans, glycoproteins and sphingolipids, rendering in most cases severe
clinical manifestations (Platt et al., 2018). Patient symptomatology depends on the disease and the particular mutation but often,
LSDs derive in a systemic illness affecting multiple organs, including the central nervous system (CNS), liver, kidneys, heart
and the musculoskeletal system. Regrettably, LSDs have been historically neglected by the pharmaceutical industry. Their indi-
vidual low incidence has discouraged active search for treatment due to the high difficulties to organize clinical trials and poor
expected post-commercialization profits. Nevertheless, in the last years, enzyme replacement therapies (ERTs) based on the sys-
temic administration of a functional version of the defective enzyme, have gained clinical relevance in LSD healthcare. Hence,
ERTs using recombinant proteins are currently available for 10 LSDs, (Concolino et al., 2018) including Fabry disease. Unfortu-
nately, systemically administered enzymes are not able to reach the brain parenchyma, leaving without effective treatment LSD
patients with CNS affectation (Solomon &Muro, 2017).

Fabry disease is an X-linked disease characterized by the accumulation of globotriaosylceramide (Gb3) and other glycosphin-
golipids in cellular lysosomes, caused by a deficient activity of the alpha-galactosidase A (GLA) enzyme, secondary to pathogenic
genetic variants of the GLA gene. Endothelial cells are one of the most affected cell types. Without proper treatment, alterations
in the micro- and macro-vasculature in different organs eventually lead to a multisystemic failure and early death (Rombach
et al., 2010). Two products, agalsidase beta (Fabrazyme), and agalsidase alfa (Replagal), are currently approved for ERT in Fabry
disease (Beck et al., 2004; Eng et al., 2001). Other treatment approaches based on chaperones, (Hughes et al., 2017) substrate
reduction (Guérard et al., 2018) and gene therapy (Huang et al., 2017; Medin et al., 2019) have been either approved recently for
Fabry disease (migalastat), or are under study, but with limited efficacy and/or applicability, so far. Conversely, ERT has shown to
delay the disease progression in Fabry patients with an early diagnosis (Mehta et al., 2009). Nevertheless, the success of ERT in
Fabry disease and other LSDs is often limited by the generation of autoantibodies against the exogenous recombinant proteins,
low plasma half-life and poor biodistribution of the enzymes that fail to effectively target organs such kidney, heart, brain and
bone, among others (Safary et al., 2018).
In fact, many LSDs have not yet benefited from ERT due to the impossibility of recombinant enzymes to cross the blood brain

barrier (BBB). This is the case of Sanfilippo syndrome, caused by four different genetic defects affecting lysosomal heparan sul-
fate degradation, each one defining a different disease subtype A, B, C and D. In this regard, Sanfilippo A represents 60% of all
diagnosed cases and is caused by a deficiency of the heparan N-sulfatase enzyme, also known as N-sulfoglucosamine sulfohy-
drolase (SGSH). As with the other subtypes, the accumulation of partially degraded glycosaminoglycans (GAGs) in the brain
causes progressive cognitive decline and severe behavioural disturbances. Although no therapy is still approved for Sanfilippo
disease, several clinical trials are being conducted using intrathecally applied recombinant protein, gene therapy and substrate
reduction therapy (Gaffke et al., 2018).
In this scenario, the use of nanotechnological approaches increasing the efficiency of recombinant enzymes and targeting them

to specific cell types is regarded as a powerful approach to introduce new effective therapies for LSDs (Muro, 2010). Different
types of nanoparticles have been tested as vehicles for ERT in Fabry disease including liposomes, (Cabrera et al., 2016) chitosan
polyelectrolytes (Giannotti et al., 2016) and polystyrene nanoparticles (Hsu et al., 2014). Moreover, other nanocarriers from a
biological origin, such as nanoparticles made of albumin and 30Kc19 protein (Lee et al., 2016) have also been studied at the
preclinical level. Unfortunately, none of these synthetic nanoparticles have been able to advance towards clinical application in
LSDs.
In parallel, extracellular vesicles (EVs) have been also proposed as delivery vehicles for recombinant proteins (Sutaria et al.,

2017). EVs, including microvesicles (100-1000 nm) and exosomes (30-150 nm), naturally contain biomolecular cargos such as
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miRNA, mRNA and proteins from the donor cells. They have been described as fully biocompatible submicron-sized vehicles
with higher in vivo transfection capacity and lower immunogenic responses than other non-viral platforms (Srivastava et al.,
2016). Importantly, EVs have been shown to be fully tunable using geneticallymodified cells as source. For instance,Alvarez-Erviti
et al. (Alvarez-Erviti et al., 2011) modified dendritic cells to express Lamp2b, a lysosomal membrane protein, fused to the neuron-
specific RVG peptide to target EVs into the brain parenchyma. Furthermore, EVs can be also chemically and mechanically
loaded after their production and isolation, allowing the introduction of siRNA, enzymes and chemotherapeutics by sonication,
saponification or simple incubation. (Batrakova & Kim, 2015; Sutaria et al., 2017)
Notably, the delivery of a therapeutic biomacromolecule often requires previous production and purification of the soluble

form of the biopharmaceutical and its further load into the vehicle. This increases the complexity of the production and the final
cost. Therefore, an all-in-one process in which the carrier and the therapeutic cargo are produced jointly may provide an optimal
strategy to improve the production process and further, the efficacy of protein-based therapeutics. This is especially relevant in
the case of LSDs, in which ERT is often regarded as ideal standard of care.
In this work, we investigate the use of protein loaded EVs fromprotein recombinant cell factories for the delivery of therapeutic

lysosomal enzymes such GLA and SGSH, by purifying EVs precisely from the same cells used to produce the recombinant
enzyme. Enzyme loaded EVs retain highly active GLA and SGSH recombinant enzymes, withstand lyophilization, and are fully
biocompatible. Moreover, in vitro and in vivo efficacy assays using GLA loaded EVs, have shown clear advantages on the use of
EV-loaded system vs. the naked recombinant enzymes.

 RESULTS ANDDISCUSSION

. Mammalian cell factories produce EVs with high quantities of GLA and SGSH enzymes

Enzymatic deficiency of GLA and SGSH proteins cause Fabry and Sanfilippo A diseases, two of the LSDs with higher prevalence
(Meikle et al., 1999). In this work we aimed at testing the feasibility of EVs as enzyme delivery systems for GLA and SGSH
proteins, as a way to improve ERT in these two diseases. Consequently, EVs were isolated from CHO DG44 and HEK293 cells
transfected with plasmids coding for GLA and SGSH enzymes, respectively. Stable clones were obtained from CHO DG44 cells
for GLA expression, while transfections in HEK293 cells were conducted transiently for SGSH.
EVs obtained from CHO DG44 and HEK293 cells were purified using charge neutralization-based precipitation method and

later characterized by cryoTEM and Western blot. EVs presented spherical and pseudo-spherical morphologies that ranged
from 30 to 300 nm in diameter by cryoTEM and Nanosight assessment (Figure 1A-C). Additional cryoTEM images at lower
magnification are available in Figure S. Western blot analyses showed very low content of cytosolic β-tubulin within the vesicles
and the presence of exosome markers CD63, CD81-tetraspanin and TGS101 (Théry et al., 2018) (Figure 1D) indicated that EVs
purified from CHO DG44 and HEK293 cell-factories were enriched in exosomes (50 to 150 nm) and small-sized microvesicles,
with some of large microvesicles and apoptotic bodies (Figure 1A). Such mixed population of vesicles was expected because
the size-range of exosomes partially overlap with other types of EVs and purification protocols currently in use, mainly based
on ultracentrifugation and precipitation methodologies, do not render pure populations of different types of EVs (Kowal et al.,
2016). Noteworthy, significant amounts of the protein of interest, GLA and SGSH, were found in EV lysates in comparison to
whole cells lysates (Figure 1D). Of note, EVs and lysosomes are both originated from the multivesicular endosomes (MVE)
(Raposo & Stoorvogel, 2013) and this common origin could explain the high GLA and SGSH enzyme concentration within the
EVs. Although other possibilities, such the release of lysosomal proteins in EVs due to autolysosomal dysfunctions, could not be
excluded (Goetzl et al., 2015). Notwithstanding, other endogenous lysosomal proteins such as the membrane protein cystinosin
and the beta-glucocerebrosidase (GBA) enzymes, were also found enriched in EV-GLAs, suggesting EV could be an adequate
platform for naturally loading a broader spectrum of lysosomal proteins (Figure 1E).

Regarding the presence of the therapeutic proteins in the EVs, the fact that 4.48% and 10.25% of the total protein in the EVs
corresponded to GLA and SGSH respectively when isolated by polymer co-precipitationmethod is remarkable (Figure SA). Of
note, although EVprecipitation is a convenientmethod for preclinical studies, due to its simplicity and speed, it can also co-isolate
contaminant proteins in their soluble form. In order to characterize the extent of this phenomenon an alternative purification
method, namely tangential flow filtration (TFF) (Busatto et al., 2018) was carried out, we detected the production yield dropped
a 42% when using TFF method compared to the precipitation kit used in the isolation of EVs for in vitro and in vivo studies.
However, we also found that the enzymatic activity within the EVs was the major contributor to the increased activity seen in
the original EV-GLA samples, as demonstrated by the high enzymatic specific activities in the TFF-purified samples, non- sig-
nificantly distant from the original EV-GLA (Figure SA). This indicated that the efficacy seen upon EV-GLA treatment of cell
cultures or Fabry animals could be mainly attributed to the effect of the GLA in the EV lumen and not to the GLA co-purified
with the EVs. Since the solely TFFmight not remove all the free soluble proteins (Corso et al., 2017), to further confirm the higher
performance of GLA loaded into EVs in comparison to its soluble counterpart co-isolated during EV precipitation, precipitated
EV-GLA were submitted to and additional sucrose cushion purification step (Théry et al., 2006). With this purification method,
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F IGURE  Characterization of EVs containing GLA and SGSH lysosomal enzymes (EV-GLA and EV-SGSH). A) Characterization by cryoTEM imaging
of vesicle morphology. Magnification bar corresponds to 200 nm. B) Size distribution of EV-GLA and EV-SGSH measured in cryoTEM images. C) EV-GLA
size distribution and concentration determination by nanoparticle tracking analysis. Blue values correspond to the size of the main peaks in the histogram.
D) Molecular characterization of isolated EVs by Western blot of EV markers. Cell lysates and a cytosolic protein (β-tubulin) were also included as controls.
E) Lysosomal protein content in EVs by Western blot. Panel above, detection of over expressed protein of interest, GLA and SGSH. Panel below, detection of
additional lysosomal endogenous protein (Cystinosin and GBA) in EV-GLA. 10 to 20 μg of total protein loaded per lane in both D and E panels

the relative amount of GLA decreased a 60.5 ± 0.6% in comparison to the original sample (Figure SB). However, enzymatic
activity of GLA inside EVs was significantly higher, 6 times more active, than its soluble co-isolated counterpart (Figure SB).
Regarding SGSH protein the amount of soluble protein co-purified was higher reaching the 85.9±% of the initial enzyme in the
EV-SGSH precipitated samples. These results were in agreement with the ones observed for TFF purification and ratified the
major contribution of EV-GLA to the efficacy observed in vitro and in vivo. Further, an iodixanol density gradient separation
(Lobb et al., 2015) onto EV-GLA precipitated samples was carried out (Figure SC) and revealed significant levels of GLA protein
in different density fractions. Considerable amounts of GLA were found in low density fractions (< 1.06 g/cm3), probably cor-
responding to soluble protein interacting with Low Density Lipoprotein (LDL) particles (Karimi et al., 2018). This phenomenon
was likely enhanced by the high concentration of samples subjected to sucrose gradient, at least 1 order of magnitude above those
subjected to TFF or sucrose cushion methods. Remarkably, GLA was also found, as expected, at densities corresponding to EVs
(1.08 – 1.14 g/cm3) that retained a significant part of the enzymatic activity (Figure SC) whilst expressing EV makers (Bobrie
et al., 2012).
Overall, considering the above results we found the actual protein loading capacity at 2.96 fg GLA per vesicle. Of note, this

loading capability is almost 30 times higher than the one previously reported for alternative lysosomal enzymes in macrophage-
derived EVs (0.1 fg/ EV) (Haney et al., 2019). Altogether these data suggest that protein loading in EVs can be significantly boosted
by selecting cell factories optimized for protein production (Geisse & Fux, 2009). Differences between GLA and SGSH protein
content in EVs might be related to the fact that transient transfections, used in this case to obtain EV-SGSH, usually render
higher protein yields than stable transfections (Bandaranayake & Almo, 2014). On the other hand, recombinant protein content
in EVs was also compared to the amount of soluble protein found in cell supernatants. Interestingly, supernatants from stably
transfected CHO cells contained 41.4 ± 7.14 μg of GLA per ml of cell culture, while 0.517± 0.01 μg of GLA in EVs were obtained
per ml of cell culture. Nonetheless, even though the content of GLA in EVs is 80-fold lower than in cell supernatant, it is worth
mentioning that EV loading of GLA is considerably higher than the loading of GLA found in artificial liposomes (Cabrera et al.,
2016) or previously reported in EVs loaded with alternative lysosomal proteins (Haney et al., 2019).

. Recombinant EV-GLA restores lysosomal GLA enzymatic activity in GLA defective cells

The capacity of EVs to act as drug delivery system for lysosomal proteins was studied in vitro through the assessment of cell
uptake, intracellular trafficking, protease sensitivity and enzymatic activity assays. Fluorescently labelled EVs efficiently internal-
ized in different type of cells, including kidney cells (HEK293T cells, Figure S) and endothelial cells (MAEC, Figure 2A) at a
concentration of 2.5 μg EVs/ml (c.a. 125 ng GLA/ml). These later cells were included since endothelial cells are central in the
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F IGURE  In vitro assessment of EVs as drug delivery systems for lysosomal proteins. A) Internalization of EVs by confocal microscopy (4 h incubation)
and flow cytometry in primary cultures of mouse aortic endothelial cells (MAEC) derived from Fabry KO mice. EVs were labelled with DiOC (green) and
cell membranes were labelled with Cell Mask (red). Magnification bar corresponds to 10 μm. B) Inset of HEK293 cytoplasmatic region of a single cell showing
colocalization (white arrows) of EV-GLA labelled with DiD (red) with lysosomal marker LAMP1 (blue) by STORM imaging. Magnification bar corresponds to
1 μm. C) Enzymatic activities for alpha-galactosidase A (left) and heparan sulfatase (right) measured in EVs obtained from cells overexpressing GLA and SGSH
proteins, respectively. EVs from non-transfected CHO cells were also included as controls (EV-Control).D) Protease digestion assay of EV-GLA (red bars) and
their naked GLA counterparts (grey bars). T stands for trypsin treatment. %IntDen refers to the percentage of the integrated density. E) Efficacy of EV-GLA
reducing the Gb3 deposits in MAEC primary cultures at different GLA protein concentrations

pathophysiology of Fabry disease (Bodary et al., 2007). After short 4 h incubation with fluorescently labelled EVs, nearly 100% of
MAEC showed strong fluorescent signal by flow cytometry. Confocal microscopy further confirmed that fluorescently labelled
EVs were located inside the cells and not merely attached to the cell membrane. The release of EVs into lysosomes of destiny
cells has been extensively described in different cellular models (Do et al., 2019; Hansen et al., 2020; Joshi et al., 2020). In our
specific case, EVs preferred cell uptake pathways were further explored by the assessment of diverse internalization inhibitors
performance during EV-GLA uptake process (Figure S). Multiple routes were found involved in the internalization of EV-
GLA as highlighted by the impairment in cell fluorescence intensity after 2 h of EVs incubation in cells pretreated with: dyna-
sore (DYN) 80 μM –inhibition of endocytic vesicle scission from cell membrane–, chlorpromazine (CHP) 20 μM –inhibition
of clathrin mediated endocytosis–, nystatin (NYS) 50 μM –inhibition of caveolae mediated endocytosis– and 5-(N-ethyl-N-
isopropyl) amiloride (EIPA) 100 μM –inhibition of macropynocitosis– (Figure SD, left graph). Interestingly, looking at longer
EVs incubation times, 4 h, only EIPA maintained the magnitude of the inhibition while the other inhibitors became ineffective
(DYN and NYS) or reduced their effect (CHP) (Figure SD, right graph). These results suggested a predominant contribution
of clathrin mediated endocytosis and macropynocitosis in our EV-GLA uptake, in agreement with previous reports (Li et al.,
2020).
Further, final intracellular fate of EVs was assessed in HEK293 cells by the co-localization of EV-GLA with LAMP1 lysosomal

marker by stochastic optical reconstruction microscopy (STORM), a technique that allows the visualization of individual EVs
(Nizamudeen et al., 2018). Co-localization between EVs’ signal and LAMP1 was marginally detected 4 h post administration
(Figure S) and clearly observed after overnight incubation, representing the 4.2%± 1.7% of the total number of EV internalized
(Figure 2B). EVs have been shown to enter the cells by different routes, and not all of them necessarily ending into the lysosomal
compartment (Mulcahy et al., 2014). According to our results, a significant part of the EVs were uptaken through endocytosis,
reaching the lysosome after the endosomal maturation and allowing content release of GLA and the hydrolysis of its substrate.
A similar process of cellular uptake has been recently described for EVs containing GBA (Do et al., 2019) and TPP135 lysosomal
enzymes.
Once we confirmed that enzyme-loaded EVs reached the lysosomal compartment, we further explored if GLA and SGSH

enzymes kept their activity when delivered in EVs. Remarkably, not only protein quantity but specific enzymatic activity was
also significantly increased in GLA and SGSH encapsulated in EVs (Figure 2C). Thus, in EV-GLA, 10-fold higher enzymatic
activity was detected compared to the activity of soluble GLA from cell supernatants (P < 0.0001). Also, 11-fold increase in
activity was found in EV-SGSH, compared to commercially available recombinant SGSH (rSGSH, P = 0.0042). GLA enzymatic
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F IGURE  EVs stability after lyophilization. A) CryoTEM images of EV-GLA after lyophilization. Magnification bars correspond to 200 nm. B) Size
distribution of EV-GLA post-lyophilization. C) Cell internalization of lyophilized EV by confocal microscopy (left panel) and flow cytometry (right panel) in
HEK293 cells. Formicroscope imaging, EVs were labelled with DiOC (green) and cell membranes stained with Cell Mask (CM, red). DiD-labelled EV-GLAwere
used for cell cytometry. Magnification bar corresponds to 5 μm. D) Specific enzymatic activity of GLA in EVs before (red bar) and after lyophilization (purple
bar)

activity was alsomeasured in non-transfectedCHO cells, rendering very low but detectable enzymatic activity levels. It is possible
that such significant increases in GLA and SGSH activities inside EVs could be due to a higher stability of the enzymes within
a more physiological environment, namely acidic pH and a membranous scaffold, as previously described for GLA loaded into
artificial lipid structures (Cabrera et al., 2016). Nevertheless, no increments in enzymatic activity have been reported for other
lysosomal enzymes loaded in EVs by cell transfection over the cell lysates, namely TPP1, (Haney et al., 2019) HGSNAT (Fedele
et al., 2018) and GBA (Do et al., 2019). Therefore, further research is needed to unveil protein conformational quality attributes
within EVs and determine whether other enzymes and proteins with catalytic activity could also benefit from EVs encapsulation.
In addition, previous studies have suggested that EVs offer natural protection to the enzymes from the action of proteases (Haney
et al., 2019). This is also the case for EV-GLA. As shown in Figure 2D, incubation EV-GLA with trypsin, a serine protease that
will degrade GLA or any protein/peptide having serine residues, resulted in a 25% loss of protein content, whereas such loss was
increased to a 65% when naked GLA was trypsin-treated using the same conditions. The loss of GLA in EV-GLA samples could
be attributed to the presence of free GLA co-precipitated with the EV-GLA during the isolation procedure (Figure S)

Overall, cell internalization and crude enzymatic activity assays suggested that EVs are suitable delivery systems for lysosomal
enzymes. For further confirmation that EVs could be therapeutically effective, in vitro efficacy assays were conducted in MAEC
derived from Fabry KO mice, a very handful in vitro model of the Fabry disease (Shu et al., 2005). Indeed, due to the lack of
endogenous alpha-galactosidase A activity, these cells accumulate high levels of Gb3, the predominant storage product in Fabry
patients and themain responsible of the clinical manifestations of the disease (Desnick et al., 2001). InMAEC cells, at 0.001 μg/ml
of GLA, EV-GLA were four to five times more efficacious hydrolyzing Gb3, than soluble GLA (Figure 2E, P = 0.0381). Remark-
ably, EV-GLA also overcame the efficacy of agalsidase alfa, the enzyme used in the clinical setting (P = 0.0286, at 0.001 μg/ml
of GLA).

. EVs withstand lyophilization and are safe for intravenous administration

Knowing that pharmaceutical development of EVs would require an off-the-shelf product with preserved bioactivity, we studied
the stability of EVs after lyophilization. Even in the absence of cryopreservants, EV-GLA withstood lyophilization with minor
changes in the vesicle morphology (Figure 3A, B). Lyophilized EVs maintained enzymatic activity values comparable to those of
non-lyophilized EVs and kept the ability to cell-internalize, showing that lyophilization was not largely affecting EVs’ biofunc-
tionality (Figure 3C, D). Certainly, freeze drying was previously shown to be a useful method to preserve enzymes in EVs (Frank
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F IGURE  In vivo biodistribution and single-dose efficacy of EV-GLA in Fabry KO mice. A) Biodistribution of DiR-labelled EVs in Fabry KO mice 1
h after i.v. administration (100 μg of protein) showed a widespread distribution of the fluorescent signal in different organs. B) Ex vivo fluorescence images
of the liver and kidneys. C) GLA protein detected by immunohistochemistry in liver tissues of GLA KO mice administered with vehicle (Cntrl) or EV-GLA.
Magnification bar corresponds to 50 μm. Inset contains a magnified area to identify hepatocytes (black arrows) and Kupffer cells (withe arrowheads) (D) GLA
enzymatic activity measurements of mice treated with a single administration of EV-GLA, free enzyme GLA or agalsidase alfa at 1 mg GLA/kg and euthanized 1
h post-administration in liver and kidneys. WT animals and non-treated KO animals were also included in the assay. E) Loss of Gb3 in KO mice treated with a
single dose of EV-GLA, free enzyme GLA or agalsidase alfa (1 mg/kg) and euthanized 1 week after. F) Immunofluorescence of Gb3 (green signal) in kidneys of
KO animals, vehicle-treated (Cntrl) or receiving one i.v. dose of EV-GLA (1 mg/kg). Nuclei were stained with DAPI (blue) and cells with rhodamine-phalloidin
(red). Magnification bar corresponds to 40 μm

et al., 2018), although sugar additives were thought to be indispensable to prevent EV aggregation and functionality (Bosch et al.,
2016).

Because ERT based on EVs would likely relay on the intravenous (i.v.) administration of EV-GLA, hemocompatibility and
safety studies were also conducted (Figure S). Results showed that EV-GLA did not alter cell proliferation capacity (Figure
SC), caused damage to red blood cells nor did they induce any platelet significant aggregation (Figure S,B), which allowed
further testing in animal models. Accordingly, C57BL6mice were administered with 7 i.v. doses of EVs. As expected, none of the
animals showed adverse effects as a consequence of the repeated administration of the EVs or enzymes. Moreover, body weights
were comparable to control (non-treated) mice, also suggesting an adequate safety profile (Figure SD). These results are in
agreement with previous studies showing the safety of EVs (Fleury et al., 2014; Li et al., 2016; Somiya et al., 2018; Wiklander et al.,
2015).
In addition, biodistribution assays were conducted with DiR-labelled EV-GLA Fabry KO mice were sacrificed 1 h post-

administration and tissue samples taken for ex vivo fluorescence imaging. In the first biodistribution assay (Figure 4), EV signal
was mainly observed in liver and spleen, while minor but significant amount of fluorescence was also detected in kidneys and
lungs (Figure 4A,B). No signal has been observed in the heart, brain, skin and muscles (not shown). These results agree with
previous studies on EV biodistribution showing major accumulation in liver and spleen after systemic EV administration (Wik-
lander et al., 2015). Furthermore, the delivery of the GLA along with the EV was first confirmed by the immunodetection of
the GLA protein in livers of Fabry KO mice (Figure 4C). Thus, both, hepatocytes and Kupffer cells from the livers of KO mice
treated with EV-GLA showed strong GLA signal, whereas non-treated KO mice showed a complete absence of the GLA pro-
tein. EV distribution was also confirmed by measuring GLA enzymatic activity in organs of mice administered with 1 mg/kg of
GLA protein as EV-GLA, free GLA or clinically approved agalsidase alfa (Figure 4D). Activity assays were in agreement with the
tissue biodistribution of EV-GLA shown by fluorescence imaging and GLA immunohistochemistry. In our hands, for the same
GLA dose, more enzymatic activity was seen in livers and kidneys from animals administered with EV-GLA compared to those
receiving free GLA or agalsidase alfa. In the case of the liver, administration of exogenous GLA, either naked or encapsulated
in EV, resulted in a significant increase of enzymatic activity in the organ, far beyond the endogenous activity seen in wild type
(WT) animals. This is probably related to the fact that most of the administered dose is accumulated in the liver. Conversely,
in kidneys where few EVs arrived according to fluorescence biodistribution (0.377% ± 0.04% of the total fluorescent signal),
GLA enzyme delivered by the EVs increased the enzymatic activity up to the normal levels detected in healthy WT animals
(no statistically significant differences among groups), while the free GLA or the clinically approved agalsidase alfa only recov-
ered 60% of the activity seen in kidneys of WT mice (P < 0.0001). Hence, for the same GLA administered dose, EVs bring
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F IGURE  EV-GLA in the brain parenchyma.A) In vivo (left panel) and ex vivo (right panel) fluorescence imaging (FLI) of Fabry KOmice receiving either
intra-arterial (i.a.) or intravenous (i.v.) administration of DiR-labelled EV-GLA (1 mg/kg of GLA) compared to the non-treated controls (Cntrl). Ex vivo imaging
included brain (B), lungs (Lu), liver (Li), kidneys (K), spleen (S), heart (H) and muscle (M). B) FLI signal quantification comparing biodistribution of EV-GLA
after i.v. or i.a. administration. C) Confocal images of brain parenchyma showing DiR fluorescent signal of EV-GLA (red) and DAPI-labelled cell nuclei (blue).
Magnification bar corresponds to 20 μm. D) GLA enzymatic activity 1 h post-administration in brains of Fabry KO mice treated with GLA or EV-GLA via i.v.
or i.a. administrations E) Loss of Gb3 in KO mice treated i.v. with a single dose of EV-GLA, as measured by LC-HRMS 1 week after dosing

significantly more enzymatic activity to the kidneys’ than non-encapsulated enzyme. This is probably due to the fact that the
delivery of enzyme within EVs allows the combination of three different phenomena: increased intrinsic enzymatic activity,
protection against protease degradation, and advantageous differential uptake. In the context of ERT, it is worth noting that the
distribution and tissue accumulation of the free GLA are governed by presence ofmannose-6-phospate receptors (M6PR), which
are highly expressed in the liver (Sly et al., 2006). However, as cell internalization of EVs does not depend on the presence of
M6PR, other tissues with lowerM6PR expression such as kidneys, might particularly benefit from ERT treatments based on EVs.
This could be especially relevant in Fabry disease, where most of classic male and some female patients present advanced stages
of chronic kidney disease (Sunder-Plassmann, 2006).

Tomeasure the impact of EV-GLA treatment in the kidneys, Gb3 levels were determined in KO animals receiving a single dose
GLA, EV-GLA or agalsidase alfa (Figure 4E, Figure S). Our results showed that a dose of 1 mg/kg of EV-GLAwas able to reduce
Gb3 deposits to wild type (WT) levels (P = 0.333), hydrolyzing four times more Gb3 than free GLA at the same concentration
(P= 0.0286). Reduction of Gb3 levels was also observed by immunofluorescence in the kidneys of KOmice treated with EV-GLA
(Figure 4F).

. EV-GLA cross the BBB and reduce Gb deposits in brain

Crossing the BBB to reach the brain parenchyma is hampered when performing i.v. administration of lysosomal proteins. This
prevents the use of current ERT in diseases affecting the central nervous system. However, there are several examples of EVs
crossing the BBB in the literature, most of them dealing with the delivery of siRNA or microRNA in EVs after intranasal admin-
istration. (Guo et al., 2019; Haney et al., 2015) Among them, those using i.v. administration of EVs took profit of the natural
brain tropism of EVs derived from brain endothelial cells (Yang et al., 2015), used macrophage derived EVs in diseases coursing
with neuroinflammation (Haney et al., 2019; Yuan et al., 2017) or modified EVs to overexpress BBB crossing peptides (Alvarez-
Erviti et al., 2011; Yang et al., 2017). Therefore, in an attempt to evaluate if EV-GLA would overcome this barrier, we explored
the brain accumulation of fluorescently labelled EVs administered through, i.v. by tail administration and intra-arterially (i.a.)
through the cannulation of the external carotid artery (ECA).While in the i.v. route, exogenously administered compounds only
reach the brain circulation after passing through the heart and lungs, in the i.a. administration, cannulation of the ECA allows
higher exposure of the compound to brain endothelia (Joshi et al., 2008). In this second biodistribution assay, fluorescent in vivo
imaging showed strong DiR fluorescent signal in the brain of mice administered through the carotid (Figure 5A, B), precisely
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in the hemisphere where arterial cannulation was performed. Ex vivo images were obtained after withdrawing the circulating
blood and perfusing the animals with PBS. Our data confirmed that fluorescent signal reached brain parenchyma to a significant
extent through the i.a. route (7.49% ± 2.32% of total fluorescence intensity). On the contrary, brain accumulation of DiR after
i.v. administration could not be distinguished from background signal. In agreement to this, DiR signal was also located in brain
parenchyma of EV-treated mice, 1 h post-administration, using confocal microscopy. Fluorescent signal was intense in the case
of mice that received the EV-GLA by arterial infusion, and much lower, although detectable, in animals treated intravenously
(Figure 5C).
We wondered whether the i.a. administration could also facilitate the crossing of the BBB. To confirm this hypothesis, GLA

KO animals were i.a. or i.v. treated with EV-GLA and also free recombinant GLA enzyme that is known to be unable to cross the
BBB in conventional i.v. ERT. The enzymatic activity of GLAwasmeasured in brain tissues 1 h post-administration. Accordingly,
no GLA enzymatic activity could be detected in brains of KO mice administered i.v. with free GLA or with EV-GLA. However,
significant enzyme activity was observed when the naked enzyme and EV-GLA were administered i.a. (Figure 5D). These data
suggest that GLA (free and EV-GLA) cross the BBB in higher amount when using intra-arterial administration instead of i.v.
Nonetheless, because the sensitivity of the techniques used to measure GLA activity and biodistribution in the brain have impor-
tant limitations, we also evaluated Gb3 levels in mice, 1 week after a single i.v. administration of GLA and EV-GLA (1 mg/kg
of GLA, Figure 5E and Figure S). Remarkably, our results clearly showed that EV-GLA was able to significantly reduce Gb3
deposits in a 36.6 +/- 2.97% while free GLA did not induce any reduction of the substrate (P = 0.0009). Overall these results
indicate that i.v. administered EV-GLA is able to reach the brain parenchyma and restore the therapeutic activity at the lysoso-
mal cell compartment. Noteworthy, we show here that EVs, derived from non-cancerous and non-dendritic cells and with no
specific modifications to reach the brain, are able to cross the BBB after i.v. administrations. The avidity of GLA protein for lipids
might explain, at least in part, its ability to trespass the hematoenephalic barrier (Spencer & Verma, 2007) although the exact
mechanisms used by EVs to cross the BBB need further investigation.

 CONCLUSION

Protein-loaded EVs directly obtained from mammalian cell factories and isolated by polymer co-precipitation methods work
as highly efficient protein delivery platforms for ERT in lysosomal disorders. EVs from CHO and HEK cells transfected with
GLA and SGSH genes, respectively, are biocompatible, withstand lyophylization and contain high quantities of the recombinant
enzymes with increased biological activity. This activity is remarkably higher than the one exhibited by the soluble recombi-
nant proteins in cell supernatants. Further, in Fabry disease mice models, a single dose of GLA containing EVs outperform the
activity of the non-encapsulated enzyme and the clinical marketed reference. After a single intravenous administration, EV-GLA
significantly reduces disease biomarkers Gb3 and LysoGb3 in target tissues including kidneys and brain parenchyma. This proof-
of-concept work sets the basis for a potential implementation of EVs-driven replacement therapy in different LSDs, opens the
way for a potential treatment strategy in disorders showing CNS involvement.

 EXPERIMENTAL SECTION

Plasmid preparation and mammalian cell line transfection: The alpha-galactosidase A (GLA) gene was obtained from the com-
mercial vector pReceiver-M10 (EX-Q0172-M10, OmicsLink ORF Expression Clone), coding for the cDNA version of the GLA
gene (NM_000169), with c-myc and 6xHis tags fused to the C-terminus for detection and purification purposes. The gene was
subcloned to pOptiVEC-TOPO (Invitrogen, Themofisher) that allows the expression of the gene of interest along with the dihy-
drofolate reductase (DHFR) as auxotrophic selectionmarker. CHODG44 dhfr cells (a dihydrofolate reductase deficient cell line)
were transfected (FreeStyle MAX, Thermofisher) and further selected under methotrexate hydrate (MTX, Sigma) up to 4 μM. A
single clone (namely CHO-DG44-GLA clone #3) was isolated and cryopreserved. For EVs harvesting, CHO-DG44-GLA clone
#3was grown inCDOptiCHOmediumwith 8mML-Glutamine to a final cell concentration of 2× 106 cells/ml. Cell supernatants
containing EVs and soluble, free GLA enzyme were harvested by centrifugation at 3900 rpm for 15 min.
The sequence of human N-sulphoglucosamine sulphohydrolase (SGSH, BC047318.1) was cloned into the pTriEx1.1-Hygro

vector. Due to the cloning strategy, an extra triplet encoding for an alanine residue was added after the first methionine codon,
obtaining a final SGSH protein, with 510 aminoacids in length and a molecular weight of 57.7 kDa. To obtain EVs, SGSH pro-
tein was transiently overexpressed in human embryonic kidney cell line (HEK293FT). Briefly, plasmid DNA was polypelexed
with polyethylenimine (PEI) at a ratio 1:3 (w/w) in OptiMEM serum free media and added to cells cultured in exosome-free
media (Gibco). Four hours after transfection, valproic acid (4 mM, Sigma-Aldrich) was added to improve protein expres-
sion. Supernatants were collected for EVs isolation after 72 h of incubation at 37◦C and 5% CO2 in a humidified incuba-
tor. Commercially available SGSH protein (Bionova) was purchased to compare the enzymatic activity of the SGSH purified
from EVs.
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Purification of EVs: Supernatants (SN) coming fromprotein producing cell cultures were used to isolate EVs. In detail, cryovials
of CHO-DG44-GLA clone #3 (containing 10 million total cells) were thawed and expanded under standard procedures. Briefly,
in each passage, cells were diluted to a final cell density of 1× 106 viable cells/ml. In the last passage before supernatant harvesting,
cells were diluted to a final cell concentration of 2× 106 cells/ml. Finally, supernatant containing extracellular vesicles and soluble,
free enzyme was harvested by centrifuging the cell culture at 3900 rpm for 15 min. SN were centrifuged at 300 g at 4◦C for 10 min
in order to remove dead cells. Additional centrifugation steps at increasing centrifugation speed 2000 g, 10 min 4◦C and 10,000 g
20 min 4◦C were carried out to remove potential sub-cellular debris. Clarified SNs were concentrated via VIVAspin 30,000 KDa
(Sartorius) centrifugation, 7000 g, and 10 min 4◦C. Concentration factors varied from 50X to 100X depending on the sample.
EVs were precipitated from concentrated SN through the addition 1:1 (v/v) of ‘Total Exosome Isolation Reagent’, (Invitrogen)
and overnight incubation at 4◦C. Samples were centrifuged at 16,000 g for 1 h at 4◦C and pellets containing the EVs resuspended
in PBS. SN of non-transfected CHO cells were also subjected to the same procedures to obtain control EVs (EV-Control)
Soluble, free GLA protein with the cmyc- and His-tag of CHO cell supernatants was purified by affinity chromatography with

a HisTrap Excel, 5 ml column (GE Healthcare) according to the manufacturer’s instructions. Briefly, supernatant was directly
injected to the column and later eluted by applying an imidazole gradient (20 to 500 mM). Protein was dialyzed against 0.01 M
acetic acid (pH 5.5) and then centrifuged (3900 rpm, 15min) and filtered (0.2 μm) to discard putative aggregates. Purified enzyme
was stored at -80◦C for further uses.
EVs characterization: Morphometric assessment of purified EVs was carried out by CryoTEM analysis. A 3 μl drop of the sam-

ples were deposited onto holey carbon on a 400-mesh copper grid, previously treated by glow discharge. The grid was mounted
on a plunger (Leica EM GP), water excess removed by blotting with filter paper and EVs suspension straightforward vitrified
by rapid immersion in liquid ethane. Samples were mounted on a Gatan 626 cryo-transfer system and inserted into a Jeol JEM
2011 Cryo-electron microscope. It was operated at 200 kV using different degrees of defocus (500–900 nm) to obtain an ade-
quate phase contrast. Images were recorded using a Gatan Ultrascan US1000 CCD camera and further processed using ImageJ
NIH software (Eliceiri et al., 2012). EVs diameters were measured and size distributions generated from at least 250 particles
from random fields. Particle size distribution and concentration were further studied by Nanoparticle Tracking Analysis (NTA)
with Nanosight NS300 (Malvern Panalytical, Malvern, UK). Appropriate dilution of the sample in PBS was performed in order to
adjust the range of particles per frame to the working range of the system (106–109 particle/ml). A total of 3 videos were captured
at cell temperature of 22◦C and syringe speed of 30. >1400 tracks were acquired per video. Data was further processed using
NanoSight Software NTA 3.1 Build 3.1.46 with a detection threshold of 5.
EVs or cell lysates were prepared by diluting EVs samples 1:5 in CelLytic reagent (Sigma), homogenized ultrasonic homoge-

nizer (LabsonicM, Sartorious), and total protein amount was determined by BCAmethod (Pierce, Rockford, IL, USA). GLA and
SGSH quantifications were performed by western blot, using known amounts of recombinant proteins, algadidase alfa (Replagal,
Shire) or recombinant SGSH (rSGSH, Bionova) and specific antibodies against GLA (ProteinTech) and SGSH (Sigma) at 1:2,000
dilution. Antibodies against CD63 (1:200, SantaCruz), CD81 (1:200, SantaCruz), TSG101 (1:1000, Abcam), β-tubulin (1:1,000,
Invitrogen), cystinosin (1:1000,Mybiosource) andGBA (1:1000, Abcam) were also used to characterize EVs. 20 μg of total protein
was loaded per lane with the exception of β-tubulin and GLA detection in which 10 μg of total protein were employed. Secondary
anti-mouse HRP-conjugated antibody (1:10,000, Dako) was developed using Immobilon reagent (Millipore), and images were
digitally acquired (LI-COR Odyssey Fc imaging system) and quantified (ImageJ NIH). Protease resistance was determined by
incubating 1 μg of GLA and equivalent amounts of its EV-GLA counterpart in 0.2% trypsin at 37◦C for 45 min. After Trypsin
digestion appropriate volumes were loaded into 10% PAA gels and GLA immunodetected as detailed above. Densitometry anal-
ysis of GLA bands was carried out using ImageJ NIH software. Band signal was defined with the IntDen or integrated density,
an Image J descriptor consisting in the product of mean intensity and band area.
Enzymatic activity determinations: GLA enzymatic activity was determined fluorometrically as described previously 16,17 by

monitoring the transformation of the substrate 4-Methylumbelliferyl β-D-galactopyranoside (4-MUG, Sigma) into fluorescent
4-methylumbelliferone (4-MU). SGSH enzymatic activity was assessed by two consecutive enzymatic reactions as previously
detailed by Karpova and co-workers, (Karpova et al., 1996) using the same standardized procedure followed in clinical diagnosis
of MPSIIIA. Accordingly, substrate 4-methylumbelliferyl-α-d-N-sulfoglucosaminide (4MU-αGlcNS, Enantia) was incubated
with EV-SGSH and rSGSH samples for 17 h at 37◦C to generate 4-MU-αGlcNH2. Fluorescent 4-MU was then released by α-
glycosidase (Sigma) after 24 h of incubation at 37◦C. Different dilutions of the EV and protein samples were tested to ensure
that obtained 4-MU fall within the linear range of the technique. Final values for enzymatic activity were given in μmol of 4-
MU product generated per hour and mg of GLA or SGSH enzyme or referred to total protein content when dealing with tissue
activities.
Cell culture conditions: HEK293T cells (CRL-3216, ATCC) were routinely maintained in RPMI medium supplemented with

10% foetal bovine serum (Life Technologies, Paisley, UK), 2 mM L-Glutamine (Life Technologies), 1 X Non-essential aminoacids
(Life Technologies), 1X antimycotic-antibiotic (Life Technologies) solution at 37◦C and 5% CO2. Mouse endothelial aortic cells
(MAEC) were isolated from descending aorta of GLA deficient mice (GlatmKul1) at the ICTS NANBIOSIS (U20) following
procedures previously established procedures (Giannotti et al., 2016; Nazarenus et al., 2015; Shu et al., 2005). Endothelial origin
of isolated cells was confirmed by CD105 staining (12-1051, eBioscience) and flow cytometry (FacScalibur, Becton Dickinson).
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EV fluorescent labelling: DiOC, DiD, or DiR (Invitrogen) were incubated to a concentration of 250 μg/ml with EVs for 30 min
at 37◦C. Samples were dialyzed (Slide-A-Lyzer MINI Dialysis Device, 3.5K MWCO, 0.1 ml, Thermo Scientific) against PBS, to
remove unbound fluorophore and avoid potential artifacts. The absence of significant fluorescent signal after dialysis on labelling
controls, namely diluent at an equivalent fluorophore concentration than the used to label EVs, was confirmed (data not shown).
Flow cytometry: DiOC labelled EVs were added to HEK293 cultures, 2.5 μg EVs/ml, and incubated for 15, 30, 60 and 240 min.

After incubation plates were treated with trypsin 0.05 % (w/v) (Biological Industries) to detach cells, and neutralized in com-
plete RPMI medium supplemented with DAPI (1 μg/ml final concentration), in order to remove dead cells from analysis.
Cell fluorescence intensity was analyzed in a LSR Fortessa flow cytometer (Beckton Dickinson). Data were further processed
using FCS express 4 software (De novo software) and median fluorescence intensity represented. All time points were tested in
duplicate.
Confocalmicroscopy: HEK293 orMAEC cells were seeded in an 8 chambered coverglass (Lab-Tek II, Eppendorf) and incubated

24 h at 37◦C and 5% CO2. Then, 2.5 μg/ml DiOC labelled EVs were added and incubated for 4 h. Cell medium was removed
and cells were stained with 5 μg/ml Cell Mask™ (Invitrogen) and fixed in 4% paraformaldehyde (PFA). Image acquisition was
carried out by spectral confocal microscopy FV1000 (Olympus) with a PLAPON 60XO objective. Z projections sections were
acquired with a step size between 0.4 and 0.6 μm and further reconstructed using ImageJ.
STORM: HEK293 cells were incubated with 2.5 μg/ml DiD-labelled EVs during 4 h, 8 h or O.N in cell culture conditions.

After fixation with 4% PFA, cells were permeabilized (300 mM sucrose, 50 mM NaCl, 20 mM HEPES, 3 mM MgCl2 and 0.5%
Triton X100, 5 min at 4◦C) and blocked with 1% BSA in PBS, prior to the incubation with anti-LAMP1 (1:1000, Abcam), 1 h
at RT. After washing, Alexa 488-labeled anti-mouse secondary antibody (1:200, Invitrogen) was incubated for an additional
hour. Samples were imaged in STORM buffer (5% w/v glucose, 100 mM cysteamine, 0.5 mg/ml glucose oxidase and 40 μg/ml
catalase in PBS) to ensure an adequate photoswitching of the fluorophores. DiD-labelled EVs were imaged with a 647 nm laser
(160mW) andAlexa 488 immunolabelled lysosomeswith a 488 nm laser (80mW) usingNIS-Elements software inNikon Eclipse
Ti microscope (Nikon Europe, Amsterdam). The sample was illuminated using a total internal reflection fluorescence (TIRF)
alignment system and the z-level was kept constant by Nikon perfect focus system. Fluorescence was collected by a Nikon 100x,
1.49 NA oil immersion objective and images acquired with a Hamamatsu 19 ORCA- Flash 4.0 camera. For each channel 20,000
frames were acquired and analyzed by fitting a 2D Gaussian function to obtain the localizations of fluorophores. Co-localization
was determined using theAnalyze Particles tool in ImageJ setting aminimum size of 0.02 μm2 (corresponding to a circular object
with an 80 nm radius) and no constrains on circularity. The centre positions of lysosome channel images and EVs channel images
were loaded onto a custom Matlab script considering a particular EV being inside a lysosome when its centre was closer than
50 nm to the centre of a lysosome.
In vitro efficacy (NBD-Gb assays): MAEC at passages 2 to 5 were seeded in 24 well plates 24 h after seeding 8 μMof fluorescent

N-Dodecanoyl-NBD-ceramide trihexoside (NBD-Gb3, Matreya LCC) was added to the cultures along with specified concen-
trations of tested compounds. After 48 h incubation, cells were trypsinized and NBD-Gb3 fluorescent signal was analyzed by
flow cytometry (FacsCalibur, Beckton Dickinson) and FCS Express v4 software. To calculate the percentage of NBD-Gb3 signal,
fluorescent signal in control cells (without treatment) was established as 100% and the values accordingly normalized.
Lyophilization: Aliquots of 150 μL of EV-GLA (8.4 mg /ml of total protein), previously frozen at -80◦C, were lyophilized in a

VirTis sentry 2.0 freeze dryer (Sp scientific). No additives or cryopreservants were added. Morphology and functionality of EVs
post-lyophilization was assessed as described above.
In vivo assays: All animal experimentation, including the obtention ofMAEC, was performed following procedures previously

approved by the Ethical Committee for theUse of Experimental Animals (CEEA) at theVall d’HebronResearch Institute (VHIR),
Barcelona and the local government (CEA-OH/9572). Male GLA deficient mice (GlatmKul1, C57BL/6 background) with ages
ranging from 2 to 4 months were used for biodistribution and efficacy studies.
Biodistribution: In the first assay, each mouse (n = 3) was treated by tail vein injection with 100 μg, total protein (5 μg of

GLA/mouse), of DiR-labelled EVs and euthanized 1 h post-administration. In the second assay, i.v. (tail vein) and i.a adminis-
trations were compared in mice (n = 3 per group) treated with 1 mg/kg in GLA equivalents of DiR-labelled EVs (c.a. 35 μg of
GLA/mouse) and euthanized 1 h post-administration. I.a. administrations were adapted for mice following previously described
procedures in rats and using procedures (Janowski et al., 2013). In both biodistribution assays, fluorescent images of ex vivo tissues
were acquired (IVIS Spectrum), quantified (Living Image software) and referred to the weight of the wet tissue when required.
EV visualization was performed in PFA fixed and OCT embedded tissues sections counterstained with DAPI (Sigma-Aldrich)
by confocal microscopy. GLA enzymatic activity was measured in harvested tissues, following procedures described above, a
referred to the total protein content determined by the BCA method (Pierce, ThermoFisher).
Immunohistochemistry: The presence of GLA antigen in liver was analyzed by pre-treating paraffin-embedded formalin fixed

sections with 100 mM citrate buffer (pH 9) in a pressure cooker. Sections were incubated with 10% normal goat serum (NGS) in
antibody diluent (1% BSA in 100mMTris buffer) and then of 1:150 dilution of anti-GLA antibody (HPA00237, Sigma). Secondary
antibody consisted in a HRP conjugated system (EnVision+ System-HRP Labelled Polymer anti-Mouse), which was later visual-
ized with DAB and counterstained with Harris haematoxylin. Gb3 deposits were identified using anti-Gb3 monoclonal antibody
(1:50, Clone BGR23, Amsbio) in paraformaldehyde fixed and OCT embedded frozen tissues. Sections were incubated with a
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secondary antibody (1:1000, A10684, Invitrogen) and counterstained with DAPI and rodhamine-phalloidin (Sigma-Aldrich).
Visualization was performed by confocal microscopy as explained above.
Efficacy assays in vivo: Fabry KO mice (n = 24) were randomized in four different groups (vehicle, agalsidase-alfa, GLA and

EVs-GLA), and received a single doses of 1 mg/kg of GLA protein. Vehicle treated animals receive the corresponding volume
of PBS and additional group of non-treated WT male littermates was also included. Animals were euthanized 24 h or 1 week
after dosing. Tissue samples were snap frozen and kept at -80◦C upon analysis. Gb3 and LysoGb3 levels were determined with
LC-HRMS at Institute of Advanced Chemistry of Catalonia (IQAC-CSIC) (Supplementary Information).
Statistical analysis: All graphs show the mean and the SEM, unless otherwise stated. For statistical analysis, whenever data

followed a normal distribution (Kolmogorov-Smirnov test) unpaired Student’s t-test was used for peer comparisons between EV-
GLA and controls. Alternatively, non-parametric Mann-Whitney test was applied. The significance threshold was established at
P < 0.05, and significance levels were schematically assigned *(0.01 ≤ P < 0.05), **(0.001 ≤ P < 0.01), ***(0.0001 ≤ P). All the
analyses and graphs were performed using GraphPad Prism 6 software (GraphPad, San Diego).

 ASSOCIATED CONTENT

Supporting Information. Methodology for EV isolationmethods by TFF, sucrose cushion and iodixanol gradient, lyophilization
and LC-HRMS determinations, as well as results on EV isolation, characterization, cell internalization and in vivo safety and
efficacy are available as supplementary information.
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